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Recent developments on oximes to improve the
blood brain barrier penetration for the treatment of
organophosphorus poisoning: a review
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Organophosphorus (OP) compounds are highly toxic synthetic compounds which have been used as
pesticides and developed as warfare nerve agents. They represent a threat to both military and civilian
populations. OP pesticides affect the nervous system and are thought to have caused at least 5 million
deaths since their discovery in the 1930s. At present the treatment of OP nerve agent poisoning
commonly involves the use of parenteral oximes. However, the blood brain barrier (BBB) remains
a challenge in the delivery of oximes to the central nervous system (CNS). This is because almost all
macromolecule drugs (including oximes) fail to pass through the BBB to reach the CNS structures. The
presence of a permanent cationic charge in oximes has made these compounds inefficient in crossing
the BBB. Thus, oximes are unable to reactivate acetylcholinesterase (AChE) in the CNS. Using current
structural and mechanistic understanding of the BBB under both physiological and pathological
conditions, it becomes possible to design delivery systems for oximes and other drugs that are able to
cross the BBB effectively. This review summarises the recent strategies in the development of oximes
which are capable of crossing the BBB to treat OP poisoning. Several new developments using oximes
are reviewed along with their advantages and disadvantages. This review could be beneficial for future
directions in the development of oxime and other drug delivery systems into the CNS.
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Introduction

Organophosphorus (OP) compounds were first developed as
insecticides in the 1930s before being later developed as
a weapon of war. OP poisoning has been a frequent cause of
admission of people to hospitals and Intensive Care Units (ICU)
in developing countries." OP poisoning causes about 3 000 000
acute intoxications annually, 300 000 of which lead to fatali-
ties.” OPs that were developed as chemical warfare nerve agents
(CWASs) are all highly toxic and dangerous.> OP nerve agents
have been used and are most likely to be used in the future by
terrorists and dictators around the world because of their rela-
tively easy synthesis and availability of suitable delivery
systems.® Warfare and terrorist use of CWAs include the Aum
Shinrikyo terrorist attack in the Tokyo subway in 1995, the
1980-1988 Iraq-Iran war where Iraq reportedly used nerve
agents against Iranian troops and later on Kurd civilians and
the murder of a family member of the North Korea Leader, Kim
Jong Nam on February 2017 in Kuala Lumpur.”® Despite
international efforts aimed at regulating and lessening the use
of these environmentally toxic compounds, more than 100
different OP compounds are still being used intensively as
pesticides, with only unreliable or sporadic monitoring of the
environment and workers involved in their use.

OP poisonings involve the inhibition of enzyme acetylcho-
linesterase (AChE) that physiologically plays an important role
in neurotransmission.’* This will result in the over-
stimulation of cholinergic receptors by acetylcholine (ACh)
which will occur in the peripheral nervous system, central
nervous system (CNS) and at neuromuscular junctions causing
cholinergic crises, seizures, respiratory arrest, bronchorrhea
and ultimately lead to fatal consequences."** Current treat-
ment of OP poisonings consists of the administration of
a muscarinic receptor antagonist (e.g. atropine), which coun-
teracts the excessive muscarinic stimulation, and also the
administration of an AChE reactivator (pyridinium oximes),
which reactivates the physiological function of AChE.>*>*¢

Successful reactivation of AChE can terminate over-
stimulation of the muscarinic and nicotinic receptors by ACh
and thus prevent further neurotoxicity. However, several reports
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on efficacy testing of experimental oximes claimed that the
oximes have difficulty in reactivating the AChE located in the
CNS.”? In addition to this potential lethality of this over-
stimulation, of great concern also is the fact that AChE inhibi-
tion by OPs in the CNS can lead to seizures occurring from an
excess of ACh-mediated activation of the excitotoxic gluta-
matergic pathways which can prolong seizures and thus lead to
brain damage.”*® It has also been suggested that exposure to
sub-lethal doses of OP can dramatically impact CNS mediated
behavioural attributes such as decreased ability to perform
tasks.” All the currently available oxime reactivators are
quaternary oximes. Quaternary pyridinium aldoximes have
relatively contained permanent positive charges which provides
little or no protection against the neurological effects of OP
exposure in the CNS due to their poor blood brain barrier (BBB)
penetration.®?°

The BBB is a highly selective permeable membrane system
responsible for maintaining homeostasis by regulating the
chemical environment, immune cell transport, and the entry of
toxins into the CNS.*"** The success rate of BBB penetration for
drugs such as oximes is very low.>*>® There are several limita-
tions imposed by the BBB which includes molecule size,
hydrophilicity, polarity, substrate specificity, and active efflux
mechanisms.>*?° These properties however, are lacking in most
oxime structures. Therefore, the development of effective
measures to counteract the problem of BBB penetration by
oximes in order to treat OP poisoning remains a challenging
issue. Investigations to develop oximes that can penetrate
through the BBB has been reported as one of the current areas
of research interest in the treatment of OP poisonings.** To the
best of our knowledge, there is lack of papers that discuss on the
approaches formulated towards BBB penetration of oximes for
OP poisoning treatment.

Organophosphorus nerve agents

The G-series and V-series are the two major classes of OP nerve
agents.*® Tabun was the first of the G-series OP nerve agents
developed in 1936 by a German scientist named Gerhard
Schroeder.*> This compound was developed as a pesticide for
the chemical manufacturer IG Farbenindustrie. Its lethal
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properties lead to its use as a weapon against humans as well as
for the development of other weaponised OPs. These were the
G-series nerve agents and the letter ‘G’ referred to agents
developed by the Germans. Later on, by the end of World War I,
German scientists had developed several other OP nerve agents
such as tabun (GA), soman (GD), sarin (GB) and cyclosarin (GF)
which were synthesised in certain quantities that could be used
as weapons of war. After World War II, the V-series of OP nerve
agents, with the initial agent being known as VX was discovered
by Dr Ranajit Ghosh in 1949, a chemist working in England. He
was working on insecticide synthesis and discovered an
extremely potent nerve agent. A similar V-series agent was
produced by Russian military, namely Russian VX. VX and
Russian VX nerve agents have been reported as the most
abundant and most toxic chemical warfare agents when
compared to the G-series nerve agents.*® Fig. 1 shows the
chemical structure for all the G- and V-series OP nerve agents.

OP nerve agents need to be recognised promptly. OP nerve
agents are usually described as clear, colourless, tasteless, and
odourless liquids and gases.>* They have demonstrated their
ability to penetrate normal clothing and the skin. Furthermore,
these agents are highly toxic when compared to biological agents
with a far more rapid onset of signs and symptoms. Most G-series
nerve agents are highly volatile and can be dispersed as aerosols
that are inhaled by victims which in turn, absorbed into the body
through the pulmonary blood circulation. Nerve agents, espe-
cially the V-series may also be disseminated in liquid form. Thus,
the treatment for dermal exposure from the liquid dissemination
begins with rapid topical decontamination.

The overall treatment approach to nerve agent exposure
focuses on airway and ventilatory support, the aggressive use of
antidotes, prompt control of seizures, and decontamination
which are deemed necessary.

The normal mechanism of AChE is shown in Fig. 2(A).
During its normal function, the active site of AChE catalyses the
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hydrolysis of ACh into choline and acetic acid. However, inhi-
bition of AChE function leads to excessive amount of ACh,
accumulating at the neuron synapse. This increased amount of
ACh causes several signs and symptoms of poisoning as
described in the introduction section. The mechanism of
toxicity is identical to the one observed in OP exposure.**

The mechanism of inhibition of AChE by OP nerve agents is
shown in Fig. 2(B). This inhibition action involves successive
chemical events. The first is phosphorylation of the active site
serine to produce a neutral adduct, which is a close structural
analogue of the acylation transition state. This adduct is
unreactive towards spontaneous hydrolysis. However, it can be
reactivated by nucleophilic medicinal agents, such as oximes.
Unfortunately, the initial neutral adduct is then converted to
a monoanionic aged adduct via a dealkylation reaction, as
shown in Fig. 2(B). This aged adduct is totally unreactive.
Several efforts have been made to revert the function of the
adduct but to no avail.*® Therefore, there is no medicinal agents
available yet to reactivate the aged AChE.

Even when the OP-inhibited AChE can still be reactivated,
unfortunately current available antidotal treatments are still not
able to effectively counteract the acute toxic effects of OP. This is
because of the limited ability of oximes to reactivate OP-
inhibited AChE, especially in the case of acute poisoning with
tabun, soman and cyclosarin.”® Tabun is one of the most
resistant types of nerve agents due to its deleterious effects
which are extraordinarily difficult to antagonise due to changes
in hydrogen bonding and conformational changes of the AChE-
tabun complex at the AChE active site.'*>?*%

Oximes

Oximes are well known substances that have antidotal potency
which is attributed to their ability to reactivate OP-inhibited
AChE.***"! In early studies by Wilson et al. (1955), they demon-
strated that the site direction of nucleophilic oximes was
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Fig. 1 Chemical structures of organophosphorus nerve agents.
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quaternary cationic, which is found in the pyridinium aldoxime
family.** These are polar organic compounds with large negative
lipophilicity values.*

In the last five decades, five pyridinium oximes have been
found to be worthy of use as antidotes against nerve agents in
humans.*** Monopyridinium and bispyridinium aldoximes
have been found to be effective in reactivating OP-inhibited
AChE. However, the monopyridinium aldoximes are weak AChE
reactivators compared to bispyridinium aldoximes.*® The bis-
pyridinium oximes exhibit superior reactivation properties than
monopyridinium oximes due to the fact that the second cation
interacts with the peripheral anionic site of AChE, which
increases the binding affinity.*

There are five common pyridinium aldoximes used to treat
OP poisoning as shown in Table 1. Pralidoxime (2-PAM) is the
most commonly used oxime whereas a number of other oximes
are also available such as obidoxime (LiiH-6), trimedoxime

4468 | RSC Adv, 2020, 10, 4465-4489

Inhibition of AChE. (A) Normal inhibition function of AChE; (B) inhibition of AChE by OP. This figure has been reproduced from ref. 37 with

(TMB-4), HI-6, HLo-7, and methoxime (MMB-4). 2-PAM is
currently the only approved oxime reactivator by the United
States Food and Drug Administration (FDA).*®

Currently, none of the available oximes are considered as
real broad-spectrum reactivators for the several types of OP.*”
Only two oximes, 2-PAM and obidoxime, are commercially
available antidotes against CWAs.*® Most of these oximes are
sufficiently effective to reactivate sarin- or VX-inhibited AChE,
but their potency to reactivate soman- or tabun-inhibited AChE
is generally low.*>*° 2-PAM and obidoxime were also reported to
be less effective against soman, cyclosarin, and Russian VX.*>*
Trimedoxime has been shown to have better efficacy in treating
poisoning with tabun.*® HI-6 has since been considered as one
of the better quaternary oximes for OP nerve agent poisoning so
far** as it was the first quaternary oxime that demonstrated
reactivation efficiency for soman-inhibited AChE." However, it
is not effective against tabun poisoning.****

This journal is © The Royal Society of Chemistry 2020
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Table 1 Name and chemical structure of classic pyridinium aldoximes
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The limited effectiveness of these established oximes has
resulted in continuing research to develop several more novel
oximes for the reactivation of OP-inhibited AChE.* Table 2
shows examples of several newly developed oximes in attempt to
improve the antidotes efficacy. For example, the oximes K 027
and K 048 are currently being tested in many countries because
of their extraordinary potency and low toxicity.** Oxime K 027
showed promising reactivation potency for tabun- and para-
oxon-inhibited AChE. While the oxime K 048 has shown greater
reactivation ability towards tabun-inhibited AChE compared to
2-PAM and its efficacy is comparable to obidoxime.

The oxime mechanism of action involves the reactivation of
the phosphorylated AChE by displacing the phosphoryl moiety
from the enzyme which has a very strong nucleophile as shown
in Fig. 2. The reactivation rate is dependent on the structure of
the phosphoryl moiety, source of enzyme, concentration of
oximes, aging rate, and the stearic hindrance effects between
oxime molecule and the phosphoryl moiety attached to the
active site of AChE.*»"3%%

Since the pyridinium oximes are polar organic compounds
with large negative lipophilicity values, they are difficult to
penetrate the BBB. Currently, several approaches are being
considered in order to improve the potency of oximes to reac-
tivate AChE. This includes the efficiency of oximes to penetrate
the BBB which consequently results in the AChE reactivation in

This journal is © The Royal Society of Chemistry 2020

the CNS.** Subsequently, we will discuss the issues related to
BBB penetration by oximes.

Blood brain barrier

The BBB is formed by the brain's microvascular system which is
a membrane barrier that separates blood from the extracellular
fluid of brain within the CNS. The BBB is the reason for the high
attrition rate of the treatments for many brain disorders, which
then makes it one of the greater healthcare challenges in the
twenty first century.”® Almost all macromolecule and small
molecule drugs are unable to pass through the BBB.***” A
schematic diagram of the BBB is shown in Fig. 3.

Certain small molecule drugs may cross the BBB via lipid-
mediated free diffusion, providing that drug has a molecular
weight of less than 400 daltons, forms not more than 8
hydrogen bonds and is relatively uncharged molecule.'"*®
Moreover, active drug transport is regulated by specific BBB
transporters such as P-glycoprotein (Pgp).?° The transporter
is overexpressed on the surface of the endothelial cells in the
BBB and restricts cell entry. This transporter actively lowers
the bioavailability of Pgp substrates in the brain. The Pgp
helps in protecting susceptible organs from toxic
compounds, preventing these compounds from entering the
cytosol and extruding them to the exterior.*® Many charged
drugs, including oximes and cytotoxic drugs for cancer

RSC Adv, 2020, 10, 4465-4489 | 4469
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Table 2 Several newly developed oximes
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treatment, are Pgp substrates and therefore unable to reach According to Korabecny et al. (2014), only 10% of mono-

a sufficient availability at their site of action inside the pyridinium 2-PAM was found to be able to cross the BBB,
brain.>**° whereas bis-pyridinium oximes are able to penetrate at a lower
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Fig. 3 The blood brain barrier. This figure has been reproduced from ref. 61 with permission from Elsevier.

concentration, approximately 1-3%." The concentration of
obidoxime and HI-6 however were able to pass through the BBB
at an estimated concentration of 3-5% and 10%, respectively.*
Monoisonitrosoacetone (MINA) is the only known BBB-pene-
trating oxime commercially available.®”” Moreover, Karasova
et al. (2011) evaluated the penetration of trimedoxime and
oxime K 074 into different brain regions where it was found that
the permeation of trimedoxime and oxime K 074 into the brain
was very minimal, with only sporadic low reactivation activity
expected to occur.® The levels of these oximes in the brain were
only found to be 0.58% for trimedoxime and 0.85% for oxime K
074. The concentration of oximes was highest in the frontal
cortex region and lowest in the basal ganglia.

It is important to note that oximes are hardly penetrate the
BBB, while OP nerve agents on the other hand can easily do
50.'%2%* This is because the OP nerve agents are small lipophilic
molecules which can easily penetrate the BBB by free diffusion.

Joosen et al. (2011) and Shih et al. (2011) reported that the
amount of oxime sufficient to reactivate inhibited AChE in order
to provide survival in cases of exposure to OP nerve agents is
uncertain.*»® Thus, it may be postulated that even a slight
increase in oxime concentration in the brain can contribute to
significant enhancement of therapeutic efficacy and would
improve medical countermeasure effectiveness.* This could
potentially reduce the actual dosage of oximes into the body
which would decrease the toxicity side effects of oximes. It is
known that when AChE reactivation was achieved in the CNS,
good therapeutic effects of oximes and survival of poisoned
organisms were observed.*®

Therefore, several strategies were developed to increase the
efficiency of BBB penetration by oximes such as through the

This journal is © The Royal Society of Chemistry 2020

development of new structure oximes, uncharged oximes,
conjugation of uncharged oximes, and sugar oxime moieties.

Strategies to improve the blood brain
barrier penetration of oximes

Previous researches had demonstrated the superiority of
charged 2-PAM as a reactivator of inhibited AChE in the CNS but
its penetration level across the BBB is still considered low. In
this review, there are several approaches has been outlined in
delivering the target oximes to the CNS. According to Patel et al.
(2013), these approaches can be classified as follows:*

(a) Direct delivery of the drug to the CNS. This is usually done
by injection, convection enhanced delivery, or the use of
biodegradable delivery systems (e.g., polymer wafers, nano-
particles, liposomes).

(b) Improving delivery across an intact BBB using non-
specific mechanisms such as by manipulating the lipid solu-
bility or through specific mechanisms (e.g., receptor-mediated
and adsorptive transcytosis, modulation of transport systems
such as Pgp).

(c) Using targeting technologies to increase local concen-
trations of drugs in the brain after systemic delivery, which
include magnetic and immunological targeting, as well as
ultrasound assisted drug release.

However, according to Hersh et al. (2016), direct injections
into the brain, local exposure to high-intensity focused ultra-
sound, chemical disruption and osmotic opening by hypertonic
mannitol have several disadvantages such as non-specific, low
efficiency, costly and conflicting results in clinical trials.®®
Hence, several other approaches are being investigated to find

RSC Adv, 2020, 10, 4465-4489 | 4471
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the most suitable method for drug penetration through the BBB
into the CNS.

In this review, recent approaches to enhance oxime BBB
penetration are classified into three strategies:

(a) Development of new structural oximes.

(b) Development of uncharged oximes.

(c) Oxime-lipophillic compound conjugations.

To the best of our knowledge, the development of uncharged
oximes has received much attention among researchers when
compared to the other approaches.

Development of new structural oximes

The molecular structure and molecular weight of a compound
plays an important role in BBB penetration. It is expected that
the BBB penetration of new developed structural oximes will be
improved than the current available oximes as shown in Fig. 4.

Previously, the alternative development was of the prodrug
for 2-PAM that would undergo oxidation within the CNS to
produce a functionally active quaternary oxime (see Fig. 5).% It
was reported that the pro-2-PAM was the first non-invasive
means of administering a CNS therapeutic agent against OP
nerve agent poisoning. The OP nerve agent exposed-guinea pigs
showed a significant reduction in neurological damage when
treated with pro-2-PAM. However, this approach has two
apparent disadvantages; (1) the synthesis of the prodrug is
inherently difficult, and (2) the pro-2-PAM is unstable and
subjected to auto-oxidation.*

New structural
developed oximes
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Fig. 5 Chemical structure of pro-2-PAM.

Karasova et al. (2010) reported on the influence of the
molecular structure and molecular weight of several different
types of oximes upon BBB penetration (Fig. 6).° Firstly, they
found that the monoquaternary oximes had a ten to fifteen-fold
higher BBB penetration compared to bisquaternary oximes.
This is due to the presence of only one quaternary nitrogen in
each molecule of the novel oxime and their lower molecular
weight when compared to the bisquaternary and triquaternary
oximes. Besides that, monoquaternary oximes are known to
undergo active transport through the BBB. In contrast, there are
no known transport systems available or suitable for bisqua-
ternary oximes.

Secondly, the position of the oxime group on the pyridinium
ring also influences the penetration of oximes. For mono-
quaternary structures (pralidoxime, oxime 18 and 19), as shown
in Fig. 6, they have the best penetration with the para position
(oxime 19) on the pyridinium ring. Similarly, some bispyridinium
oximes are also found to behave in the same manner (oxime 10,
12, obidoxime or 15, 16, trimedoxime or 2, 7).

New structural developed
oximes easily to penetrate
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® P )

the BBB

> © ®

. 4

A

Currently available

oximes ‘
Sy

D

® ®

.
o

Inside the brain cells

Blood capillary

Fig. 4 Schematic diagram of BBB penetration of new structural oximes.
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Fig. 6 List of oximes as reported by Karasova et al. (2010).%®

Thirdly, molecular weight also considered as an important accompanied by a reduced ability to penetrate the BBB
factor for passive transport. The link connecting the two pyr- (compare oximes: 13, trimedoxime, metoxime or 8, obidoxime).
idinium rings also strongly influences the BBB. A simple, short Moreover, substituent molecules such as xylene (oxime 7 and
link oxime (metoxime) tends to facilitate permeation better 8), double bond compounds (oxime 11 and 13) and oxygen
than other oximes. The extension of the carbon link is usually (obidoxime and trimedoxime) all significantly reduce perme-

ation through the BBB. If the cis/trans butane configuration is

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 4465-4489 | 4473
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looked at, it is known that the cis isomer is able to penetrate into
the CNS better than the ¢trans isomer. Increasing the number of
oxime groups has been found to have a reduced effect on pre-
dicted diffusivity (especially the HL6-7, HI-6, obidoxime and
oxime 17). The type of substituents (as well as its position on the
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pyridinium ring) is also a factor that influences the predicted
BBB diffusivity. For example, if the substitution of the oxime
group is done using a carbamoyl group or amidoxime group,
this markedly decreases the predicted penetration of AChE
reactivators into the CNS (oxime 4, 6 and 11). This phenomenon

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Structure of novel oximes as reported by Chambers et al
(2016a and b).*846

is clearly seen when the oxime group is replaced by a carbamoyl
group (oxime 3, 8 or 5, 14 or obidoxime, 9).

Oxime 1 has the worst ability to penetrate the BBB as it has
three quaternary nitrogen, a branched link and three
hydrophilic oxime groups. The authors propose that the
design of a BBB penetrating oxime should consist of short
carbon link (C;-C,) in the absence of additional functional
groups and preferably with one or two oxime groups in the
para position.

Chambers et al. (2016a and b), developed novel substituted
phenoxyalkyl pyridinium oximes as shown in Fig. 7.'** These
phenoxyalkyl pyridinium oximes have alkyl chains of 3-5

(a)

Nerye agent
f]’ g

AChE

Oxime
&

low affinity

View Article Online

RSC Advances

carbons, with various substitutions on the phenoxy group.
Although it contains a quaternary ammonium, similar to other
pyridinium oximes that do not cross the BBB, it is hypothesised
that the phenoxyalkyl moiety could increase the lipophilicity of
the oxime thus providing counterbalance to the positive charge
from the quaternary ammonium, hence allowing BBB penetra-
tion. Based on in vitro studies, these five oximes have shown
about 40-65% reactivation ability which is lower than that of 2-
PAM (which is capable of 88-91% reactivation). Thus, all these
oximes have some potential for reactivation, although with
a lower potency than 2-PAM, with some approaching the efficacy
of 2-PAM. The more effective novel oximes together with the 2-
PAM were then screened in an in vivo study. Interestingly, all the
oximes tested caused a reduction of brain AChE inhibition in
rats of least 5-25% at 30 min after oxime administration.
Meanwhile, treatment with 2-PAM did not cause any reduction
in brain AChE inhibition. Oxime 20 exhibited a higher in vivo
reactivation potency (25%) towards AChE inhibition. These
oximes also showed an attenuation of the seizure-like behaviour
among the rats when compared to the ones treated with 2-PAM.
Therefore, this indicates that the presence of phenoxyalkyl
moiety does seem to augment the anti-convulsive activity oxime,
probably due to its increased lipophilicity and therefore results
in enhanced BBB penetration.

(b)

Oxime

Nerre agent
PSL ™ AChE

high affinity

Fig. 8 Schematic diagram of the interaction between inhibited AChE and a PSL conjugated oxime.

o N \N _OH
OO A

CF5CO0"

21 n=1 (14%)
22 n=2 (15%)
23 n=3 (14%)

Fig. 9 Structure of the oximes reported by Koning et al. (2011).”
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Meanwhile, it has been described that most of the oximes
often lack of reactivating potency towards AChE due to their low
affinity towards AChE active site.'” Therefore, the development
of a novel conceptual approach to the design of oximes through
exploitation of existing knowledge of oxime structure is needed
in order to increase the binding affinity between AChE and the
oximes. An extra contribution towards affinity may be achieved
by covalently connecting a peripheral site ligand (PSL) to an
oxime, which may then result in a higher reactivation potency of
the total construct (Fig. 8)."”

Koning et al. (2011) developed the first steps towards the
concept of PSL conjugation to pyridinium oximes in order to
improve the reactivation potency of inhibited AChE and
enhance BBB penetration.” Three series of oximes containing
PSL are shown in Fig. 9. Based on binding affinity analysis,
oximes 21-23 show the highest affinity for AChE when
compared to the control, 4-PAM. In the reactivation potency
analysis, these oximes would be able to reactivate sarin- and VX-
inhibited AChE and show higher reactivation potency than 4-
PAM and HI-6 at pharmacologically relevant concentrations.

Kalisiak et al. (2011) designed a new class of amidine-
oximes.®” These compounds represent a novel group of oximes
with enhanced BBB penetration capabilities. An amidine group
is frequently used in drugs because of its non-toxic properties,
pronounced water solubility, and its action as an efficient
hydrogen-bond acceptor. In this study, the amidine group is
represented as the PSL to the oxime structure. In the case of
amidine oximes, which are shown in Fig. 10, the basic group
readily undergoes protonation under physiological conditions
to form a positively charged centre, similar to that of a pyr-
idinium quaternary nitrogen. Protonated amidine groups
presumably facilitate efficient binding to AChE through cation
interactions with aromatic amino acid residues at the AChE
active site.

In this approach, the amidine moiety supplies a pseudo-
positive charge responsible for efficient binding to inhibited
AChE, while the proximal oxime group is a nucleophile
responsible for reactivation of the phosphylated enzyme. Ami-
dine-oximes have several advantageous properties, including:

(i) Improved chemical stability as compared to pro-2-PAM.

(ii) Greatly improved lipophilicity as compared to quaternary
oximes.

(iii) Increased in vitro reactivation efficacy of OP-inhibited
AChE as compared to MINA.

(iv) Significant protection from the in vivo toxic effects of OP.

It was reported that the ability of oximes 24-28 to reactivate
OP-inhibited AChE was attributed due to the superior

R, R,
\N/

N
\ N+/K/ N OH

R,

Fig. 10 Basic amidine-oxime chemical structure.
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Fig. 11 Amidine-oxime moieties.

functional activity compared to MINA (Fig. 11). The substituent
on the amidine group of amidine-oximes moves from the
hydrogen atom in oxime 24 to the N-butyl group in oxime 28
thus increasing its lipophilic character and therefore increasing
reactivation potency. Amidine-oximes, 26, 27 and 28 were found
to be the most lipophilic compounds. Despite the fact that the
amidine-oximes examined did not afford better reactivation
potency than 2-PA