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Patients with drug resistant epilepsy represent about 40% of the whole
population of epileptic patients. These patients require more than one antie-
pileptic drug. In animal models of epilepsy, it is possible to determine which
combinations produce supra-additive anticonvulsive effects with minimal or
even no adverse reactions. The experimental data can be helpful for predict-
ing effective drug combinations in patients with refractory epilepsy. Losiga-
mone is a new antiepileptic drug with an unknown mechanism of action. The
drug belongs to the group of �-methoxy-butenolides, and exists as a racemic
mixture of two enantiomers (AO-242 and AO-294). The drug is eliminated
by oxidation. Cytochrome CYP2A6 appears to be the main isoenzyme re-
sponsible for the metabolism of losigamone. In vitro, losigamone exerts anti-
convulsant activity in the picrotoxin model in CA1 and CA3 hippocampal
areas, the low Ca�� model in CA1 area and the low Mg�� model in the entor-
hinal cortex and hippocampus. In vivo, the drug exhibits significant efficacy
against maximal electroshock-induced seizures in rodents and pentetrazole-
induced clonic convulsions in mice. Potency of losigamone varies with the
respective seizure test, animal species used in experiments and route of drug
administration. Toxicity studies do not indicate any teratogenic risk of the
drug, at least in animals. In clinical trial, losigamone proved to have satisfac-
tory effectiveness and good tolerance in the treatment of partial and secon-
dary generalized seizures. The enantiomer AO-242 seems to be more potent
than AO-294 or racemate.
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Abbreviations: AEDs – antiepileptic drugs, EC
– the entorhinal cortex, GABA – �-aminobutyric
acid, HPLC – high-performance liquid chromato-
graphy, I��� – the fast inactivating Na� current, I���
– the persistent Na� current, ip – intraperitoneal,
MES – maximal electroshock, NMDA – N-methyl-
D-aspartate, PI – protective index, po – per os,
PTX – picrotoxin, PTZ – pentetrazole, RP – re-
versed phase, t.i.d. – three times daily

Introduction

Epilepsy comprises many diverse disorders and
syndromes with heterogeneous etiologies and neu-
ropathology. This common neurological disorder,
characterized by recurrent spontaneous seizures,
constitutes a major health problem affecting about
0.5–1% of the population worldwide [7, 22]. Chro-
nic administration of a single antiepileptic drug
(AED) still remains the first choice in epilepsy
treatment [41]. The selection of an AED is based
mainly on its efficacy, tolerability and safety in spe-
cific seizure types. However, only about 60–70% of
patients may achieve an adequate seizure control
with a single AED [10, 12, 39]. Up to 40% of indi-
viduals suffer from intractable, pharmacoresistant
epilepsy [26, 38]. In addition to the problem of
pharmacoresistance, treatment with several AEDs
may lead to considerable undesired effects, most
commonly to neurotoxic and idiosyncratic reac-
tions [6]. In the past decade, considerable progress
in pharmacotherapy of epilepsy could be observed,
particularly the introduction of several new AEDs
and improved formulations of older, “first-genera-
tion” drugs [4, 33]. A neurologist can now choose
from among more than 20 different medications,
which include first-generation drugs, such as di-
phenylhydantoin, carbamazepine, phenobarbital and
valproate, and newer, “second-generation” drugs
such as lamotrigine, vigabatrin, tiagabine, topira-
mate, gabapentin and levetiracetam. The principal
goal of therapy with an AED is to keep the patient
free of seizures without interfering with normal
brain function. Therefore, in difficult-to-control
cases, new therapeutic strategies with better safety,
lesser toxicity and higher efficacy are needed ur-
gently, justifying the continuous search for novel
antiseizure medication [30, 31].

Losigamone has shown considerable potential
for fulfilling this need and has been demonstrated
to possess a unique anticonvulsant activity profile

and excellent tolerability [45]. Neuropharmacolo-
gical studies, based on a number of established epi-
lepsy models, may help to evaluate the most
beneficial drug combinations with potent anticon-
vulsant activity and minimal or even no adverse ef-
fects [11].

Pharmacology

Hansel and Pelter were the first who described
piperolide, a cinnamylidene butenolide derivative,
from Piper sanctum [40]. The chemical structure of
piperolide was confirmed by its synthesis [35, 36],
and later by X-ray diffraction analysis [40]. Results
of some early pharmacological studies indicated
that the isolated tetronic acid derivative, piperolide,

exerted depressant action on the central nervous
system of experimental animals [40]. Such reports
stimulated systematic structure-activity relation-
ship studies of tetronic acid derivatives [21, 34],
that eventually led to the identification of losiga-
mone. The structure of this compound is not com-
parable to any of known prototypes or other poten-
tial anticonvulsant agents currently under develop-
ment (the chemical structure of losigamone is
shown in Figure 1). The anticonvulsant efficacy of
losigamone is considered to be strictly dependent
on the ring oxygen atom of the molecule [40].
Moreover, like valproate, losigamone does not con-
tain nitrogen in its structure [34]. Physically, the
drug can be described as white crystalline substance
with the molecular weight of 254.67 and the chemi-
cal formula – C'�H''ClO( (where: C constitutes
56.6%; H – 4.35%; Cl – 13.92%; O – 25.13%) [34].

Losigamone {AO-33; ADD137022; (±)5(R,S),
�(S,R)-5-[(2-chlorophenylhydroxymethyl)]-4-me-
thoxy(5H)-furanone} contains 2 asymmetric car-
bons and is a racemic mixture of two enantiomers,
AO-242 [(+)-LSG; (+)-5(R)-�(S)-5-(2-chlorophen-
ylhydroxymethyl)-4-methoxy-2(5H)-furanone] and
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Fig. 1. The chemical structure of losigamone



AO-294 [(–)-LSG; (–)-5(S)-� (R)-5-(2-chlorophe-
nylhydroxymethyl)-4-methoxy-2(5H)-furanone]. The
two enantiomers were shown to present different
metabolic profiles in human hepatic microsomes
[50]. Metabolism of racemic losigamone and its
two enantiomers, AO-242 and AO-294, was studied
by use of human liver microsomes and recombinant
cytochrome P450 isozymes. High-performance liq-
uid chromatography (HPLC) with both ultraviolet
(UV) and electrochemical detection was used for
analysis of the incubation media. Finally, thanks to
the mentioned methods, five metabolites (M', M�,
M), M(, and M&) were detected in the racemic form
of the drug. Stereoselective metabolism was ob-
served when each enantiomer was incubated sepa-
rately with human liver microsomes. M' occurred
the major metabolite produced from AO-242,
whereas M), M(, and M& were primarily produced
from AO-294. The production of M' from AO-242
was markedly inhibited by AO-294, possibly indi-
cating a metabolic enantiomer-enantiomer interac-
tion. (±)-Losigamone enantiomers were selectively
metabolized by recombinant cytochrome P450
2A6. Moreover, the breakdown of AO-242 and
AO-294 by human liver microsomes was preferen-
tially inhibited by coumarin, a cytochrome P450
2A6-selective compound [50]. It should be stressed
that the two enantiomers may also differ in their
pharmacological activity. The relative effectiveness
of the two enantiomers and their racemic mixture
varied depending on the used experimental test [14,
54]. Since losigamone is a new candidate drug, only
a few analytical methods have been reported so far.
Firstly, a reversed phase(RP)- HPLC procedure
was described for the determination of plasma
racemic losigamone followed by separation of the
enantiomers on a chiral column [37]. Secondly, a
simple enantioselective HPLC assay was reported
to be suitable for pharmacokinetic studies in epilep-
tic patients [51]. There was no evidence of metabolites
in non-hydrolyzed patient samples. However, after
enzymatic hydrolysis, small amounts of both enanti-
omers could be quantified [51].

In animal studies, losigamone was shown to
possess anticonvulsant properties both under in
vivo and in vitro conditions [53, 54].

In vivo investigation

The pharmacological activity profile of the drug
has been defined in several animal species after ei-

ther intraperitoneal (ip) or per os (po) route of ad-
ministration [8, 21, 34]. Its potency and activity du-
ration evaluated in various experimental models
appears to depend on the species and the type of
convulsant used in the test. In rodents, losigamone
inhibited the tonic hindlimb extension produced by
either maximal electroshock (MES) or by various
chemical convulsants, including pentetrazole (PTZ),
bicuculline, nicotine and 4-aminopyridine (4-AP)
[46]. It proved also effective in antagonizing clonic
seizures induced by PTZ, bicuculline and picro-
toxin (PTX). In detail, the oral anticonvulsant ED&�

of losigamone assessed in the MES test in rats was
6.7 mg/kg while in mice 19.8 mg/kg [34]. Further-
more, the oral ED&�, evaluated in the PTZ-induced
clonic convulsions, was equal to 33.9 mg/kg for
mice. In rats the drug remained ineffective [34].
According to the study of G¹sior et al. [17], losiga-
mone dose-dependently protected mice against co-
caine-induced convulsions with the ED&� value of
24.7 mg/kg. At doses between 20 and 80 mg/kg,
the drug was also active against audiogenic sei-
zures in rats and gerbils, and PTZ-kindled seizures
in mice [5]. Unlike carbamazepine and diphenylhy-
dantoin, losigamone applied at low doses did not
aggravate absence seizures in the genetic epilepsy
absence rat of Strasbourg (GEARS) model, how-
ever, it could suppress these convulsions at high
doses (> 80 mg/kg) [5]. In the MES test, the drug
occurred more potent than diphenylhydantoin, val-
proate, and in the PTZ test it was more effective
than ethosuximide and valproate [46]. Anticonvul-
sant ED&� of losigamone in mice (ip administra-
tion) was calculated as 7.7 mg/kg [53]. Zhang et al.
[54] gave a detailed comparison of the anticonvul-
sant effects of the drug and its isomers (AO-23,
AO-242, AO-294) in the MES test in mice after po
administration. Although losigamone and its three
tested isomers were all effective in protecting the
animals against electroshock-induced tonic convul-
sions, major differences existed in respect of poten-
cies and activity durations of the substances. The
maximal effects of the drug and its isomers were
generally detected 30 min after oral application.
Nevertheless, the activity duration of AO-23 and
AO-294 was found to be much shorter than that of
losigamone or AO-242 (results are summarized in
Table 1). AO-242 appeared the most potent of all
isomers, being more effective than the racemic lo-
sigamone. Finally, the obtained data strongly sug-
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gested that the anticonvulsive action of the drug
was predominantly due to effects of AO-242 [54].

Jones and Davies [20] investigated the effects
of AO-242 and AO-294 on audiogenic seizures in
DBA/2 mice. The results clearly showed that only
one enantiomer (AO-242) was effective in this test,
being undoubtedly the most important active con-
stituent of the racemic mixture [20].

Chronic administration of losigamone in rats
and mice (once daily for 15 consecutive days) did
not affect either its ED&� values in MES test or the
anticonvulsant activity of other prototype agents.
These observations may suggest that chronic appli-
cation of the drug does not result in tolerance de-
velopment or enzyme induction [34].

In vitro investigation

The protective effects of various tetronic acid
derivatives were studied in 3 in vitro models of epi-
leptogenesis in the rat hippocampal slices: PTX,
the low magnesium (Mg�1), and the low calcium
(Ca�1) models [23]. The drug occurred effective in
the low-Ca�1 model in vitro and this result seemed
to be independent of synaptic transmission [23].
This observation emphasizes the importance of its
ability to act on intrinsic neuronal processes as the
mechanism of losigamone action in the mentioned
test. Moreover, the effects of the drug on stimulus-
induced decrement in extracellular calcium concen-
tration were also investigated. Losigamone was
shown to block epileptiform activity induced by
either PTX addition or Mg�1 or Ca�1 omission from
the perfusion medium of hippocampal slices [23,
28]. The observed effects were dose dependent and
reversible. As regards the threshold effective dose
(10 �M), losigamone appears to be equally effec-
tive as diphenylhydantoin [19], and much more ef-
fective than valproate, where similar effects were
noted at higher dose range of 0.5–1 mM [16]. Losi-

gamone was also shown to block epileptiform dis-
charges in CA1 and CA3 hippocampal areas and in
the entorhinal cortex (EC) [24]. In detail, the drug
reversibly suppressed high potassium (K1) and low
Ca�1-induced seizure-like events in area CA1 of the
rat hippocampus. Moreover, losigamone reduced
low Mg�1-induced short recurrent discharges in the
hippocampus and seizure-like events in EC [54]. At
higher concentrations the drug reduced late recur-
rent discharges in EC which were, on the other hand,
unaffected by conventional AEDs such as diphen-
ylhydantoin, carbamazepine and barbiturates [54].
Furthermore, unlike diphenylhydantoin or carba-
mazepine, which also suppressed repetitive firing,
but similarly to N-methyl-D-aspartate (NMDA) recep-
tor antagonists, losigamone inhibited late recurrent
discharges. The inhibitory effect of the drug on
spontaneous depolarization, associated afterpoten-
tials and NMDA-induced depolarization, was shown
in study of Srinivasan et al. [44]. In consequence,
the NMDA receptor antagonism and inhibition of
excitatory amino acid release may be considered as
contributing to the anticonvulsant effect of losiga-
mone [44]. Unfortunately, a variety of AEDs acting
at different sites on the NMDA receptor was reported
to reduce spontaneous and NMDA-induced depo-
larization. Therefore, the exact binding site for losi-
gamone within this glutamatergic receptor cannot
be established on the basis of theoretical specula-
tions only [44].

Despite its NMDA receptor antagonistic pro-
perties, the drug did not affect NMDA-induced
convulsions in mice [46]. However, losigamone
(in contrast to e.g. valproate) partially reversed
4-AP-induced epileptiform activity in the hippo-
campus [53]. In studies on sustained repetitive-
firing in hippocampal-entorhinal cortex slices, the
drug was shown to reduce the intrinsic excitability
of neurons with only minor effects on postsynaptic
potential [42].

Complementary to these findings are those sug-
gesting that losigamone enhances the �-aminobu-
tyric acid (GABA%) receptor-mediated Cl2 influx
into spinal cord neurons [14]. Nevertheless, a direct
interaction with the known modulatory binding
sites on GABA% receptors could not be demon-
strated. It might indicate losigamone-evoked post-
synaptic strengthening of GABAergic inhibitory
effects. However, findings of Draguhn et al. [15]
made this possibility very unlikely. The drug af-
fected equally the isolated inhibitory as well as ex-
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Table 1. ED�� values (mg/kg) for losigamone and its isomers in
the MES test in mice

Treatment ED�� (30 min) ED�� (60 min)

LSG

AO-23

AO-242

AO-294

7.70 (7.27–8.48)

148.08 (122.64–177.02)

4.87 (3.64–5.31)

69.01 (62.84–72.89)

17.3 (14.5–20.6)

–

7.0 (5.9–8.4)

–

All substances were administered po, 30 or 60 min before the
test



citatory postsynaptic currents. Since the drug did
not alter miniature postsynaptic currents, one may
suggest that the mechanism of losigamone action
depends on functional Na1 channels. Consistent
with these findings remains the drug-induced dec-
rement of the frequency of spontaneous action po-
tentials and suppressed repetitive firing of neurons.
Thus, losigamone generally depresses synaptic ac-
tivity in a neuronal network without any selective
modulation of any specific postsynaptic receptor
type [15]. In summary, the anticonvulsive effects of
losigamone might be related to its presynaptic ac-
tivity and influence on intrinsic neuronal processes
rather than to modulation of the postsynaptic recep-
tor function [15].

Gebhardt et al. [18] studied the effect of the
drug on transient and persistent Na1 currents in cul-
tured hippocampal neurons. These findings demon-
strated that losigamone at concentrations of 100–200
�M significantly reduced the persistent sodium
current (I+��) without having any effect on a persis-
tent unspecific cationic current. Furthermore, losi-
gamone did not reduce the amplitude of the fast in-
activating Na1 current (I+�3) from a folding poten-
tial achieved under physiological conditions [18].

I+�� was shown to be involved in bursting of
CA1 neurons [2] and to regulate the discharge fre-
quency of many cortical neurons [9]. Moreover,
I+�� contributed to the depolarizing phase of sub-
threshold oscillations in EC stellate cells [32]. To
explain the biophysical mechanism of I+��, differ-
ent hypothesis were proposed. A number of studies
indicated that I+�� seemed to result from transition
of fast inactivating Na1 channels to non-inactivat-
ing gating mode [1, 43]. On the other hand, single
channel studies from EC stellate neurons demon-
strated that persistent channel activity had a higher
single-channel conductance than transient activity
[32]. However, it was likely that these currents be-
came activated during the induction of epileptiform
activity. Blockade of this current might, therefore,
be a good candidate mechanism for blockade of
epileptiform discharges [18].

The effect of losigamone on I+�� seemed to be
similar to those of diphenylhydantoin [27], val-
proate [48] and topiramate [49]. Moreover, these
AEDs, in contrast to losigamone, showed a use-
dependent action on fast inactivating sodium cur-
rents [18]. The significant decrease in the second
peak amplitude under control condition as well as

in the presence of losigamone indicated that a simi-
lar number of channels were not recovered from
inactivation [18]. The cited authors could not com-
pletely explain an additional drug-induced inhibi-
tory effect on I+�3 either at a higher drug concentra-
tion or when the neuronal membrane was depola-
rized. It was possible that losigamone induced
a stabilization of the inactivated state of Na1 chan-
nels leading to a decrease in late channel open
probability which was thought to be responsible for
I+�� [18].

It is remarkable that losigamone was shown to
block epileptiform discharges even under condi-
tions in which other AEDs lost their efficacy to
block epileptiform discharges. Such conditions oc-
cured when entorhinal and temporal cortex struc-
tures were exposed for prolonged periods to low
Mg�1 [55]. It was tempting to assume that pro-
longed seizures led to a regulatory shift between
persistent and transient sodium currents and, there-
by, created a condition where losigamone could be
particularly helpful in suppressing epileptiform dis-
charges [18].

Generally inconsistent experimental data make
it difficult to evaluate the exact mechanism of losi-
gamone action [52]. Nevertheless, it is known that
the drug does not affect specific GABA, flunitraze-
pam or t-butyl-bicyclophosphorothionate binding
sites within GABA% receptor complex [52]. Al-
though losigamone did not significantly modify
the GABAergic inhibitory postsynaptic potentials
(IPSPs) in hippocampal slices, it potentiated GABA-
induced chloride influx in primary spinal cord neu-
ron cultures [43]. Finally, another suggested possi-
ble mechanism of action proponed for the drug
may be associated with K1 channel activation [52].

At high concentrations (> 100 �M), losigamone
inhibited glutamate and aspartate release from mouse
cortex and partially blocked adenosine uptake into
mouse brain synaptosomes [5].

Apart from anticonvulsant activity, losigamone
was found to possess anxiolytic, antidepressant and
memory enhancing effects activity in animal mo-
dels [5].

Toxicity

The performed toxicity studies did not reveal
any significant abnormalities. Losigamone did not
also appear to have any teratogenic action in ani-
mals [46]. Potency of the drug (administered ip) to
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produce behavioral toxicity (TD&�) in the inverted-
screen test in mice was 58.0 mg/kg [17]. The pro-
tective index (PI) (TD&�/ED&�) is widely recog-
nized as a quantitative measure of the separation
between anticonvulsant potency and behavioral
side effect potency [29]. The PI value of losiga-
mone was assessed as 2.35 [17]. The drug given po
at single doses (up to 600 mg/kg) did not increase
the rodent mortality rate within seven days of ob-
servation [34]. Similarly, no mortality was obser-
ved during 4-week subchronic toxicity studies in
rats and dogs treated with losigamone at doses up
to 600 mg/kg/day. Furthermore, losigamone admi-
nistered po in rats and dogs for 26 weeks (up to 400
mg/kg and 125 mg/kg, respectively), did not result
in significant mortality and ophthalmoscopic, elec-
trocardiographic or gross necropsy findings, all of
which could have been suggestive of severe toxic
properties of the drug [45].

Drug interactions

It was reported that carbamazepine and diphen-
ylhydantoin (presumably due to hepatic enzyme in-
duction), but not valproate and lamotrigine, might
facilitate the metabolism of losigamone, [25]. Bar-
biturates were also likely to stimulate the losiga-
mone clearence rate [5]. On the other hand, the
drug did not affect the pharmacokinetic parameters
of diphenylhydantoin, carbamazepine, and lamo-
trigine. For valproate, a slight decrease in C��4 and
area under the curve was observed, indicating
a possible induction of its metabolism by lisiga-
mone [25]. In the study of Dienel and Biber [13],
co-administration of carbamazepine or diphenylhy-
dantoin resulted in increased clearence of losiga-
mone, whereas valproate and lamotrigine did not
induce any changes in losigamone kinetics [13].
Therefore, the add-on treatment with losigamone in
patients receiving carbamazepine, diphenylhydan-
toin or lamotrigine appears to be safe, while in pa-
tients treated with valproate only minor dose ad-
justments may be necessary [25].

Clinical effects

Single doses of losigamone (up to 1000 mg)
and its subchronic dosage (500 mg/kg, t.i.d. applied
for 7 days) were well tolerated. No relevant changes
in vital signs were recorded in study participants
[34]. In another study of Steinhoff et al. [47],
healthy volunteers were given a single oral dose of

the drug of 500 mg. Again, no consistent or signifi-
cant deviations from the group receiving placebo
were noted. Losigamone-induced clinical adverse
effects included vertigo, headache, impaired con-
centration, and gait ataxia, sedation and nausea [47].
Pharmacokinetics of the drug was investigated in
both volunteers and patients, and in both cases the
evaluated parameters were shown to be linearly de-
pendent on the dose [13]. Dizziness and fatigue are
regarded as the main undesired effects of losiga-
mone treatment [13]. In a multicenter placebo-
controlled add-on randomized trial in 203 patients
with highly refractory partial seizures (with or
without secondarily generalized seizures), the drug,
applied at 500 mg t.i.d., was found to reduce sei-
zure frequency to a significantly greater extent than
placebo [3]. Furthermore, good tolerability with
only mild to moderate adverse events, no interac-
tion with concomitant AEDs, and no losigamone-
related laboratory abnormalities were observed in
the course of the study [3]. Generally, losigamone
proved to be an effective and well-tolerated anti-
convulsant drug for the treatment of chronic partial
seizures [3].

Final conclusions

Losigamone is a new drug showing consider-
able anticonvulsive activity in animal in vitro and
in vivo studies. In clinical trials the drug exhibited
effectiveness in the treatment of highly refractory
partial seizures (with or without secondarily gener-
alized seizures). No harmful undesired effects were
observed in either animal or human studies. The
more active pure isomer of losigamone and its
structural analogs have been tested and recom-
mended as potential antiepileptics suitable for fu-
ture development. The mechanism of losigamone
action still awaits further investigation.
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