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Abstract:

The aim of this study was to determine and compare the anticonvulsant activities of four natural furanocoumarins [bergapten (5-
methoxypsoralen), imperatorin (8-isopentenyloxypsoralen), oxypeucedanin (5-epoxy-isopentenyloxypsoralen) and xanthotoxin
(8-methoxypsoralen)] in the maximal electroshock-induced seizure test in mice. The anticonvulsant effects of bergapten, imperato-
rin, oxypeucedanin, and xanthotoxin were evaluated at 15, 30, 60 and 120 min after their systemic (intraperitoneal) administration.
Tonic hind limb extension (seizure activity) was evoked in adult albino Swiss mice by a current (sine-wave, 25 mA, 500 V, 50 Hz, 0.2 s
stimulus duration) delivered via auricular electrodes. The time courses of protection by bergapten, imperatorin, oxypeucedanin and
xanthotoxin against maximal electroshock-induced seizures revealed that 300 mg/kg imperatorin and xanthotoxin (C-8 substituted
derivatives of psoralen) exerted strong anticonvulsant activity, whereas 300 mg/kg bergapten and oxypeucedanin (C-5 substituted
derivatives of psoralen) did not produce any anticonvulsant activity in this model. In conclusion, imperatorin and xanthotoxin pro-
tected the animals against maximal electroshock-induced seizures, whereas bergapten and oxypeucedanin, despite their chemical
and structural similarities to xanthotoxin and imperatorin, exerted no anticonvulsant activity in this seizure test.
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Introduction

For centuries, herbs have been used in traditional
medicine to treat a wide range of ailments, including
central nervous system disorders such as epilepsy [3,
5, 6, 22-26]. Compelling evidence in preclinical in
vivo studies has indicated that some naturally occur-
ring compounds isolated from plants possess anticon-
vulsant properties [2, 3, 5-9, 11, 13, 14, 17-22]. The
presence of flavonoids, steroids, triterpenoids and es-
sential oils may be responsible for the anticonvulsant
activity of plants [2, 3, 5-9, 11, 13, 14, 17-23, 27].

It has recently been reported that two coumarin de-
rivates (imperatorin and osthole) exerted clear-cut an-
ticonvulsant activity in the maximal electroshock-
induced seizure test in mice [17-21]. Because impera-
torin and osthole are coumarin derivates with anticon-
vulsant activity, we wanted to determine whether
other coumarin derivatives (such as bergapten, oxy-
peucedanin and xanthotoxin) exerted anticonvulsant
activity in the mouse maximal electroshock-induced
seizure test when administered intraperitoneally at
various times (i.e., 15, 30, 60, and 120 min) before the
initiation of the electroconvulsions. The times used
for the administration of the coumarin derivatives in
this study were identical to those reported earlier for
imperatorin and osthole [17-21]. These times were
partly based on information from the NIH Anticon-
vulsant Drug Development (ADD) Program, which
evaluates the anticonvulsant action of novel com-
pounds or agents in preclinical studies in animals
[26].

This study was designed to compare the anticon-
vulsant activities of bergapten, oxypeucedanin and
xanthotoxin (belonging to linear furanocoumarins) to
imperatorin, which also belongs to a group of linear
furanocoumarins and has a firmly established anticon-
vulsant effect in the mouse maximal electroshock-
induced seizure model. Generally, the maximal
electroshock-induced seizure test in rodents has been
used to detect the anticonvulsant actions of drugs that
are clinically used in suppression of tonic-clonic sei-
zures and partial convulsions with or without secon-
dary generalization in humans [15, 16]. It is important
to note that seizure models in laboratory animals are
still the most important tool in the preclinical search
for agents and compounds possessing anticonvulsant
activity.
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Materials and Methods

Animals and experimental conditions

Six-week-old adult male Swiss albino mice (weighing
22-26 g) were purchased from a licensed breeder (Dr.
T. Gorzkowska, Warszawa, Poland). The mice were
kept in colony cages (20 mice per cage) with free ac-
cess to food and tap water under standardized housing
conditions (12-h light-dark cycle with a temperature
of 23 + 1°C and a relative humidity of 55 + 5%). After
7 days of adaptation to laboratory conditions, the
mice were randomly assigned to experimental groups,
and each group contained 8 mice. Each mouse was
only used once, and all tests were performed between
08:00 and 15:00 hours. The total number of mice in
this study was 128. Procedures involving animals and
their care were conducted in accordance with current
European Community and Polish legislation on ani-
mal experimentation. In addition, all efforts were
made to minimize animal suffering and use only the
number of animals necessary to produce reliable sci-
entific data. The experimental protocols and proce-
dures described in this manuscript were approved by
the First Local Ethics Committee at the Medical Uni-
versity of Lublin (Licenses nos.: 14/2006; 37/2006;
27/2008) and the Second Local Ethics Committee at
the University of Life Sciences in Lublin (License
no.: 85/2009). In addition, these procedures complied
with the European Communities Council Directive of
24 November 1986 (86/609/EEC).

Drugs

Bergapten (5-methoxypsoralen; 4-methoxy-7H-furo-
[3,2-g]chromen-7-one; CpHgOy4; 216.19 MW; chemi-
cal purity > 99%) was extracted from the fruits of
Pastinaca sativa (Apiaceae), which were collected in
the Medical Plant Garden of the Department of Phar-
macognosy, Medical University of Lublin (Poland).
The air-dried and powdered fruits were exhaustively
extracted with petroleum ether in a Soxhlet apparatus.
Next, the petroleum ether extract was concentrated in
a rotary vacuum evaporator. A semi-crystalline sedi-
ment of furanocoumarins was dissolved in hot dichlo-
romethane before being crystallized with cold n-he-
xane. The obtained sediment was re-crystallized twice
in methanol. The identity and purity of bergapten was
confirmed by HPLC and "H-NMR analyses.
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Imperatorin (8-isopentenyloxypsoralen; 9-(3-meth-
ylbut-2-enyloxy)-7H-furo[3,2-g|chromen-7-one; C;gH;404;
MW: 270.29; chemical purity > 99%) was extracted
from the fruits of Angelicae archangelica, which were
collected in the second year of vegetation from plants
cultivated in the Medical Plant garden of the Depart-
ment of Pharmacognosy, Medical University of
Lublin (Poland). The air-dried and powdered fruits
were exhaustively extracted with petroleum ether in
a Soxhlet extractor. Afterwards, the petroleum ether
extract was concentrated in a rotary vacuum evapora-
tor. A semi-crystalline fraction of furanocoumarins
was obtained. Separation of pure imperatorin was
achieved by column chromatography using hexane and
dichloromethane as eluents. The identity of imperato-
rin was confirmed by TLC and "H-NMR analyses.

Oxypeucedanin (5-epoxy-isopentenyloxypsoralen;
4-(3,3-dimethyloxiranyl)methoxy-7H-furo[ 3,2-g]-chromen-
7-one; CigH 405, MW: 286.28; chemical purity >
99%) was extracted from the roots of Peucedanum os-
truthium (L.) Koch, which were collected from plants
in September 2007 in Karpacz Goérny (Sudetes, Po-
land). The air-dried and powdered roots (800 g) were
exhaustively extracted (~120 h) with petroleum ether
and chloroform in a Soxhlet extractor. Afterwards, the
chloroform extract was separated by column chroma-
tography using chloroform/ethyl acetate (95:5, v/v) as
the eluent and Silica gel 60 (0.063—0.200 mm; Merck,
Darmstadt, Germany) as the sorbent. The eluates were
dissolved in methanol and left for final oxypeucedanin
precipitation. The precipitated oxypeucedanin was re-
crystallized, and we obtained 0.6 g of pure oxy-
peucedanin. The identity of oxypeucedanin was con-
firmed by TLC and 'H-NMR analyses.

Xanthotoxin (8-methoxypsoralen; 9-methoxy-7H-
furo[3,2-g]chromen-7-one; C,HgO4; MW: 216.19,
grade RD) was purchased from ChromaDex (Irvine,
CA, USA).

Bergapten, imperatorin, oxypeucedanin, and xan-
thotoxin were suspended in a 1% solution of Tween
80 (Sigma, St. Louis, MO, USA) in distilled water
and administered intraperitoneally as a single injec-
tion in a volume of 10 ml/kg body weight at various
times (15, 30, 60 and 120 min) before the initiation of
electroconvulsions.

Maximal electroshock seizure test

Electroconvulsions were produced by an alternating
current stimulation (sine-wave, 25 mA, 50 Hz, 500 V,

0.2 s stimulus duration) delivered via ear-clip elec-
trodes by a Rodent Shocker generator (Type 221,
Hugo Sachs Elektronik, Freiburg, Germany). The cri-
terion for the occurrence of seizure activity was tonic
hind limb extension. The anticonvulsant activity of
bergapten, imperatorin, oxypeucedanin, and xantho-
toxin (administered at 15, 30, 60 and 120 min) was
determined as percent protection against maximal
electroshock-induced seizures in mice. The animals
were administered a constant dose of 300 mg/kg of
each furanocoumarin at different time points, and the
percent protection against maximal electroshock-
induced seizures was noted for each compound. This
experimental procedure was based on the NIH ADD
Program, which tests all compounds in the mouse maxi-
mal electroshock-induced seizure model at a maximal
dose of 300 mg/kg [26]. Thus, all compounds in the
present study (bergapten, imperatorin, oxypeucedanin
and xanthotoxin) were administered at a fixed dose of
300 mg/kg. Moreover, the treatment times for the
tested linear furanocoumarins (i.e., 15, 30, 60 and 120
min) were based upon our previous studies [17-21].

Results

Anticonvulsant actions of bergapten, imperato-
rin, oxypeucedanin and xanthotoxin against
maximal electroshock-induced seizures in mice

Imperatorin and xanthotoxin (300 mg/kg, ip) pro-
duced a clear-cut anticonvulsant activity in mice at all
time points tested (Tab. 1). In contrast, bergapten
(300 mg/kg, ip) did not produce any anticonvulsant
activity in mice, and oxypeucedanin (300 mg/kg, ip)
only resulted in anticonvulsant activity when it was
administered 30 min before the maximal electro-
shock-induced seizure test (Tab. 1).

Discussion

The present results suggested that the anticonvulsant
activity of xanthotoxin and imperatorin in the mouse
maximal electroshock-induced seizure model was re-
lated to the conformational structure of the com-
pounds. Similarly, the lack of anticonvulsant activity
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Tab. 1. Anticonvulsant effects of bergapten, imperatorin, oxy-
peucedanin, and xanthotoxin in the mouse maximal electroshock-
induced seizure model

Time  Bergapten Imperatorin ~ Oxypeucedanin ~ Xanthotoxin
(min)
P/T (%) P/T (%) P/T (%) P/T (%)
15 0/8 (0) 8/8 (100) 0/8 (0) 6/8 (75)
30 0/8 (0) 8/8 (100) 1/8(12.5) 6/8 (75)
60 0/8 (0) 8/8 (100) 0/8 (0) 8/8 (100)
120 0/8 (0) 7/8 (87.5) 0/8 (0) 5/8 (62.5)

Data are presented as percentage of protection against maximal
electroshock-induced seizures (in parentheses). Bergapten, impera-
torin, oxypeucedanin and xanthotoxin were administered systemi-
cally (intraperitoneally) at a dose of 300 mg/kg at various times (15,
30, 60 and 120 min) prior to the maximal electroshock-induced sei-
zure test. P — number of animals protected against maximal electro-
shock-induced seizures; T — total of number of animals tested per

group

by bergapten and oxypeucedanin confirmed that the
conformational structure plays an important role dur-
ing the evaluation of the antiseizure activity of natural
compounds in preclinical studies (Fig. 1). The results
also indirectly indicated that both xanthotoxin and im-
peratorin may act through a specific binding site that
allows xanthotoxin and imperatorin to exert their anti-
convulsant action in the mouse maximal electro-
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Fig. 1. Structural formulas of bergapten, imperatorin, oxypeucedanin,
psoralen and xanthotoxin
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shock-induced seizure model. It is interesting to note
that bergapten and xanthotoxin have an identical mo-
lecular weight. Indeed, the only difference between
the compounds is the position of the methoxy group
substituted on the psoralen ring. Interestingly, bergap-
ten and oxypeucedanin, which did not have anticon-
vulsant activity in the mouse maximal electroshock-
induced seizure test, contained substitutions at the
C-5 position of the psoralen ring. In contrast, impera-
torin and xanthotoxin, which exerted strong anticon-
vulsant effects in the mouse maximal electroshock-
induced seizure model, contained substitutions at the
C-8 position of the psoralen ring (Fig. 1). The experi-
mentally derived median effective dose (EDsg) for im-
peratorin was 206 mg/kg, 60 min after drug admini-
stration [20]. Similarly, the EDs, for xanthotoxin was
243 mg/kg, 60 min after drug administration (results
not shown). Because bergapten and oxypeucedanin
did not protect the animals against maximal
electroshock-induced seizures, it was impossible to
determine their EDs, values. It is noteworthy that this
comparative study was performed at the same time
with the same laboratory conditions; therefore, it may
be suggested that the specific structural conformation
of the tested furanocoumarins played an important
role in their anticonvulsant activity. For instance, xan-
thotoxin (8-methoxypsoralen) produced clear-cut an-
ticonvulsant activity whereas bergapten (5-meth-
oxypsoralen) did not exert any anticonvulsant activity
in the mouse maximal electroshock-induced seizure
test, although both compounds were administered at
identical times prior to the electroshock.

Considering the effects produced by imperatorin
and xanthotoxin, one could hypothesize that some
modifications and/or manipulations of the chemical
structures of both compounds at the C-8 position of
the psoralen ring might be profitable from a preclini-
cal standpoint. Indeed, these modifications could con-
tribute to new anticonvulsant agents that are much
more effective in suppressing tonic-clonic seizures.
Interestingly, both imperatorin and xanthotoxin could
be readily modified or transformed to novel agents
possessing stronger anticonvulsant activity than both
natural coumarin derivatives. Nevertheless, more ad-
vanced neurochemical and electrophysiological stud-
ies are required to confirm our hypothesis that a sub-
stitution of the psoralen ring at the C-8 position by an
alkyl group creates a compound that could readily ex-
ert anticonvulsant activity against maximal electro-
shock-induced seizures in mice.



Linear furanocoumarins and maximal electroshock-induced seizure model in mice

Jarogniew J. kuszczki et al.

It is important to note that none of the tested com-
pounds produced significant changes in the behavior
of the mice. In other words, no acute adverse effects
(such as ataxia or motor coordination impairment)
were associated with administration of the tested
compounds. On the other hand, experimental and
clinical studies have suggested that some coumarin
derivatives possess anti-coagulant effects. For instance,
coumarin is a parent molecule of warfarin (a vitamin
K antagonist), which is clinically used as an antico-
agulant and widely employed as a rodenticide [4]. In
addition, bishydroxycoumarin (dicoumarol), which is
formed from 4-hydroxycoumarin, is clinically useful
as an anticoagulant [4]. With respect to imperatorin,
a chronic toxicological study revealed that imperato-
rin (up to 150 mg/kg) administered orally once daily
for 4 consecutive days did not affect blood clotting
and had little or no systemic (renal, hepatic or pulmo-
nary) toxicity in mice [10]. Both bergapten and xan-
thotoxin have been shown to exhibit antiplatelet ag-
gregation activity, but oxypeucedanin had no impact
in in vitro arachidonic acid- and collagen-induced
platelet aggregation models [1, 12].

In conclusion, this study suggested that imperatorin
and xanthotoxin, which both contain a substitution at
the C-8 position of the psoralen ring, warrant further
evaluation as potential therapeutic agents against
tonic-clonic seizures. In addition, other furanocou-
marins substituted at the C-8 position of the psoralen
ring may also have anticonvulsant actions. Future
studies of compounds with C-8 substitutions on the
psoralen ring could lead to new anticonvulsant thera-
peutics.
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