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Tabun (O-ethyl-N,N-dimethyl phosphoramidocyanidate) belongs to highly toxic organophosphorus compounds
misused as chemical warfare agents for military as well as terroristic purposes. It differs from other highly toxic or-
ganophosphates by its chemical structure and by the fact that tabun-inhibited acetylcholinesterase is extraordinarily
difficult to reactivate.

The potency of trimedoxime and other commonly used oximes (pralidoxime, obidoxime, the oxime HI-6) to reacti-
vate tabun-inhibited acetylcholinesterase and to eliminate tabun-induced acute effects was evaluated using in vitro and in
vivo methods. In vitro calculated kinetic parameters of reactivation of tabun-inhibited acetylcholinesterase from rat brain
homogenate and in vivo determined percentage of reactivation of tabun-inhibited blood and tissue acetylcholinesterase
in poisoned rats show that trimedoxime seems to be the most efficacious reactivator in the case of tabun poisonings.
Trimedoxime was also found to be the most efficacious oxime in the elimination of acute lethal toxic effecs in tabun-
poisoned rats and mice. The oxime HI-6, so efficacious against soman, does not seem to be sufficiently effective oxime

to reactivate tabun-inhibited acetylcholinesterase and to counteract acute lethal effects of tabun.

INTRODUCTION

The current standard treatment for poisoning with
highly toxic organosphosphorus compounds called nerve
agents usually consists of the combined administration of
anticholinergic drugs (preferably atropine) and oximes
(preferably pralidoxime or obidoxime). Anticholinergic
drugs block effects of overstimulation by accumulated
acetylcholine at muscarinic receptor sites while oximes,
compounds with nucleophilic activity, repair biochemi-
cal lesions by dephosphonylating nerve agent-inhibited
acetylcholinesterase (AChE, EC 3.1.1.7) and restoring
its activity'.

Tabun is probably one of the most dangerous com-
pounds among nerve agents, since its deleterious effects
are extraordinarily difficult to counteract because of the ex-
istence of a lone electron pair located on an amidic group
that makes the nucleophilic attack almost impossible??.
While anticholinergic drugs such as atropine are able to
counteract the effects of tabun at peripheral cholinergic
receptors*, commonly used reactivators of phosphonylated
AChE based on monopyridinium (e.g. pralidoxime) and
bispyridinium oximes (e.g. obidoxime, methoxime) are
not able to counteract the toxic effects of tabun because
of very little reactivating efficacy’. In addition, the reac-
tivating efficacy of the oxime HI-6, so efficacious against
toxic effects of soman®’, is not so high for tabun-inhibited
AChE?®’, Thus, the replacement of commonly used oximes

(pralidoxime, obidoxime) as well as H oximes (the oxime
HI-6) with a more effective oxime has been a long-stand-
ing goal for the treatment of tabun poisoning. One of
the candidate for this replacement seems to be another
bispyridinium oxime, trimedoxime, that does not belong
to the commonly used oximes for the treatment of acute
poisoning with nerve agents.

There are many ways of evaluating therapeutic ef-
fects of antidotes against nerve agents. In the case of
oximes, the evaluation of their reactivation ability both
in vitro and in vivo is very important because their reacti-
vating potency underlies their beneficial effects. In vitro
assessment of reactivating efficacy of oximes is usually
followed by the evaluation of their reactivating efficacy
in vivo and their therapeutic efficacy against lethal nerve
agent poisoning®.

The aim of this study was to compare the reactivating
and therapeutic efficacy of trimedoxime with currently
available oximes (pralidoxime,. obidoxime, the oxime HI-
6) against tabun using both in vitro and in vivo methods.

MATERIAL AND METHODS

Male albino Wistar rats weighing 180-220 g and
male NMRI mice weighing 20-22 g were purchased from
Konarovice, Czech Republic. They were kept in an air-
conditioned room with the light from 07:00 to 19:00 h
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and were allowed access to standard food and tap water
ad libitum. The rats as well as mice were divided into
groups of eight animals. Handling of the experimental
animals was done under the supervision of the Ethics
Committee of the Faculty of Military Health Sciences,
Czech Republic.

Tabun was obtained from the Technical Institute in
Brno (Czech Republic) and was 89 % pure. The monopy-
ridinium and bispyridinium oximes (pralidoxime, obidoxi-
me, trimedoxime, the oxime HI-6) were earlier synthesized
at the Department of Toxicology of the Faculty of Military
Health Sciences (Czech Republic). Their purities were
analysed using a HPLC technique. All other drugs and
chemicals of analytical grade were obtained commercial-
ly and used without further purification. All substances
were administered intramuscularly (i.m.) at a volume of
1 ml/kg body weight (b.w.).

In vitro testing of oximes involved a standard collection
of experimental procedures'®. The reactivating efficacy
of oximes was evaluated in 10 % rat brain homogenate
that was incubated with tabun for 30 minutes and then,
the tested oxime was added for 10 minutes. The activity
of brain AChE was measured by potentiostatic method
with the help of automatic titrator RTS 822 (Radiometer,
Denmark). The data about initial rate of enzyme reaction
with substrate made possible the calculation of the dis-
sociation constant of enzyme-reactivator complex (K ),
the dissociation constant of enzyme-inhibitor-reactivator
complex (K, ) and the first-order rate constant (k). The
ability of oximes to reactivate tabun-inhibited AChE was
calculated as the percentage of increasing in the activity
of reactivated enzyme in the reaction mixture'’.

The ability of oximes to reactivate tabun-inhibited
AChE in vivo was determined as follows. To evaluate the
reactivating efficacy of the oximes, the rats were injected
i.m. with either atropine (21 mg/kg) alone or atropine
(21 mg/kg) in combination with one of the oximes studied
in equimolar dose (100 pmol/kg) 5 min before the rats
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received tabun i.m. at a dose of 130 ug/kg (LD,). The
prophylactic administration of antidotes was used because
this procedure is suitable for a mechanistic study that
compares the reactivating efficacy of various oximes'2.
The rats were decapitated and exsanguinated to obtain the
blood 30 min following tabun poisoning. The diaphragm
and the brain were removed and homogenized in distilled
water to determine AChE activity by a spectrophotometric
method®. The reactivation rate was calculated using the
AChE activity values: 1 - [(oxime + atropine) - (saline)/
(atropine control) - (saline)) x 100 (ref.'?). The AChE
activity was expressed as pkat/kg or L (umol substrate
hydrolyzed/kg wet tissue or L blood/s).

The therapeutic efficacy of oximes against suprale-
thal poisoning with tabun in rats was determined by the
evaluation of the ED, values and their 95% confidence
limit using probit-logarithmical analysis of death occur-
ring within 24 h following tabun poisoning in at least
four groups of eight animals'. In these experiments, the
oximes were injected i.m. in the same solution as atropine
(21 mg/kg) 5 min before i.m. administration of tabun at
the supralethal dose (3 x LD, ). The acute toxicity of
all oximes tested (LD, values) was also determined by
probit-logarithmical analysis'. Finally, the safety of oxime
treatment with the efficacious doses was determined by
the calculation of safety ratio (LD,, / ED, value, SR).

The therapeutic efficacy of oximes against supralethal
poisoning with tabun in mice was determined by the as-
sessment of the LD, values and their 95% confidence
limit using probit-logarithmical analysis of death occur-
ring within 24 h after i.m. administration of tabun at five
different doses with eight mice per dose'. Tabun-poisoned
mice were treated i.m. with one of tested oximes at equief-
fective doses (2% LD, ) in combination with atropine
(21 mg/kg) one min after i.m. challenge of tabun. The
efficacy of tested oximes in combination with atropine was
expressed as protective ratio (LD, value of tabun in pro-
tected mice/LD, value of tabun in unprotected mice).

Statistical significance was determined by the use of
Student’s t-test and differences were considered significant
when p <0.05. Statistical evaluation was determined with
the relevant computer programs'.

Table 1. Kinetic parameters of the reactivation of tabun-in-
hibited AChE in rat brain homogenate in vitro

OXIME k, (min-1) | K, (uM) | K, (uM)
Pralidoxime |  0.006 575 210
Obidoxime 0.020 3.2 280
HI-6 0.007 6.3 24
0.079 46 21 000

K, dissociation constant of the enzyme-reactivator
complex; K, dissociation constant of inhibited enzyme-
reactivator complex; &, the first-order rate constant of
reactivation.
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Table 2. Rate of reactivation of tabun-inhibited AChE by oximes in rat blood, diaphragm and brain in vivo

AChE activity (ukat/L or ukat/k
TREATMENT y (ukat/ pkat/ke) -
Blood Diaphragm Brain
Atropine 1.18 £ 0.38* 5.71 £2.62° 24.9 +4.9%
Atropine + pralidoxime 1.38 £0.32 11.48 + 4.19 31.7+10.8
(% reactivation®) (1.8) (18.6%) (1.9)
Atropine + obidoxime 3.98 +£0.63 15.73 £2.42 38.8+£7.2
(% reactivation) (25.2) (32.4) 3.9
Atropine + HI-6 1.50 £ 0.43 5.72 £2.10 249 + 4.7
(% reactivation) (2.9) 0) 0)
Atropine + trimedoxime 3.35+£0.81 15.41 +2.47 65.7+11.2
(% reactivation) (19.5") (31.4™) (11.5")

*Means = S.E.M., N = 8. The untreated control value for rat blood AChE activity was 19.5 (ukat/L), for diaphragm AChE
activity 24.0 pkat/kg and for brain AChE activity 293.3 pkat/kg. ° Percent reactivation was determined using the AChE
activity values: 1- [(oxime + atropine) - (saline)/(atropine control) - (saline)] x 100.

* Significantly different from the atropine group at a level of p < 0.05 (" p < 0.001) as determined by the Student’s test.

RESULTS

The ability of oximes studied to reactivate tabun-inhib-
ited AChE in vitro is characterized by kinetic parameters
(Table 1) and shown in Fig. 1. While monopyridinium
oxime pralidoxime was not able to reactivate tabun-inhib-
ited AChE at all because the percentage of reactivation
did not reach 5 % regardless of pralidoxime concentration
used, currently used bispyridinium oximes (obidoxime,
the oxime HI-6) show certain potency to reactivate tabun-
inhibited AChE in vitro. Nevertheless, the reactivating
efficacy of these oximes is low because the percentage
of AChE reactivation does not reach 20 % regardless of
concentration of oximes. To compare obidoxime and the
oxime HI-6, obidoxime seems to be better reactivator of
tabun-inhibited AChE than HI-6 especially at 10-° and
10-*M concentrations. Trimedoxime, another promising
bispyridinium oxime, seems to be the most efficacious
reactivator of tabun-inhibited AChE, especially at higher
concentrations, because it is able to reactivate in vitro
more than 40 % of tabun-inhibited AChE at 10-*M con-
centration (Fig. 1).

The ability of tested oximes to reactivate tabun-in-
hibited AChE in vitro shown as the values of percent-
age of reactivation generally corresponds to the values
of dissociation constant of enzyme-reactivator complex
(K ), dissociation constant of enzyme-inhibitor-reactiva-
tor complex (K ) and first-order rate constant (k). The
dissociation constants represent the affinity of oximes
for intact and phosphorylated AChE, the rate constant
represents the velocity of reactivation of tabun-inhibited
AChE (Table 1).

The ability of oximes to reactivate tabun-inhibited
ACHE in rat blood, diaphragm and brain iz vivo is shown
in Table 2. Trimedoxime seems to be the best reactivator
of tabun-inhibited AChE among studied oximes (p < 0.05)
because it was able to significantly reactivate tabun-in-

Table 3. LD, values of oximes following i.m.
administration in rats

OXIME LD, (mg/kg) + 95% confidence limit
Pralidoxime 218.0 (209.1 - 228.0)
Obidoxime 158.4 (138.2 - 178.9)
HI-6 781.3 (738.4 - 826.6)
Trimedoxime 150.5 (142.1 - 159.4)

Table 4. The prophylactic antidotal potency (ED, value)
and safety ratio (SR) of oximes in tabun-poisoned rats

+95%
oxiME | e i | SR (LD /ED,)
Pralidoxime > 150 <1.45
Obidoxime 2.3(1.2-44) 68.87
HI-6 158.9 (73.3 - 344.5) 4.92
Trimedoxime 0.4(0.2-0.8) 376.25

Table 5. LD, values of oximes following i.m.
administration in mice

OXIME LD,, (mg/kg) + 95% confidence limit
Pralidoxime 263.6 (253.7 - 273.8)
Obidoxime 188.4 (156.3 - 208.0)

HI-6 671.3 (627.4 - 718.3)

Trimedoxime 149.3 (124.1 - 184.5)
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Table 6. The potency of oximes in combinatin with atro-
pine to eliminace acute lethal effects of tabu n in mice

Treatment LD,, (ug/ke) ir 9.5/3 Prote'cnve
confidence limit ratio
- 295.9 (275.5 - 317.9) -

Pralidoxime + | 3,9 3 (313 3 _ 346.2) 111

atropine

Obidoxime + |35 7 (410.9 - 461.9)* 1.47

atropine

HL6 + atropine | 485.3 (460.4 - 511.5)* 1.64

Trimedoxime + | 50 (4703 _ 545.1)* 1.71

atropine

* Significantly different from non-treated group at the level
of p <0.05.

hibited AChE in peripheral as well as central compart-
ment (p <0.001) on the contrary of other studied oximes.
Obidoxime was also able to significantly reactivate tabun-
inhibited AChE (p < 0.001) in the peripheral compart-
ment (blood and diaphragm) but not in the central
compartment (brain). Other tested oximes (pralidoxime
and the oxime HI-6) were practically ineffective to reac-
tivate tabun-inhibited AChE regardless of the tissue with
the exception of reactivation of tabun-inhibited AChE in
diaphragm by pralidoxime (p < 0.05).

These results closely correlate with the prophylactic
antidotal potency of the oximes tested against lethal tabun
poisoning in rats (Table 4). Trimedoxime and obidoxime
are effective against tabun lethal poisoning of rats be-
cause they are able to protect rats at doses lower than
those suggested for humans - less than 2% of their LD,
(Table 3). On the other hand, the oxime HI-6 is able to
protect tabun-poisoned rats at doses that are significantly
higher than those suggested for humans and pralidoxime
is completely ineffective in protecting tabun-poisoned rats
at therapeutic doses (Table 4).

To compare the therapeutical potency of studied oxi-
mes administered at 1 min after tabun poisoning in mice,
trimedoxime seems to be the most efficacious oxime in the
elimination of tabun-induced acute toxic effects in mice
(Table 6), although the differences between the therapeu-
tic efficacy of bispyridiniium oximes tested are not so high
as in the case of their prophylactic efficacy studied in
rats. Especially, the therapeutic potency of the oxime HI-
6 is not significantly lower compared to obidoxime and
trimedoxime. This fact is caused by higher dose of HI-6
compared to other oximes studied due to its significantly
lower toxicity in mice (Table 5).

DISCUSSION

The values of kinetic parameters of tested oximes for
the reactivation of tabun-inhibited AChE in vitro show
that dissociation constants and rate constant are lower
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compared to the kinetic parameters describing the reac-
tivation of sarin, soman or cyclosin-inhibited AChE by
the same oximes'>-"". Therefore, all tested oximes should
be generally considered to be relatively weak reactivators
of tabun-inhibited AChE in vitro although there are sig-
nificant differences among them. The differences in the
chemical structure of the oximes (the number of pyri-
dinium rings, the bridge between pyridinium rings, the
number and position of oxime groups) have been shown
to be important for the affinity of oximes for intact and
phosphorylated AChE and for the potency and velocity
of the reactivation of tabun-inhibited AChE'®,

The relatively high reactivating efficacy of trimedoxime
in vitro can be explained by the big difference between the
affinity of trimedoxime to the intact and tabun-inhibited
AChE. This fact is advantageous because a possible inhibi-
tion of reactivated enzyme by the excess of trimedoxime
is practically excluded and, in addition, the strength of
binding of trimedoxime to inhibited AChE decreases the
concentration of trimedoxime necessary to reactivate
tabun- inhibited AChE. On the other hand, other cur-
rently used oximes (obidoxime and especially HI-6) show
the low value of both dissociation constants and, there-
fore, the excess of these oximes can inhibit reactivated en-
zyme because the difference between the affinity of both
oximes to the intact and tabun-inhibited AChE is small.
In addition, the markedly higher value of the first-order
rate constant of trimedoxime compared to other currently
used oximes, especially pralidoxime and the oxime HI-6,
declares the advantage for trimedoxime as the reactivator
of tabun-inhibited AChE too®.

In vitro results correlate with the results obtained in
vivo. Trimedoxime that is characterized by relatively high
percentage of tabun-inhibited AChE in vitro was demon-
strated to be the most efficacious reactivator of tabun-in-
hibited AChE in vivo and sufficiently efficacious to protect
rats poisoned with lethal dose of tabun. On the other
hand, pralidoxime and the oxime HI-6 that seem to be
poor tabun-inhibited AChE in vitro are not able to suffi-
ciently reactivate tabun-inhibited AChE in vivo nor protect
rats poisoned with supralethal doses of tabun when they
are administered at human relevant doses. Obidoxime is
almost as effective as trimedoxime to reactivate tabun-
inhibited AChE and to protect rats poisoned with lethal
doses of tabun with the exception of the reactivation of
tabun-inhibited AChE in the brain. The fact that oximes
are able to penetrate across the blood-brain barrier and
reactivate nerve agent-inhibited AChE in the brain despite
their quaternary structure was previously described by
various researchers'®?°. The significant difference between
the reactivating efficacy of trimedoxime and obidoxime in
the central compartment can be explained by the differ-
ence of the structure of the bridge between pyridinium
rings. The bridge involved in obidoxime increases the ion-
ization of obidoxime molecule as it is demonstrated by
lower values of pKa compared to trimedoxime and, thus,
decreases the potency of obidoxime to penetrate across
blood-brain barrier compared to trimedoxime?..
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It is necessary to mention that the therapeutical ef-
ficacy of all oximes studied decreases when they are ad-
ministered following tabun poisoning. Therefore, none of
oximes studied was able to protect mice poisoned with
tabun at a supralethal dose corresponding to 2 x LD,
when they were administered 1 min after tabun poison-
ing. The therapeutic efficacy of all oximes is also influ-
enced by their toxicity in mammals. The low efficacy of
the oxime HI-6 is partly compensated by its low toxicity
for mammals and by its possibility to be administered at
significantly higher dose compared to other bispyridinium
oximes®.

Our results confirm that there is no single, broad-spec-
trum oxime suitable for the antidotal treatment of poison-
ings with all organophosphorus agents’. While obidoxime
is preferred for the treatment of acute poisoning with or-
ganophosphorus insecticides (OPI) because it is consid-
ered to be the best reactivator of OPl-inhibited AChE, the
oxime HI-6 appears to be very promising antidote against
some highly toxic fluorophosphonates, especially soman,
because it is able to protect experimental animals from
toxic effects and improve survival of animals poisoned
with fluorophosphonates’. Nevertheless, our results clearly
demonstrate its low potency to reactivate tabun-inhibited
AChE. On the other hand, trimedoxime, relatively weak
reactivator of soman-inhibited AChE, is the most promis-
ing reactivator of tabun-inhibited AChE according to our
data. Thus, trimedoxime should be considered to replace
currently used oximes in the treatment of acute tabun poi-
sonings. In addition, our results show that the evaluation
of the oxime reactivating efficacy in vitro closely correlates
with their ability to reactivate tabun-inhibited AChE in
vivo and to eliminate tabun-induced lethal toxic effects in
the case of experimental poisonings.
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