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Abstract

In the presence of neostigmine (0.1 μM), S-isopetasin competitively antagonized cumulative acetylcholine-induced contractions in guinea pig
trachealis, because the slope [1.18±0.15 (n=6)] of Schild's plot did not significantly differ from unity. The pA2 value of S-isopetasin was calculated
to be 4.62±0.05 (n=18). The receptor binding assay for muscarinic receptors of cultured human tracheal smooth muscle cells (HTSMCs) was
performed using [3H]-N-methylscopolamine ([3H]-NMS). Saturation binding assays were carried out with [3H]-NMS in the presence (non-specific
binding) and absence (total binding) of atropine (1 μM). Analysis of the Scatchard plot (y=0.247–1.306x, r2=0.95) revealed that the muscarinic
receptor binding sites in cultured HTSMCs constituted a single population (nH=1.00). The equilibrium dissociation constant (Kd) and the maximal
receptor density (Bmax) for [

3H]-NMS binding were 766 pM and 0.189 pmol/mg of protein, respectively. The − logIC50 values of S-isopetasin,
methoctramine, and 1,1-Dimethyl-4-diphenylacetoxypiperidinium iodide (4-DAMP) for displacing 0.4 nM [3H]-NMS-specific binding were 5.05,
6.25, and 8.56, respectively, which suggests that [3H]-NMS binding is predominantly on muscarinic M3 receptors of cultured HTSMCs. The
inhibitory effects of S-isopetasin on enhanced pause (Penh) value were similar to that of ipratropium bromide, a reference drug. The duration of action
of S-isopetasin (20 μM), also similar to that of ipratropium bromide (20 μM), was 3 h. In contrast to ipratropium bromide, which non-selectively
acts on muscarinic receptors, S-isopetasin preferentially acts on muscarinic M3 receptors. In conclusion, S-isopetasin may be beneficial as a
bronchodilator in the treatment of chronic obstructive pulmonary disease and asthma exacerbations.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In 1993, Brune et al. (1993) reported that the extract of
Petasites hybridus L. (Compositae), had been used as a ther-
apeutic spasmolytic agent for gastrointestinal tract spasms and
asthmatic attacks in the late Middle Ages in Europe. Recently,
Ze 339, an extract of the butterbur plant, was approved by
the Swiss government agency Swissmedic as an antiallergic
drug (Tesalin; Zeller AG, Romanshorn, Switzerland) to treat
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seasonal allergic rhinitis. In a study by Schapowal (2002), the
clinical effects of Ze 339 were similar to those of cetirizine, an
antagonist of histamine receptor subtype 1, although Ze 339
has been reported to have no effect on skin test reactivity
induced by different stimuli (Gex-Collet et al., 2006). Peta-
sites formosanus Kitamura, a perennial herb and the only
indigenous Petasites species in Taiwan, is used as a folk
medicine for treating hypertension, tumors, and asthma in
Taiwan (Sasaki, 1924). Lin et al. have reported that it con-
tains several new eremophilane-type sesquiterpenes, together
with six known compounds, including S-petasin, S-isopetasin,
petasin, and isopetasin (Lin et al., 1998a,b). The content of S-
petasin in the aerial part of the plant is the most abundant
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Fig. 1. Chemical structure of S-isopetasin (mol. wt., 334).
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among these four (Lin et al., 1998b). S-petasin (IC50b10 μM)
was proven to be the most potent in relaxing guinea pig trachea
precontracted by histamine, carbachol, KCl, or leukotriene D4,
although S-isopetasin (IC50≅10 μM) has a similar relaxing
potency on carbachol and KCl, but almost no effect on his-
tamine and leukotriene D4 (Ko et al., 2000). We also reported
that the relaxant effects of the sulfur-containing petasins, S-
petasin and S-isopetasin, were more potent than those of the
non-sulfur-containing petasins, petasin and isopetasin (Ko
et al., 2000). The mechanism of the relaxant action of S-
isopetasin against carbachol in guinea pig trachealis has been
reported to be antimuscarinic effect (Ko et al., 2001).

The muscarinic receptors of mammalian airways are classified
into M1–M5 subtypes. The muscarinic M1 receptors are dis-
tributed throughout the parasympathetic ganglia and exocrine
glands and are responsible for cholinergic transmission. The
prejunctional muscarinic M2 autoreceptors are found in the
smooth muscle and the myocardium, and they provide negative
presynaptic feedback to reduce further release of acetylcholine
(Haddad and Rousell, 1998). The muscarinic M3 receptor
subtypes in the airway smooth muscle mediated bronchoconstric-
tion and mucus secretion (Joos, 2000). In rabbit and pig lungs, the
occurrence of muscarinic M4-receptors has been demonstrated
(Mak et al., 1993; Chelala et al., 1998). By a combined kinetic and
equilibrium labeling technique for radioligand binding assay of
muscarinic receptor subtypes and by receptor immunochemistry
and immunocytochemistry, a lesser extent of muscarinic M5

receptors were observed in peripheral blood lymphocytes of
asthmatics compared to control individuals (Ricci et al., 2002).
When coupled toG proteins, muscarinicM1,M3 andM5 receptors
have a stimulatory effect on the target tissue, whereas the
muscarinic M2 and M4 receptors are inhibitory (Joos, 2000).
Currently available inhaled anticholinergic agents, such as
ipratropium, oxitropium, and tiotropium bromides, for broncho-
dilation are non-selective for these subtypes (Restrepo, 2007).
The blockade of the muscarinic M2 receptor by these agents
allows further release of presynaptic acetylcholine and may
antagonize the bronchodilatory effect of blocking the muscarinic
M3 receptor. The ideal anticholinergic drug for obstructive airway
disease should antagonize muscarinic M3 receptor with little
affinity for the muscarinic M2 receptor (Restrepo, 2007).
Therefore, we are interested in investigating S-isopetasin, which
preferentially acts on tracheal muscarinic M3, but not cardiac
muscarinic M2 receptors (Ko et al., 2002), as a bronchodilator in
obstructive airway hyperresponsiveness. In the present study, the
binding properties of S-isopetasin on muscarinic receptors in
human tracheal smooth muscle cells (HTSMCs) using Scatchard
plots (Scatchard, 1949) and the bronchodilator properties of the
natural product in murine airway hyperresponsiveness were first
time reported.

2. Materials and methods

2.1. Reagents and drugs

S-isopetasin (Fig. 1) was isolated as previously described (Lin
et al., 1998a) from the aerial parts ofP. formosanusKitamura, and
identified by spectral methods, including infrared, mass spectro-
scopy, 1D- and 2D-nuclear magnetic resonance spectroscopic
techniques. The purity of S-isopetasin was over 99%. The optical
rotation values of S-isopetasin was [α]25D+38.5

o (c 1.0, CHCl3).
acetylcholine, methacholine, indomethacin, neostigmine methyl
sulfate, atropine sulfate, ipratropium bromide, ovalbumin, Tris–
HCl, dimethyl sulfoxide (DMSO) and methoctramine were pur-
chased from Sigma Chemical (St. Louis, MO, USA). 1,1-
Dimethyl-4-diphenylacetoxypiperidinium iodide (4-DAMP) was
purchased from Tocris (Avonmouth, UK). [3H]-NMS was
purchased from Amersham Pharmacia Biotech (Buckingham-
shire,UK).Other reagents, such asCaCl2,MgCl2, andNaCl, were
of analytical grade. S-isopetasin was dissolved in a mixture of
DMSO and ethyl alcohol (1: 1). 4-DAMP was dissolved in
DMSO, and other drugs were dissolved in distilled water.
The final concentration of DMSO or ethyl alcohol was less than
0.1% and did not significantly affect the contractions of the
trachealis.

2.2. Guinea pig trachea

Under a protocol approved by the Animal Care and Use
Committee of Taipei Medical University, the following in
vitro and in vivo experiments were performed. Normal male
Hartley guinea pigs (National Laboratory Animal Center,
Taipei, Taiwan) weighing 500∼600 g were sacrificed by
cervical dislocation and their tracheas were removed. The
isolated guinea pig trachealis were prepared as to our previous
report (Ko et al., 2001). To determine the antagonistic effects of
S-isopetasin and ipratropium bromide against the contractile
agonist, acetylcholine was cumulatively added to 5 ml of Krebs
solution, containing indomethacin (3 μM) and neostigmine
(0.1 μM), and the procedure was repeated until the contractions
of the trachealis reached constancy after washout. Then,
cumulative concentration–response curves were constructed.
The maximal contraction of a trachea without incubation of
investigated compound or its vehicle was set as 100%. After the
tissues were preincubated with S-isopetasin, ipratropium
bromide or their vehicles (control) for 15 min, the contractile
agonist was also cumulatively added to the Krebs solution. The
antagonistic potencies of S-isopetasin and ipratropium bromide
were expressed as the pA2 values, when the antagonistic effect
on the cumulative concentration–response curve occurred in a
competitive manner.

2.3. Culture of human tracheal smooth muscle cells (HTSMCs)

HTSMCs, purchased from Cell Applications (San Diego,
CA, USA), were maintained in smooth muscle cell growth



Fig. 2. Inhibitory effects of S-isopetasin (30∼300 μM) (A) and ipratropium
bromide (0.01∼1 μM) (B) on cumulative acetylcholine-induced contractions in
guinea pig trachealis. Each point represents the mean±S.E.M. The experimental
number (n) is indicated in figure. The relationship (Schild plot) between the
− log (concentration of S-isopetasin or ipratropium bromide) and log (DR-1),
where DR is the dose ratio, is shown in the inset. The slopes of the Schild plot
did not significantly differ from unity.
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medium (Cell Applications) and equilibrated in a humidified
atmosphere of 5% CO2/95% air at 37 °C. At the beginning of
all experiments, unless otherwise states, HTSMCs were plated
onto 6-well tissue culture dishes (5×105 cells/well). The cells
were subcultured weekly after detachment using culture me-
dium containing 1% trypsin. The experiments were performed
after the cells had reached confluence (usually 5∼7 days).

2.4. Receptor binding assay

The receptor binding assay for muscarinic receptors was per-
formed using [3H]-NMS. Saturation binding assays were carried
out in duplicate with [3H]-NMS in the presence (non-specific
binding) and absence (total binding) of atropine (1 μM). Cul-
tured HTSMCs were washed twice with a Tris–HCl buffer
solution (300 mM, pH 7.4) and then incubated for 45 min at
37 oCwith [3H]-NMS at various concentrations (62.5∼1000 pM)
in a total volume of 0.25 ml of Tris–HCl buffer solution. Com-
petitive binding experiments were performed in the presence
of S-isopetasin, methoctramine, and 4-DAMP at various con-
centrations in duplicate with [3H]-NMS (0.4 nM). The reaction
was terminated by removing the medium and washing the
cells three times with a Tris–HCl buffer solution. Cells were
solubilized in NaOH (0.1 N); the radioactivity was determined
with a liquid scintillation counter (Beckman-Is6500, Fullerton,
CA, USA).

2.5. Airway hyperresponsiveness in vivo

Female BALB/c mice at 8 to 12 week of age were obtained
from the National Laboratory Animal Center (Taipei, Taiwan).
The mice were housed in ordinary cages at 22±1 oC with a
humidity of 50∼60% under a constant 12 h/12 h light/dark cycle
and provided with ovalbumin-free food and water ad libitum.
Six mice in each group were sensitized with ovalbumin by an
intraperitoneal (i.p.) injection of 20 μg of ovalbumin emulsified
in 2.25 mg aluminum hydroxide gel in a total volume of 100 μl
on days 0 and 14. A sham (non-sensitized) group of mice re-
ceived saline instead of ovalbumin was used for comparison.
Mice were challenged with 1% ovalbumin in saline for 30 min
on days 28, 29, and 30 by ultrasonic nebulization via the airway.
Two days after the last of the three primary ovalbumin chal-
lenges (Kanehiro et al., 2001), airway hyperresponsiveness was
assessed in each group. Each group of mice was exposed in the
aerosolized S-isopetasin (2∼200 μM), ipratropium bromide
(0.05∼500 μM), a reference drug, or their vehicle (control) for
5min. The vehicle was amixture of alcohol: DMSO: saline (1: 1:
998) and saline alone for S-isopetasin and ipratropium bromide,
respectively. Fifteen minutes after exposing, the airway hyper-
responsiveness was measured in unrestrained animals by ba-
rometric plethysmography (Hamelmann et al., 1997) using a
whole-body plethysmograph and analyzed using software of
Life Science Suite P3 Analysis Modules (Gould, LDS Test
and Measurement LLC, Valley View, OH, USA). Mice were
placed in the main chamber of the whole-body plethysmograph,
and enhanced pause (Penh) values were determined by readings
of breathing parameters for 3 min before (baseline) and after
nebulization of a phosphate-buffered solution (PBS). Then the
Penh values were determined by same method with increasing
doses (6.25∼50 mg/ml) of methacholine for 3 min for each
nebulization. To study the duration of inhibitory effect on airway
hyperresponsiveness of the aerosolized S-isopetasin and ipra-
tropium bromide (each 20 μM), each group of six mice was
exposed in these drugs and their vehicles for 5 min, and the Penh

values were determined by the same method 15 min, 3 h, and 6 h
after exposing.

2.6. Data and statistical analysis

The antagonistic effects of S-isopetasin on these cumulative
concentration–response curves are expressed as pA2 values,
according to the method described by Ariens and van Rosssum
(1957): pA2=− log [B]+ log (DR-1), where [B] is the molar
concentration of S-isopetasin and DR is the dose ratio between
concentration of agonist in the presence and absence of S-
isopetasin. The pA2 values for S-isopetasin were determined
using the method of Schild (Schild, 1949; Arunlakshana and



Fig. 3. Saturation binding of [3H]-N-methylscopolamine ([3H]-NMS) (A) and
Scatchard plots (B) of [3H]-NMS binding to cultured human tracheal smooth
muscle cells. Specific binding (●) is the difference between total (○) and non-
specific binding (▲) in the absence and presence of atropine (1 μM), respectively.
The inset is a Hill plot of the same data with a coefficient of 1.00. Each point
represents the mean±S.E.M. (n=5) in A, and the mean only in B.

Fig. 4. Log concentration–response curves of S-isopetasin, methoctramine
(a muscarinic M2-specific receptor antagonist) and 1,1-dimethyl-4-diphenyla-
cetoxypiperidinium iodide (4-DAMP, a muscarinic M3-specific receptor
antagonist) for displacing [3H]-N-methylscopolamine-specific binding in
human tracheal smooth muscle cells. Each point represents the mean±S.E.M.
The experimental number (n) is indicated in figure.
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Schild, 1959). In radioligand binding tests, the maximal number
of binding sites (Bmax) and equilibrium dissociation constant
(Kd) were obtained by the Scatchard analysis (Scatchard, 1949)
of saturation binding. The Hill plot was derived from the same
data of the saturation binding. The − logIC50 value was con-
sidered to be equal to the negative logarithm of the molar con-
centrations of S-isopetasin at which half of the Bmax was
displaced. The IC50 value was calculated by linear regression.
All values are shown as the mean±S.E.M.. Differences among
these values were statistically calculated by one-way analysis
of variance, then determined by Dunnett's test. The differ-
ence between the two values, however, was determined using
Student′s unpaired t-test. Differences were considered statisti-
cally significant for P valuesb0.05.
Fig. 5. Effects of aerosolized S-isopetasin (2∼200 μM) (A) and ipratropium
bromide (5∼500 μM) (B) on the aerosolized methacholine (6.25∼50 mg/ml)-
induced enhanced pause (Penh) values in sensitized and challenged mice. The
log concentration-inhibition on Penh values of S-isopetasin and ipratropium
bromide at 50 mg/ml of methacholine nebulization (C). *Pb0.05, **Pb0.01,
*** Pb0.001 when compared with the vehicle (control). Each point represents
the mean±S.E.M. The number in each group of mice was 6.
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3. Results

3.1. Effects of S-isopetasin and ipratropium bromide on
acetylcholine-induced contractions in guinea pig trachealis

In the presence of neostigmine (0.1 μM), S-isopetasin
competitively antagonized cumulative acetylcholine-induced
contractions in guinea pig trachealis (Fig. 2A), because the
slope [1.04±0.29 (n=6)] of the Schild plot did not significant-
ly differ from unity (Fig. 2A inset). In our experimental
conditions, the tension of maximal contraction induced by
acetylcholine (10 μM) without antagonist was 1500±30 mg
(n=26). Similarly, ipratropium bromide competitively antag-
onized cumulative acetylcholine-induced contraction in guinea
pig trachealis (Fig. 2B), because the slope [1.18±0.15 (n=6)] of
the Schild plot did not significantly differ from unity (Fig. 2B
inset). The pA2 values of S-isopetasin and ipratropium bro-
Fig. 6. Duration of aerosolized S-isopetasin (20 μM) (A, B, C) and ipratropium bromi
enhanced pause (Penh) values in sensitized and challenged mice, determined 15 min (A
vehicles (control). * Pb0.05, ** Pb0.01, *** Pb0.001 when compared with the vehi
of mice was 6.
mide were calculated to be 4.62±0.05 (n=18) and 9.21±0.03
(n=14), respectively.

3.2. Receptor binding and displacement by S-isopetasin on
HTSMCs

For the saturation binding assays of HTSMCs, the non-
specific binding was subtracted from the total binding to
produce a specific binding curve (Fig. 3A). Analysis of the
Scatchard plot (Fig. 3B) revealed that the muscarinic receptor
binding sites in cultured HTSMCs constituted a single pop-
ulation (nH=1.00, Fig. 3B inset). The equilibrium dissocia-
tion constant (Kd) and the maximal receptor density (Bmax)
for [3H]-NMS binding was 766 pM and 0.189 pmol/mg of
protein, respectively. The protein content in each well was
83.95±12.5 μg (n=12). The − logIC50 values of S-isopetasin,
methoctramine, and 4-DAMP for displacing 0.4 nM [3H]-NMS
de (20 μM) (D, E, F) on the aerosolized methacholine (6.25∼50 mg/ml)-induced
, D), 3 h (B, E) and 6 h (C, F) after exposing of investigated compounds or their
cle (control). Each point represents the mean±S.E.M. The number in each group
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binding were 5.05±0.07, 6.25±0.05, and 8.56±0.04, respec-
tively (Fig. 4).

3.3. Effects and duration of action of S-isopetasin and
ipratropium bromide on airway hyperresponsiveness

The Penh values at the baseline for non-sensitized, control
(vehicle), and 2, 20, and 200 μM S-isopetasin nebulized groups
were 4.30±0.53, 4.23±0.26, 3.98±0.34, 4.42±0.23, and 4.15±
0.30, respectively, and these values did not significantly differ
from each other. The Penh values of PBS nebulization for each
group were 4.15±0.36, 4.38±0.25, 4.12±0.16, 4.26±0.34,
and 4.05±0.24, respectively, which also did not significantly
differ from each other. Administration of nebulized PBS did
not affect the Penh value of each baseline group, However,
methacholine (6.25–50 mg/ml) concentration-dependently in-
creased Penh values from 1.03±0.01-fold of PBS exposure to
2.11±0.05-fold (Fig. 5A) and from 1.04±0.02-fold of PBS
to 2.12±0.05-fold (Fig. 5B) in control sensitized and chal-
lenged mice for S-isopetasin and ipratropium bromide (a ref-
erence drug), respectively. S-isopetasin (2–200 μM) nebulization
concentration-dependently and significantly inhibited the Penh

values at 25 and 50 mg/ml of methacholine exposure (Fig. 5A).
Similarly, nebulization of 5–500 μM, but not 0.05 μM,
ipratropium bromide significantly inhibited the Penh values at
25 and 50 mg/ml of methacholine exposure (Fig. 5B). The in-
hibitory effects of S-isopetasin nebulization on Penh values at
50 mg/ml of MCh exposure were similar to those of ipratropium
bromide (Fig. 5C). The duration of action of 20 μM S-isopetasin
(Fig. 6A, B) on the Penh values was also similar to that of 20 μM
ipratropium bromide (Fig. 6D, E) and significantly lasted 3 h. In
contrast to non-sensitized (sham) group, the inhibitory effects of
both agents disappeared 6 h after nebulization (Fig. 6C, F).

4. Discussion

In the present results, the inhibitory effect of inhaled S-
isopetasin (2∼200 μM) on Penh value was similar to that of
ipratropium bromide in the same concentration range at 50mg/ml
of methacholine exposure (Fig. 5C). The duration of action of S-
isopetasin (20 μM), also similar to that of ipratropium bromide
(20 μM) was 3 h (Fig. 6), although the concentration (20 μM)
chosen from the crossing of both log concentration–response
curves of S-isopetasin (2∼200 μM) and ipratropium bromide
(0.05∼500 μM) may be not enough. Ipratropium bromide is
available as a nebulizable solution of 0.02% concentration in a
2.5 ml vial, which is aproximately equal to 500 μM, and requires
administration every 6–8 h (Restrepo, 2007). In other words, the
duration of action of both drugs may be longer if we use 200 μM
or 500 μM instead of 20 μM.

Although the pA2 value of ipratropium bromide against
acetylcholine-induced contractions in guinea pig trachealis was
significantly greater than that of S-isopetasin in the present
results, the inhibitory effects on Penh values or durations of ac-
tion of both compounds were similar. The reason may be that
ipratropium bromide has non-selective on muscarinic receptors,
but S-isopetasin preferentially acts on muscarinic M3, but not
M2, receptors (Ko et al., 2002). The blockade of the muscarinic
M2 receptor subtype by ipratropium bromide allows further
release of presynaptic acetylcholine in vivo, but not in vitro, and
may antagonize the bronchodilatory effect of blocking the
muscarinic M3 receptors. In guinea pig trachealis, the propor-
tion of muscarinic M2 receptor population outnumbers the M3

receptor population by 4: 1 or more. Activation of muscarinic
M3 receptors via the G protein, Gq, results in increased poly-
phosphoinositide hydrolysis and release of Ca2+ ions from the
sarcoplasmic reticulum, and consequently causes contraction
(Hulme et al., 1990). The function of the predominant mus-
carinic M2 receptor population, which is characteristically cou-
pled to the guanine nucleotide-binding proteins, Gi or Gk, may
be to inhibit β-adrenoceptor-stimulated adenylate cyclase ac-
tivity and consequently oppose relaxation (Fernandes et al.,
1992). The antagonistic effect of S-isopetasin against carbachol
occurs via inhibition of neither total cyclic nucleotide phos-
phodiesterase (PDE) (Ko et al., 2001) nor PDE isozymes 1∼5
(data not shown).

In cultured HTSMCs, the muscarinic cholinoceptor binding
sites constituted a single population (nH=1.00), according to the
analysis of the Scatchard plot. To our knowledge, the Kd and the
Bmax for [3H]-NMS binding are for the first time reported in
cultured HTSMCs. In the present results, the − logIC50 values of
S-isopetasin, methoctramine (a muscarinic M2-selective recep-
tor antagonist), and 4-DAMP (a muscarinic M3-selective
receptor antagonist) for displacing 0.4 nM [3H]-NMS binding
were 5.05, 6.25, and 8.56, respectively, suggesting that [3H]-
NMS binding is predominantly on muscarinic M3 receptors of
cultured HTSMCs. This result is supported by a previous report
(Mak et al., 1992) which found that muscarinic M2 cholino-
ceptors were detected in guinea pig but not in human airway
smooth muscles, although muscarinic M2 receptor-mediated
[3H]cyclic adenosine monophosphate formation has been
demonstrated in cultured HTSMCs (Widdop et al., 1993).
The potency of S-isopetasin for replacing [3H]-NMS bind-
ing in cultured HTSMCs was similar to that against cumulative
acetylcholine-induced contractions in guinea pig trachealis,
suggesting that S-isopetasin may have same effectiveness in
human. Therefore, S-isopetasin may have benefits as a bron-
chodilator for treating chronic obstructive pulmonary disease
and asthma exacerbations.
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