
Ž .European Journal of Pharmacology 337 1997 165–174

Aconitum sp. alkaloids: the modulation of voltage-dependent Naq

channels, toxicity and antinociceptive properties

Jutta Friese a,), Johannes Gleitz a, Ulrike T. Gutser a, Jurgen F. Heubach a, Theo Matthiesen b,¨
Bob Wilffert c, Norma Selve b

a Institute of Naturheilkunde, UniÕersity Clinics Ulm, Helmholtzstraße 20, D-89081 Ulm, Germany
b Departments of Pharmacology and Toxicology, Grunenthal GmbH, Zieglerstraße 6, D-52078 Aachen, Germany¨

c Pharma Bio-Research, P.O. Box 200, 9470 AE Zuidlaren, The Netherlands

Received 7 May 1997; revised 29 July 1997; accepted 12 August 1997

Abstract

Alkaloids from Aconitum sp., used as analgesics in traditional Chinese medicine, were investigated to elucidate their antinociceptive
Ž . q Ž . q 2qand toxic properties considering: 1 binding to Na channel epitope site 2, 2 alterations in synaptosomal Na and Ca concentration

Žw qx w 2qx . Ž . Ž . Ž .Na , Ca , 3 arrhythmogenic action of isolated atria, 4 antinociceptive and 5 acute toxic action in mice. The study revealed ai i
Ž . Ž .high affinity group K 1 mM and a low affinity group K 10 mM of alkaloids binding to site 2. The compounds of the high affinityi i

w qx w 2qx Ž . Ž .group induce an increase in synaptosomal Na and Ca EC 3 mM , are antinociceptive ED , 25 mgrkg , provokei i 50 50
Ž . w 2qxtachyarrhythmia and are highly toxic LD 70 mgrkg , whereas low affinity alkaloids reduce Ca , induce bradycardia and are less50 i

Ž . Ž . qantinociceptive ED 20 mgrkg and less toxic LD 30 mgrkg . These results suggest that the alkaloids can be grouped in Na50 50

channel activating and blocking compounds, but none of the alkaloids seem to be suitable as analgesics because of the low LD rED50 50

values. q 1997 Elsevier Science B.V.
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1. Introduction

In traditional Chinese and Japanese medicine the crude
Ždrug ‘bushi’, the extract of Aconitum sp. tubers mainly
.A. japonicum Thunberg, A. carmichaeli Debeaux has

been used for centuries as an important remedy with
analgesic action. It was demonstrated by the tail pressure
test and acetic acid-induced writhing test that aconitine and
mesaconitine, the main Aconitum alkaloids, produced

Ž .antinociception in rats and mice Hikino et al., 1979 . The
structure of mesaconitine is closely related to aconitine and
differs only from aconitine by a methyl group instead of an

Ž .ethyl group at the nitrogen atom. Oyama et al. 1994
found that mesaconitine mainly contributes to the anal-
gesic effect of the drug. Further studies on mesaconitine
revealed that it is a centrally-acting drug which does not

Žinteract with opiate receptors Murayama et al., 1984;

) Ž . Ž .Corresponding author. Tel.: 49-731 502-4293; Fax: 49-731 502-
4299; e-mail: jutta.friese@medizin.uni-ulm.de

Hikino and Murayama, 1985; Murayama and Hikino, 1985;
.Suzuki et al., 1994 .

The second main alkaloid of the tubers, aconitine, is
known to bind with high affinity to the open state of Naq

channels at epitope 2, thus causing a persistent activation
of Naq channels by blocking its inactivation. As a conse-
quence of prolonged Naq channel activation, cells are
depolarized by a sustained Naq influx finally leading to

Ž .inexcitability Catterall, 1980 .
Apart from the main alkaloids mentioned above, other

alkaloids, namely 6-benzoylheteratisine, heteratisine, 14-
benzoyltalatisamine, talatisamine, 1-benzoylnapelline,
napelline and songorine, are prepared from Aconitum
species which are used as analgesics in traditional Chinese

Ž .medicine Bisset, 1981 . These substances have a skeleton
structure similar to aconitine, but differ by carrying various
substituents. Except for 6-benzoylheteratisine, which has
recently been shown to elicit antiarrhythmic and anticon-

Ž .vulsive effects Heubach et al., 1997; Ameri et al., 1996a ,
there is only little information about the pharmacological
properties of these compounds.

0014-2999r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
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The aim of the present study was to elucidate the mode
of action, the antinociceptive efficacy and the acute toxic-
ity of these alkaloids in comparison to aconitine by using
different pharmacological in vitro and in vivo models.
Because of their structural relationship to aconitine an
interaction with Naq channels was suggested, which are
targets of local anaesthetics, antiarrhythmics and anticon-

Ž .vulsants Catterall, 1987 . The affinity of these alkaloids to
receptor site 2 of Naq channels was studied by the
w3 xH batrachotoxinin A 20-a-benzoate binding assay
Ž .Creveling and Daly, 1992 . Alterations in intracellular ion
concentrations due to an interaction with Naq channels
were detected by fluorometric measurements of free cy-

q 2q Žw qx w 2qx .tosolic Na and Ca concentration, Na , Ca .i i

The antinociceptive potential of the alkaloids was investi-
gated in the mouse formalin test by which peripheral and
central activity of a drug can be detected. Referring to the
toxicity, arrhythmogenic action of the alkaloids was stud-
ied on guinea-pig isolated atria and acute toxicity was
evaluated in mice.

2. Materials and methods

2.1. Preparation of synaptosomes

ŽSynaptosomes of rat cerebral cortex male Wistar rats
.180–200 g; Charles River, Sulzfeld, Germany were pre-

Ž .pared as recently described Gleitz et al., 1996 . For the
w3 xH -batrachotoxinin-binding assay aliquots of the crude
synaptosomal suspension were cryopreserved according to

Ž .Gleitz et al. 1993 . The fluorescent measurements of
w qx w 2qxNa and Ca were performed with freshly isolatedi i

crude synaptosomes. Protein concentration was determined
Ž .according to Bradford 1976 using bovine serum albumin

as a standard.

[3 ]2.2. H batrachotoxinin A 20-a-benzoate binding assay

The assay was carried out as previously described with
Ž .minor modifications Gleitz et al., 1996 . In competition

Žexperiments synaptosomal protein final concentration 1
.mg proteinrml was incubated for 120 min at 378C with
Ž . Ž .tetrodotoxin 1 mM , scorpion venom 5 mgrml ,

w3 x Ž .H batrachotoxinin A 20-a-benzoate 4 nM and different
concentrations of the alkaloids. Non-specific binding was
determined in the presence of 100 mM veratridine.

[ q] [ 2 q]2.3. Measurement of synaptosomal Na and Cai i

w qx w 2qxNa and Ca were determined by the ratio-fluo-i i

rescence method with sodium-binding benzofuranisophtha-
Ž .late Minta and Tsien, 1989 and calcium-binding Fura-2

Ž .Grynkiewicz et al., 1985 . The synaptosomes were sus-
Žpended in incubation buffer 125 mM NaCl, 3.5 mM KCl,

1.2 mM MgCl , 1.2 mM CaCl , 5 mM NaHCO , 25 mM2 2 3

.HEPES, 10 mM glucose, pH 7.4 at 378C and incubated at
room temperature for 45 min with a final concentration of

Ž .either 10 mM fura-2-acetoxymethylester AM or 15 mM
sodium-binding benzofuranisophthalateacetoxymethylester
and 0.071% Pluronic F127. Afterwards the suspension was

Žwashed twice with chilled washing buffer 320 mM su-
Žcrose, 1 mgrml bovine serum albumin, 5 mM N-tris- hy-

. Ž ..droxymethyl -methyl-2-aminoethanesulfonic acid TES
and centrifuged at 28 000=g for 10 min. The pellet was
resuspended in incubation buffer at 378C, recentrifuged at
10 000=g for 5 min and stored on ice until measurement.
After resuspension of the pellet 2 ml of incubation buffer
Ž .378C the suspension was transferred to a temperature-

Ž .controlled stirred cuvette 378C . Fluorescence measure-
ments were carried out with a fluorescence spectrophotom-

Ž .eter Delta Scan, PhotoMed, Wedel, Germany as de-
Ž .scribed by Gleitz et al. 1996 .

2.4. Guinea-pig isolated atria

Ž .Male Dunkin–Hartley guinea pigs 200–300 g were
killed by cervical dislocation and the heart was quickly
removed. Left and right atria were cut off and fixed

Žvertically in a 7.5 ml muscle chamber FMI, Seeheim,
. ŽGermany containing Tyrode’s solution 130 mM NaCl, 4

mM KCl, 1.2 mM CaCl , 1.2 mM MgCl , 20 mM2 2
.NaHCO , 0.4 mM NaH PO , 10 mM glucose that was3 2 4

bubbled with 95% O and 5% CO to maintain a pH of2 2

7.35–7.45. The temperature was maintained at 32"0.58C.
The preparations were pre-stretched by about 10 mN to
yield maximal contractile force. Left atria were driven by

Žfield stimulation 2 ms impulse duration, 1.5-fold thresh-
.old-current with two platinum electrodes at 2.5 Hz, which

corresponded to the spontaneous frequency of right atria
Ž .2.5"0.4 Hz; ns23 .

Contractions were registered by an isometric transducer
and recorded both by a digitizing device. After 90 min of
equilibration spontaneous frequency of right atria and exci-
tation threshold of left atria became constant. The atria
were incubated with the test substances for 30–90 min and
concentrations were increased cumulatively. In all experi-

Ž .ments the final dimethylsulfoxide DMSO concentration
Ž .was limited to 0.1% vrv , a concentration where parame-

ters to be measured were not affected in control experi-
ments.

2.5. Animals used for the in ÕiÕo tests

Ž .Male NMRI mice Iffa Credo, Brussels, Belgium with
a weight of 25–30 g were used in the formalin test and for
evaluation of acute toxicity. The mice were maintained on
a 12 h light–dark cycle with free access to water and food
at a temperature of 23–258C and humidity of 60"10%.
All experiments were conducted in a randomised manner
during the light period between 7.30 and 18.00 h and were
carried out in accordance with the German legislation for
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the use of experimental animals and with the European
Communities Council Directive of 24th November 1986
Ž .86r609rEEC .

2.6. Formalin test

The formalin test was performed according to Dubuis-
Ž . Ž .son and Dennis 1977 and Coderre et al. 1993 . Before

drug or vehicle administration each mouse was moved to a
single cage and left there for 30 min to habituate to the test

Ženvironment. Afterwards the animal received i.v. 10
.mlrkg drug or vehicle administration. 5 min later the

mouse was briefly restrained in a plexiglas tube allowing
free access to its right hindlimb and 20 ml of formalin 5%
was injected s.c. into the dorsal surface of the hindpaw.
The mouse was then placed into an open cage with a large
mirror mounted behind, which permitted unhindered obser-
vation of the animal. Mice were monitored individually for
a period of 30 min following formalin injection using 4
behavioural categories, listed here with their category
weight: 0snormal behaviour, 1s liftingrholding of the
injected paw, 2s flinchingrshaking of the injected paw
and 3s lickingrbiting of the injected paw. The time
during which the animal displayed a defined behaviour
was recorded on line by means of a 4-channel data input to

Ž .a personal computer excel programme version 5.0 . The
total time spent in one of the defined behavioural states
was summed up at 3 min intervals, i.e., 10 times per
observation period. In addition, an average pain intensity

Ž .score pain rate, PR was calculated according to the
w ) ) ) ) xformula: T 0qT 1qT 2qT 3 :180; where T , T ,0 1 2 3 0 1

T and T , respectively, are the time in seconds the mouse2 3

spent in one of the 4 defined behavioural states and
numerical values 0–3 represent the corresponding category

Ž .weight. The area under the data AUD of the pain rate to
time curves was calculated by use of the trapezoid rule.

2.7. EÕaluation of acute toxicity in mice

Type, intensity and frequency of occurrence of different
symptoms of drug-induced physiological and behavioural
changes were monitored using a standardised protocol

Ž .following a modified catalogue described by Irwin 1968 .
Behaviour and general condition of the animals were
observed continuously up to 6 h following drug adminis-
tration and were compared to normal behaviour and condi-
tion using 31 parameters. This included characterisation of

Ž .the behavioural profile awareness, mood, motor activity ,
Žneurological symptoms central excitation, motor dis-rco-

.ordination, muscle tone, reflexes , autonomic peculiarities
Ž .optical signs, secretory signs, general signs , in general
describing the toxic potential of a substance given to the
animals. Symptoms were registered up to 1 week after
drug administration. Each alkaloid was tested in 3–4 dif-
ferent doses with ns4 per dose and the full protocol was
determined in each group. An individual and qualitative

description of the individual type of toxicity and cause of
death for each alkaloid was obtained. Quantification of
dose–response effects included definition of the highest
dose tolerated without any symptoms of toxicity, definition
of the lowest dose with relevant signs of toxicity, defini-
tion of the highest dose without lethality and an approxi-
mative calculation of a LD value.50

2.8. Statistics and calculations

If not stated otherwise, results are expressed as mean
values"S.D. Statistical evaluation was performed by use

Ž .of Student’s t-test unpaired, two sided . Significance was
Ž) . Ž) ) .assumed when PF0.05 , PF0.01 or PF0.001

Ž) ) ) ..
w3 xFitting of the H batrachotoxinin A 20-a-benzoate

binding data and calculation of the IC values were50

performed by employing the following equation: ysB y0
Ž ) . Ž .B x r IC qx , where x is the concentration of the0 50

tested alkaloid, B represents the specific binding of the0

control and y the measured value. Specific binding is
defined as the difference between total binding and non-
specific binding. The inhibition constant K was calcu-i

lated according to the equation of Cheng and Prusoff
Ž . Ž w x .1973 : K s IC r 1q L rK , where K represents thei 50 d d

w3 xequilibrium dissociation constant of H batrachotoxinin A
Ž . w x20-a-benzoate binding K s22.6 nM and L is thed

concentration of the radioligand.
w qxAconitine- and mesaconitine-induced increases in Na i

w 2qx w qx w 2qxand Ca are expressed as D Na and D Ca , bothi i i

calculated as the difference between basal and alkaloid-
stimulated cation concentrations, measured 15 s before and
400 s after application to synaptosomes. This interval was
chosen because the cation concentrations tend to reach a

w qx w 2qxsteady state level and alterations in Na and Cai i

about 400 s after alkaloid treatment were relatively small
w qx w 2qxcompared with the initial increase in Na and Ca .i i

w qx w 2qxThe D Na and D Ca values were fitted employingi i

the logic dose–response function, and EC values were50

calculated according to the fitted curves. 6-Benzo-
ylheteratisine, heteratisine, 1-benzoylnapelline, napelline,
songorine, 14-benzoyltalatisamine and talatisamine-in-

w 2qxduced action on the aconitine-stimulated increase in Ca i

was calculated as the difference between alkaloid-treated
and aconitine-stimulated cation concentrations, measured

Ž .15 s before and 500 s after application of aconitine 5 mM
to synaptosomes.

Statistical evaluation of the formalin test data included a
test for differences between treatments by analyses of

Ž .variance ANOVA procedure , followed by posthoc com-
Ž .parisons using the non-parametric Dunnett test one-sided .

All statistical analysis were performed by means of a
Žstatistical programme package SYSTAT for Windows,

.Version 5.0; Systat, Evanston, IL, USA . PF0.05 was
taken to be statistically significant. Arithmetic means"

S.E.M. are given throughout with ns10 per group if not
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stated otherwise, ED or LD values were calculated by
linear regression analysis, confidence intervals were esti-

Ž .mated according to Litchfield and Wilcoxon 1949 .

2.9. Chemicals and materials

ŽMesaconitine was obtained from Latoxan Rosans,
.France . The other alkaloids were kindly provided by

ŽProfessor O.A. Krishtal Bogomoletz Institute of Physiol-
.ogy, Kiev, Ukraine . Stock solutions were prepared either

in DMSO or in hydrous solution.
w3 x ŽH -batrachotoxinin A 20-a-benzoate specific activity:

.1258 GbqrmM was purchased from Du Pont NEN Re-
Ž .search Products Bad Homburg, Germany . Bovine serum

w xa lb u m in , N - t r is h y d ro x y m e th y l m e th y l-2 -
Ž .aminoethanesulfonic acid TES , choline chloride, eth-

Ž .ylenediaminetetraacetic acid EDTA , HEPES, pyruvate
Ž q . ŽNa salt , digitonin, ionomycin, scorpion venom Leiurus

.quinquestriatus hebraeus , tetrodotoxin, aconitine and ver-
Žatridine were obtained from Sigma Deisenhofen, Ger-

.many . Monensin was purchased from Calbiochem-
Ž .Novabiochem La Jolla, CA, USA . Sodium-binding ben-

zofuranisophthalateacetoxymethylester and fura-2-am were
Ž .obtained from MoBiTec Gottingen, Germany . Tris was¨

Ž .purchased from Fluka Chemie Buchs, Switzerland . The
Žother chemicals were obtained from Merck Darmstadt,

.Germany .

3. Results

[ 3 ]3.1. H batrachotoxinin A 20-a-benzoate binding

As depicted in Fig. 1 the tested alkaloids
w3 xconcentration-dependently displaced H batrachotoxinin A

20-a-benzoate from binding site 2 of Naq channels. A
separation into two groups of inhibition curves becomes
apparent: a high affinity group with K values of 0.86"i

Ž . Ž .0.04 mM 1-benzoylnapelline , 1.17"0.2 mM aconitine ,
Ž . Ž2.17"0.7 mM mesaconitine , 7.6"0.9 mM 14-benzo-

. Ž .yltalatisamine , 12.32"1.7 mM 6-benzoylheteratisine
and a low affinity group with K values of 145.5"46.9i

Ž . Ž .mM napelline , 262.6"50.9 mM heteratisine , 323.5"
Ž . Ž .24.8 mM songorine and 1526"118 mM talatisamine .

[ q] [ 2 q]3.2. Action of the alkaloids on Na and Cai i

Aconitine and mesaconitine concentration-dependently
w qx w 2qxenhanced Na and Ca as shown in Fig. 2A and B,i i

respectively. The ED values of aconitine- and mesaconi-50
w qxtine-induced increases in synaptosomal Na were calcu-i

lated to be 2.31"0.6 and 2.01"0.5 mM, respectively.
w 2qxCa was raised with ED values of 3.63"0.7 mMi 50
Ž . Ž .aconitine and 5.19"1.2 mM mesaconitine . The other

w 2qxalkaloids failed to increase Ca . To test whether thesei

alkaloids may block Naq channels, synaptosomes were

w3 xFig. 1. The action of the alkaloids on H batrachotoxinin A 20-a-benzo-
w3 xate binding. H batrachotoxinin A 20-a-benzoate total binding was per-

w3 xformed by incubating synaptosomal membranes with 4 nM H batracho-
toxinin A 20-a-benzoate and different concentrations of alkaloids at 378C

Ž . Ž .for 120 min. The high affinity group closed symbols : % 1-benzo-
Ž . Ž . Ž .ylnapelline, v aconitine, B mesaconitine, l 14-benzoyltalatisa-

Ž . Žmine, ' 6-benzoylheteratisine, and the low affinity group open sym-
. Ž . Ž . Ž . Ž .bols : \ napelline, ^ heteratisine, I songorine and e talati-

w3 xsamine. Non-specific binding of H batrachotoxinin A 20-a-benzoate
was determined in the presence of 100 mM veratridine. The dose–re-

w3 xsponse curves represent specific H batrachotoxinin A 20-a-benzoate
Ž .binding in % control , calculated as the difference between total binding

Ž .and non-specific binding. The data represent means"S.D. ns3 .

preincubated with each of them at 100 mM for 400 s
before synaptosomes were stimulated with 5 mM aconi-
tine. Fig. 3 demonstrates that 6-benzoylheteratisine, 1-ben-
zoylnapelline and 14-benzoyltalatisamine suppress the

w 2qx Ž .aconitine-induced increase in Ca in % control to:i

45.15"9.4, 34.69"7.5 and 33.35"3.9, respectively,
whereas the corresponding alkaloids, lacking the aromatic
ester, did not affect the aconitine-stimulated increase of
w 2qx Ž . Ž .Ca in % control : 113.03"10.6 heteratisine , 107.5i

Ž . Ž ."5.6 napelline , 101.53"12.4 talatisamine and 77.32
Ž ."3.9 songorine .

3.3. AntinociceptiÕe efficacy of aconitine-like alkaloids in
the mouse formalin test

Ž .S.c. injected formalin 5% into the dorsal surface of
one hindpaw induced nociception-related behaviour of three
distinguishable categories: 1s liftingrholding of the in-
jected paw, 2s flinchingrshaking of the injected paw and
3s lickingrbiting of the injected paw. Fig. 4 illustrates
the time the animals behaved normal or exhibited one of
these nociceptive reactions during the 30 min observation
period. In mice receiving vehicle, the predominant re-
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Ž . Ž .Fig. 2. Concentration-dependent action of v aconitine and B

w q x w 2q xmesaconitine on Na and Ca . The concentration–response curvesi i
w q xwere obtained by calculating the alkaloid-stimulated increase in Na i

w 2q xand Ca as difference between basal and alkaloid-stimulated ioni
w q x Ž . w 2q x Ž .concentration, expressed as D Na A and D Ca B . Results arei i

Ž .shown as means"S.D. ns6 .

sponse to formalin was liftingrholding and lickingrbiting
of the treated hindpaw, observed during 60% and 13%,
respectively, of the monitored period. The remainder of
time the animals either spent flinchingrshaking the paw,
or, 24% of the time, showed no nociceptive behaviour.

Aconitine dose-dependently reduced each of the 3 cate-
gories of nociceptive behaviour, accordingly mice treated
with 30 mgrkg i.v. aconitine behaved normal during 75%
of the observation period.

Based on the assumption that the different behaviours
reflect different degrees of pain, the pain perception of the
mice following formalin injection was assessed by calcu-

Žlating an average weighted intensity score Dubuisson and
.Dennis, 1977; Coderre et al., 1993 for each of the ten 3

Ž .min intervals of the 30 min observation period Fig. 5 . In
vehicle-treated animals the pain rate curve displayed a

Žcharacteristic biphasic feature see also Tjølsen et al.,
.1992 . Animals treated with aconitine dose-dependently

showed less nociceptive behaviour throughout the observa-
Ž .tion period, i.e., during the early, or first phase 0–15 min

Ž . Ž .and the late, or second phase 15–30 min Fig. 5 ; ED30
Ž .values of 17 7–27 mgrkg for the first phase and 17

Ž .10–24 mgrkg for the second phase were determined, the
corresponding ED values were about 28 and 27 mgrkg.50

Further testing of higher doses was hampered by toxic
effects.

The alkaloids mesaconitine, 6-benzoylheteratisine, 1-
benzoylnapelline, songorine, heteratisine, 14-benzoyltala-
tisamine, talatisamine and napelline were tested according
to the procedure already presented for aconitine. All alka-
loids were dosed up to a maximum possible antinocicep-
tive effect or up to the maximum tolerated dose at which
nociception could be determined. Results are summarized
in Tables 1 and 2.

Mesaconitine showed dose-dependent antinociceptive
effects comparable and equipotent to those of aconitine
Ž .Table 1 .

6-Benzoylheteratisine, 1-benzoylnapelline, songorine
and heteratisine were tested in different doses. The lowest
dose eliciting antinociception was 2.0, 21.5, 46.4 and 100
mgrkg, respectively, which in all cases was also the
highest dose permitting testing for antinociception. In any
case a reduction of the nociceptive behaviour of about
30–50% was observed; equipotent doses were 100- to
3000-fold higher compared to aconitine or mesaconitine.

14-Benzoyltalatisamine, talatisamine and napelline were
investigated up to the highest dose permitting testing for
antinociception: 10, 46.4, 68.1 mgrkg i.v., respectively,
but did not show a pronounced antinociceptive effect
Ž .Table 2 .

w 2q xFig. 3. Action of alkaloids on aconitine-induced increase in Ca . Toi

investigate a possible inhibiting action of alkaloids on the aconitine-
w 2q x Ž .stimulated increase in Ca , 6-benzoylheteratisine 6-bh , 1-benzo-i

Ž . Ž .ylnapelline 1-bn , 14-benzoyltalatisamine 14-bt and the corresponding
Ž . Ž .non-aromatic alkaloids, heteratisine het , napelline nap , songorine

Ž . Ž .song and talatisamine tal , were applied to synaptosomes at a concen-
Ž .tration of 100 mM 400 s before aconitine 5 mM addition. The

w 2q xaconitine-stimulated increase in Ca was calculated as the differencei

between alkaloid-treated and aconitine-induced cation concentration,
measured 15 s before and 500 s after aconitine application. Results are

Ž .expressed as means"S.D. ns6 . Differences of means were assumed
Ž . Ž) ) ) .significant Student’s t-test if P F0.001 .
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Fig. 4. Antinociceptive effect of aconitine in the formalin test in mice.
Effect of aconitine on formalin-induced nociceptive behaviour in mice.
Five min following i.v. administration of aconitine, 20 ml of formalin
Ž .5% was injected s.c. into the dorsal surface of the right hindpaw. During
subsequent 30 min each animal was monitored for nociception-related

Ž .behaviour using 4 categories: 0snormal behaviour open columns ,
Ž .1s liftingrholding of the injected paw horizontal striped columns ,
Ž .2s flinchingrshaking of the injected paw right-hatched columns and

Ž .3s lickingrbiting of the injected paw cross-hatched columns . The
overall time the animals behaved according to these categories was
recorded in each group. Means"S.E.M. of 10 animals per group, differ-
ences compared to vehicle group: ) P F0.05.

Used in the doses indicated in Tables 1 and 2, none of
the drugs changed the motor function as assessed in the

Žrota rod standard procedure according to Dunham and
.Miya, 1957; data not shown or general behaviour of the

mice.

3.4. Acute toxicity of aconitine-like alkaloids in mice

All substances showing antinociceptive efficacy and
napelline were assessed for acute toxicity. The individual
dose range tested for each substance and the results of
quantification of dose response effects are given in Table
3.

The aconitine-induced toxicity can be characterized as
Ž .follows: first symptoms 46.4 mgrkg i.v. were enhanced

and irregular respiratory activity, exophthalmia, Straub
reaction, convulsions, disturbed locomotion activity, my-

Ždriasis and loss of body weight. At higher doses 68.1
.mgrkg i.v. gasping for breath, convulsions of higher

intensity and frequency, lacrimation, salivation, reduced
locomotion, loss of orientation, ventral or ventro-lateral
recumbency and loss of different reflexes were observed
additionally. At 100 mgrkg i.v. additionally muscle relax-
ation occurred and 2 out of 4 animals died shortly after

administration; 147 mgrkg i.v. aconitine induced exoph-
thalmia, convulsions, gasping for breath, ventral recum-
bency and cyanosis and the animals died within 1 min
following drug administration.

Following administration of the alkaloids, mesaconitine,
6-benzoylheteratisine, 1-benzoylnapelline, songorine, het-
eratisine and napelline the qualitative findings were similar
to those of aconitine. Quantitative differences between the
different alkaloids are summarized in Table 2. The differ-
ences between doses leading to toxicologically relevant
symptoms were remarkable: from as little as 0.005 mgrkg
for aconitine up to 68.1–100 mgrkg for heteratisine,
songorine or napelline, reflecting the individual dose range

Žneeded for eliciting antinociception see Table 3 versus
.Table 1 or Table 2, respectively . For receptor affinity and

pharmacological potencies of different aconitine-like alka-
loids, see Table 4.

Ž .The approximative therapeutic index LD rED50 30AUD1
Ž .was calculated for the alkaloids: 6.0 aconitine , 3.7

Ž .mesaconitine and based on single dose antinociceptive
Ž . Žeffects: 1.1 6-benzoylheteratisine , 1.5 1-benzoylnapel-

. Ž . Ž .line , 2.3 songorine and 1.6 heteratisine .

3.5. Arrhythmogenic action of the alkaloids on guinea-pig
isolated atria

In order to determine the threshold for the induction of
arrhythmia and to characterize the type of arrhythmia left

Fig. 5. The time-course of formalin-induced nociceptive behaviour in
mice. Effect of aconitine on the time-course of formalin-induced nocicep-
tive behaviour in mice. Five min following i.v. administration of vehicle
Ž . Ž . Ž . Ž .` or aconitine; 10 mgrkg ' , 20 mgrkg % , 30 mgrkg l , 20 ml

Ž .of formalin 5% was injected s.c. into the dorsal surface of the right
hindpaw. During subsequent 30 min each animal was monitored for

Ž .nociception-related behaviour see Fig. 4 , and an average pain intensity
Ž .score pain rate, PR was calculated. Means"S.E.M. of 10 animals per

group, differences compared to vehicle group: ) P F0.05.
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Table 1
Antinociceptive effect of aconitine and mesaconitine in the formalin test

Ž . . Ž . Ž .Group Dose mgrkg Early phase 0–15 min % Change Late phase 15–30 min % Change
) )Ž . Ž .i.v. AUD sec score to control AUD sec score to control

Control 1 879.4"60.9 979.1"48.2
Aconitine 0.010 774.9"91.5 y11.9 856.5"100.7 y12.5

a0.020 580.9"122.5 y33.9 711.5"117.0 y27.3
a a0.030 397.4"103.0 y64.8 377.5"98.6 y61.4

Ž . Ž . Ž .ED mgrkg 0.017 0.007–0.027 0.017 0.010–0.02430
Ž .ED mgrkg ca. 0.028 ca. 0.02750

Control 2 871.4"58.5 1023.2"54.9
Mesaconitine 0.010 941.0"104.2 q8.0 1087.9"40.9 q6.3

a a0.020 594.5"89.7 y31.8 781.3"103.4 y23.6
a a0.030 305.5"66.4 y64.9 324.2"55.5 y68.3

Ž . Ž . Ž .ED mgrkg 0.018 0.015–0.022 0.019 0.016–0.02130
Ž . Ž . Ž .ED mgrkg 0.025 0.021–0.034 0.025 0.022–0.03150

Effect of different aconitine-type alkaloids on formalin-induced nociceptive behaviour in mice. 5 min following i.v. administration of the alkaloid, 20 ml of
Ž .formalin 5% was injected s.c. into the dorsal surface of the right hindpaw. During subsequent 30 min each animal was monitored for nociception-related

Ž . Ž .behaviour and an average pain intensity score pain rate was calculated. The area under the data AUD of the pain rate to time curves was calculated by
use of the trapezoid rule. Data are shown as means"S.E.M. of 10 animals per group, differences compared to vehicle group: a PF0.05.

Table 2
Antinociceptive effect of different aconitine-type alkaloids in the formalin test

Ž . Ž .Group Dose Early phase 0–15 min % Change Late phase 15–30 min % Change
) )Ž . Ž . Ž .mgrkg AUD sec score to control AUD sec score to control

i.v.

Control 3 1026.0"62.4 1068.9"89.0
a6-Benzoylheteratisine 2.0 695.3"68.4 y32.2 1158.1"50.2 q8.3

Control 4 1112.8"38.9 1158.5"40.1
a a1-Benzoylnapelline 21.5 734.7"99.5 y34.0 960.2"107.4 y17.1

Control 5 1117.8"41.8 1154.9"38.1
aSongorine 46.4 792.0"51.7 y29.1 1065.0"38.6 y7.8

Control 6 1086.2"30.6 1190.4"48.5
aHeteratisine 100.0 561.0"87.6 y48.4 736.1"110.3 y38.2

Control 7 1143.2"42.4 1216.8"29.0
a14-Benzoyltalatisamine 10.0 999.7"18.8 y12.6 1187.6"39.7 y2.4

Control 8 1156.4"35.7 1217.1"29.0
aTalatisamine 46.4 1110.5"41.7 y4.0 1321.2"47.7 q8.6

Control 9 1085.3"33.0 1129.0"37.3
Napelline 68.1 1019.7"34.4 y6.0 1148.1"57.2 q1.7

For legends see Fig. 1. Data are shown as means"S.E.M. of 10 animals per group, differences compared to vehicle group: a PF0.05.

Table 3
Acute toxicity of different aconitine-like alkaloids

Drug Dose range Lowest dose with Highest dose Approximative
tested i.v. relevant signs of without lethality LD value50
Ž . Ž . Ž . Žmgrkg toxicity mgrkg mgrkg 95% confidence

. Ž .limit mgrkg

Ž .Aconitine 0.0464–0.147 0.0464 0.0681 0.100 0.860–0.116
Ž .Mesaconitine 0.0316–0.100 0.0316 0.0464 0.0681 0.059–0.079

6-Benzoylheteratisine 1.47–4.64 2.15 2.15 2.15–3.16
1-Benzoylnapelline 14.7–46.4 21.5 31.6 31.6–46.4

Ž .Songorine 46.4–147 68.1 68.1 106 94–121
Ž .Heteratisine 68.1–147 68.1 100 147 127–171

Napelline 68.1–147 100 147 )147

Evaluation of acute toxicity of different aconitine-like alkaloids in mice. Behaviour and general condition of the animals were monitored continuously up
to 6 h following administration of the alkaloid. Each substance was tested in 3–4 different doses with ns4 per dose.



( )J. Friese et al.rEuropean Journal of Pharmacology 337 1997 165–174172

Table 4
Receptor affinity and pharmacological potencies of different aconitine-like alkaloids

Drug Receptor affinity Antinociceptive Acute toxicity LD50
Ž .K value effect ED value mgrkgi 50

Ž . Ž . Ž .mM"S.D. value mgrkg , 95 % confidence limit
Ž .single dose mgrkg ,

respectively

Ž .Mesaconitine 2.17"0.7 0.025 0.0681 0.059–0.079
Ž .Aconitine 1.17"0.2 0.028 0.1 0.86–0.116

6-Benzoylheteratisine 12.32"1.7 2.0 2.15–3.16
1-Benzoylnapelline 0.86"0.04 21.5 31.6–46.4
14-Benzoyltalatisamine 7.6"0.9 10.0 n.d.

Ž .Songorine 323.5"24.8 46.4 106 94–121
Ž .Heteratisine 262"50.9 100 147 127–171

Napelline 145.5"46.9 68.1 )147
Talatisamine 1526"118 46.4 n.d.

and right guinea-pig isolated atria were incubated at in-
creasing alkaloid concentrations.

The arrhythmogenic potential of mesaconitine was
Žslightly higher than that of aconitine 6–10 and 10 nM,

.respectively; ns12 and there was a good correlation
between left and right atria. The pattern of arrhythmia was
also very similar: as the individual arrhythmogenic concen-
tration was reached, a transient increase of contractile

Ž .Fig. 6. Effect of the alkaloids on guinea-pig isolated atria. Effects of '

Ž . Ž .6-benzoylheteratisine, % 1-benzoylnapelline and l 14-benzoyltala-
tisamine on spontaneous frequency were monitored on right atria. At
control atria spontaneous frequency remained constant during experi-

Ž .ments. Data are shown as mean values"S.D. ns4–6 . The influence of
6-benzoylheteratisine, 1-benzoylnapelline and 14-benzoyltalatisamine on

Ž .force of contraction was investigated on left atria inset . Data are shown
Ž .as mean values"S.D. ns4–6 .

force could be observed in both atria. At 10 nM mesaconi-
tine and 20 nM aconitine the force of contraction of still
regularly beating left atria was increased by about 40%.
After some minutes this positive inotropic effect shifted
abruptly into an arrhythmia characterized by tachycardic
and strongly irregular contractions.

In contrast to the two former alkaloids, 1-benzoylnapel-
line and 14-benzoyltalatisamine showed a negative in-
otropic effect and caused bradycardic forms of arrhythmia
Ž .Fig. 6 as previously described for 6-benzoylheteratisine
Ž .Heubach et al., 1997 . 1-Benzoylnapelline caused asysto-
lia at a concentration of 30 mM in one out of four right
atria, while 14-benzoyltalatisamine did not induce asystolia
up to the highest concentration tested in our experiments
Ž .100 mM, ns4 .

The other alkaloids, namely heteratisine, talatisamine,
napelline and songorine did not induce arrhythmia and had
no major effects on force of contraction and spontaneous
frequency up to a concentration of 100 mM.

4. Discussion

The data of the present study suggest a separation of the
Ž . qinvestigated alkaloids into two groups: 1 Na channel

Ž . qactivators and 2 Na channel inhibitors. The first group
is represented by aconitine and mesaconitine. The high
affinity binding to site 2 of Naq channels is reflected by

w3 xtheir small K values evaluated in the H batrachotoxinini

A 20-a-benzoate binding assay. Consistent with a Naq

channel activation by these compounds is the increase in
w qx w 2qxNa in synaptosomes, which subsequently raises Cai i
Ž .Taylor and Meldrum, 1995 . In line with this finding is
the transient enhancement of contractile force of guinea-pig
isolated atria by the two alkaloids. This effect is suggested
to be due to a prolonged Naq influx, accompanied by an

w 2qxincrease in Ca , thereby enhancing atrial contractility.i

This mode of action agrees with the finding of Honerjager¨
Ž .and Meissner 1983 who demonstrated a positive in-
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otropic action of aconitine on guinea-pig papillary muscle.
Naq channel activation by aconitine and mesaconitine
seems also to be responsible for their extremely high
toxicity. Toxicological studies demonstrated that these al-
kaloids elicited a wide range of physiological responses as
salivation, respiratory paralysis, muscular weakness and

Žconvulsions in different animal species Benn and Jacyno,
.1983 . In the current study, administration of aconitine and

mesaconitine in mice provoked similar symptoms of intox-
ication. The toxic potential of both alkaloids is reflected by
their low LD values which are in good accordance with50

Ž .the LD s reported by others Benn and Jacyno, 1983 , the50

high affinity to site 2 of Naq channels and the high
w qxefficacy to induce an increase in synaptosomal Na andi

tachyarrhythmia in atria, suggesting for both alkaloids that
Naq channel activation is the primary target for their
toxicity.

Ž .According to Tjølsen et al. 1992 the biphasic time-
course of nociceptive behaviour in the formalin test is
related to two distinctly different stimuli: a direct chemical
stimulation of nociceptors during the first phase, and dur-
ing the second phase a combination of peripheral inflam-
mation and changes in spinal processes which are initiated
in the first phase. The expression of the first phase and the
local inflammatory changes are both necessary for the
complete manifestation of the second phase of nociception.
In the present study, aconitine and mesaconitine induced a
suppression of both phases in the mouse formalin test.
Based on the synaptosomal data which demonstrated a
Naq influx induced by aconitine and mesaconitine, we
suggest that both alkaloids might inhibit neuronal transmis-
sion due to a permanent depolarization of neurons, thus
suppressing the formalin-induced behavioural changes.
This hypothesis is supported by recent investigations on rat
hippocampal slices which demonstrated an inhibitory ac-
tion of aconitine on neuronal activity following an initial

Ž .neuronal activation Ameri et al., 1996b . Since inhibition
was proportional to the frequency of neuronal activity
Ž . Ž .use-dependent Ameri et al., 1996b the formalin-stimu-
lated and therefore activated nociceptors may be regarded
as a preferred target of aconitine. However, a specific
antinociceptive action of aconitine and mesaconitine is
questionable because of the low LD rED values, sug-50 50

gesting that a severe intoxication may be responsible for
their antinociceptive properties.

Concerning the structural relationship to aconitine the
alkaloids, 6-benzoylheteratisine, heteratisine, 14-benzo-
yltalatisamine, talatisamine, 1-benzoylnapelline, napelline
and songorine were supposed to act on Naq channels. In

w3 xthe current study, this was proved by using the H batra-
chotoxinin A 20-a-benzoate binding assay. The evaluated
K values of these alkaloids revealed a separation into ai

high and low affinity group suggesting that binding to
receptor site 2 of Naq channels is correlated with the
aromatic ester moiety. This grouping is consistent with
their pharmacological effects, thus indicating that the

arylester group seems to be important for exerting phar-
macological activity.

An exception are heteratisine and songorine which
showed weak antinociceptive effects in the formalin test.
These alkaloids reduced the nociceptive behaviour in the
mouse formalin test to 30–50%, but at doses which were
2000- to 5000-times higher than those of aconitine.

An interesting finding is the different action of the two
alkaloids on the two phases of the formalin test. Songorine
suppressed only the first phase by about 30%, suggesting a
central site of action. This effect is consistent with results

Ž .reported by Benn and Jacyno 1983 showing songorine to
have significant effects on central nervous system activity.
In contrast to songorine, heteratisine induced a suppression
of both phases like aconitine and mesaconitine. However,
songorine and heteratisine failed to affect synaptosomal
w qx w 2qxNa and Ca and did not have any effect on isolatedi i

atria, suggesting that both alkaloids did not modulate Naq

channels.
Despite their high affinity to binding site 2 of Naq

channels, 6-benzoylheteratisine, 1-benzoylnapelline and
14-benzoyltalatisamine showed quite different pharmaco-
logical effects than aconitine and mesaconitine. These
alkaloids significantly inhibited the aconitine-stimulated
w 2qx qCa increase which seems to be attributable to a Nai

channel inhibition. Consistent with this finding is their
bradycardic and negative inotropic action on guinea-pig
isolated atria supporting the idea that Naq channels are
blocked by these compounds. This hypothesis is in line
with results of a recent electrophysiological investigation
on guinea-pig isolated papillary muscles with 6-benzo-

Ž .ylheteratisine Heubach et al., 1997 . It seems to be rea-
sonable that the negative inotropic effects of these com-
pounds were caused by a Naq channel inhibition, resulting

w 2qxin a decrease in Ca . In the formalin test in micei

14-benzoyltalatisamine showed only a weak reduction of
the nociceptive behaviour, whereas 6-benzoylheteratisine
and 1-benzoylnapelline significantly reduced the first or
both phases, respectively. However, like aconitine and
mesaconitine, the Naq channel blocking alkaloids are
characterized by low LD rED50 values in the range of50

1–6, suggesting that also in this case a severe intoxication
may be due to suppressed behavioural changes in the
formalin assay.

In summary, the in vitro data indicate that the investi-
gated alkaloids can be grouped in Naq channel activators
and blockers. Their affinities to Naq channels correlate
with their effective doses determined for acute toxicity,
suggesting a modulation of Naq channels responsible for
intoxication. Because of the low LD rED quotients in50 50

the range of 1 to 6, specific antinociceptive properties of
the alkaloids are questionable and may be due to severe
intoxication. Concerning the structure–activity relation-
ship, it is concluded that the aromatic ester group is
important for a binding to epitope 2 of Naq channels,
responsible for the antinociceptive and toxic action.
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