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Abstract

A large production of leukotrienes (LTs) can be induced in human eosinophils or neutrophils by priming with granulocyte-macrophage
colony-stimulating factor and subsequent stimulation with platelet-activating factor (PAF) or the anaphylatoxin C5a. Here, we investigated
the effects of a plant extract ofpetasites hybridus(Ze339) and its isolated active sesquiterpene ester petasin in these twoin vitro cell models.
Zileuton, a 5-lipoxygenase inhibitor, was used as a positive control. All compounds inhibited both cysteinyl-LT synthesis in eosinophils and
LTB4 synthesis in neutrophils. In contrast, only Ze339 and petasin, but not zileuton, abrogated PAF- and C5a-induced increases in
intracellular calcium concentrations. These data suggest that Ze339 and petasin may block, compared to zileuton, earlier signalling events
initiated by G protein-coupled receptors in granulocytes, perhaps at the level of or proximal to phospholipase Cb. Taken together, petasin
appears to be one major active compound ofpetasites hybridusextract, since it demonstrates the same inhibitory activities on calcium fluxes
and subsequent LT generation in both eosinophils and neutrophils as Ze339 does. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Increased numbers of neutrophils are observed in inflam-
matory responses caused by bacteria [1,2]. In contrast, eo-
sinophils are important effector cells, which accumulate at
sites of parasitic and other non-bacterial inflammations
[3,4]. However, the presence of either eosinophils or neu-
trophils alone does not cause an inflammatory response. To
develop inflammatory symptoms, granulocytes need to be
activated [5,6]. There have been a number ofin vitro studies

describing eosinophil and neutrophil activation mecha-
nisms. Functional responses of eosinophils and neutrophils
to various agonists, including lipid mediators, complement
factors, or chemokines [7–9], are increased by hematopoi-
etins such as IL-3 and GM-CSF. This effect of hematopoi-
etins, called “priming”, is also observed in basophils and
macrophages [10,11]. For both LT synthesis [8,12] and
degranulation [13,14], priming of granulocytes appears to
be required.

Lipid mediators (e.g. PAF) and complement factors (e.g.
C5a) bind to G protein-coupled receptors and activate phos-
pholipase Cb [15], which catalyses hydrolysis of phospha-
tidylinositol-4,5-biphosphate to IP3 and diacylglycerol. IP3-
mediated increases in [Ca21]i are essential for the
translocation of cPLA2 from the cytosol to the nuclear
membrane [16]. At the nuclear membrane, cPLA2 liberates
AA from phospholipids [17]. Free AA is transferred to
FLAP, which is also located in the nuclear envelope to
generate LTs. Translocation of 5-LO from cytosol to FLAP
on membrane compartments also appears to be [Ca21]i-
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dependent and essential for the generation of LTA4 from
AA as shown by immunoblot analysis [18] and immuno-
fluorescence [19].

In human neutrophils, monocytes, and macrophages,
LTA4 is predominantly converted into LTB4 by LTA4 hy-
drolase [20,21]. LTB4 stimulates superoxide generation and
lysosomal enzyme release, and amplifies leukocyte chemo-
taxis as well as adhesion in bacterial-infected tissues [22–
24]. On the other hand, LTA4 is conjugated with reduced
gluthatione by LTC4 synthase to form LTC4 [25–27] in both
human eosinophils and macrophages. The cysteinyl-LTs
LTC4, LTD4, and LTE4 increase microvascular permeabil-
ity and mucus secretion and promote the contraction of
smooth muscle, contributing to bronchoconstriction in
asthma [28]. To prevent LT actions, new synthetic drugs
such as 5-LO inhibitors (e.g. zileuton), LTB4 receptor an-
tagonists (e.g. LY-223982), cysteinyl-LT receptor antago-
nists (e.g. montelukast), and FLAP inhibitors (e.g. MK-
0591) have been developed [29,30].

The plant extract ofpetasites hybridus(Ze339) contains
the sesquiterpene ester petasin as its main active compound.
Inhibition of cysteinyl-LT synthesis by extracts ofpetasites
hybridusand petasin have been observed in rat peritoneal
macrophages [31] and whole leukocyte populations [32]. In
this article, we compared the effects of Ze339 and petasin to
those of zileuton on the generation of cysteinyl-LTs in
eosinophils and LTB4 in neutrophils as well as their phar-
macological activities on intracellular calcium mobilisation,
a key mechanism in the activation of cPLA2 and 5-LO.

2. Materials and methods

2.1. Reagents

Ficoll separating solution was from Biochrom KG. GM-
CSF was a gift from Dr. T. Hartung. PAF was obtained from
Calbiochem. Complement factor C5a and calcium iono-
phore A23187 were purchased from Sigma Chemical Co.
Fura-2-acetoxymethylester and ionomycin were from
Roche Diagnostics. Zileuton was a gift from Abbott. The
high-pressure CO2 extract ofpetasites hybridus(Ze339) and
its isolated active compound petasin [33] were provided by
Max Zeller Söhne AG. Anti-CD16 mAb microbeads were
purchased from Milteny Biotec. Unless stated otherwise, all
other reagents were from Sigma.

2.2. Composition of Ze339

After standardisation, Ze339 contained 14.1% of the
active compound petasin in addition to 85.1% residual com-
pounds, mainly represented by inactive apolar fatty acids as
well as inactive polar compounds. Petasin was isolated from
Ze339 to a purity of at least 99% [33].

2.3. Purification of eosinophils, neutrophils, and
macrophages

Peripheral blood eosinophils were isolated by negative
selection from patients with atopic dermatitis or asthma
[34–36]. Neutrophils were purified from healthy donors
[34], and macrophages were collected from bronchoalveolar
lavage fluids of asthmatic patients [35]. Informed consent
was obtained from all patients and healthy donors. The
study was approved by the Swiss Academy of Medical
Science (Medical Ethics Committee of Davos).

2.4. Stimulation of eosinophils, neutrophils, and
macrophages

Unless stated otherwise, either 13 106/mL of purified
eosinophils, 13 106/mL of macrophages, or 13 107/mL of
neutrophils were cultured in complete culture medium
(RPMI-1640 supplemented with 2 mML-glutamine, 200
IU/mL of penicillin/100 mg/mL of streptomycin, and 10%
foetal bovine serum; all from Life Technologies). Cells
were pretreated with Ze339, petasin, or zileuton (0–40
mg/mL) for 15 min at 37° in a humidified atmosphere with
5% CO2. Cells were primed with GM-CSF (50 ng/mL) for
20 min and then stimulated with PAF (100 nM) or C5a (10
nM) for 25 min at 37°. After stimulation, supernatants were
harvested and stored at220° until analysis for the presence
of cysteinyl-LTs or LTB4.

2.5. Immunoassays

Cysteinyl-LTs were measured using the cellular allergen
stimulation test (CAST)-ELISA from Bu¨hlmann Laborato-
ries. LTB4 was measured using the LTB4-ELISA from
R&D Systems.

2.6. Intracellular calcium measurements

Changes in [Ca21]i were assayed in human eosinophils
and neutrophils as previously described [37,38]. Briefly,
cells were resuspended at 5 to 103 106/mL in complete
culture medium and incubated with 10mL of a 1-mM stock
solution of fura-2-acetoxymethylester for 20 min at 37°.
Extracellular dye was then removed by washing, and cells
were resuspended at 23 106/mL in complete culture me-
dium and stored in the dark until analysis at 37°. Cells were
washed and resuspended (13 106/mL) in buffer A (in mM:
NaCl 140, KCl 3, MgCl2 1, glucose 10, CaCl2 1, and
HEPES 20, pH 7.23) immediately before use. Cells were
continuously monitored and stirred in a 1.8-mL heated (37°)
quartz cuvette in a fluorospectrometer (lexcitation5 340/380
nm, lemission 5 505 nm) and analysed with the DM3000
Cation Measurement software (Spex). Each run was cali-
brated by addition of 1mM ionomycin and 0.2% Triton
X-100 followed by 10 mM EGTA. Changes in cytosolic
free calcium (D[Ca21]i) were calculated as the peak value
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obtained within the first minute following PAF (100 nM) or
C5a (10 nM) stimulation.

2.7. Statistical analysis

Inhibition of induced LT synthesis and [Ca21]i changes
by the compounds were calculated in percent related to
control cells (preincubated without compound). Data are
presented as means6 SEM. The Mann–Whitney rank sum
test was used to determine statistical differences (*,P ,
0.05).

3. Results

3.1. Inhibition of cysteinyl-LT and LTB4 synthesis by
Ze339 in macrophages

To determine the inhibitory activity of Ze339 on the
synthesis of cysteinyl-LTs and LTB4, a preliminary screen-
ing was performed using lung macrophages based on the
previously described cysteinyl-LT synthesis [31]. Macro-
phages from bronchoalveolar lavage fluids (13 106/mL)
were incubated in complete culture medium with Ze339
before stimulation with PAF (100 nM). As shown in Fig. 1,
Ze339 inhibited cysteinyl-LT synthesis with anIC50 of ap-
proximately 24mg/mL (67.56 9.0%) and a maximal inhi-
bition at 40 mg/mL (87.9 6 7.1%). Ze339 also inhibited
LTB4 synthesis, with anIC50 of approximately 24mg/mL
(48.8 6 12.1%) and a maximal inhibition at 40mg/mL
(68.96 12.4%). Higher concentrations of the drug did not
further inhibit LT generation (data not shown). Since Ze339
blocked both cysteinyl-LT and LTB4 synthesis, we per-
formed the following experiments with cells specialised in
the generation of either cysteinyl-LTs (eosinophils) or LTB4

(neutrophils).

3.2. Inhibition of eosinophil cysteinyl-LT and neutrophil
LTB4 synthesis by Ze339, petasin, and zileuton

Purified eosinophils and neutrophils were incubated with
increasing concentrations of Ze339 and petasin. Zileuton, a
commercially available 5-LO inhibitor, was used as positive
control at the same concentrations. Eosinophils (13 106/
mL) or neutrophils (13 107/mL) were then primed with
GM-CSF and stimulated with PAF or C5a (no significant
LT synthesis was observed using unprimed eosinophils or
neutrophils; data not shown). As shown in Fig. 2, all com-
pounds inhibited PAF- as well as C5a-mediated LT synthe-
sis in GM-CSF-primed cells in a dose-dependent manner.
Inhibitor concentrations above 40mg/mL did not further
inhibit the generation of LTs in either eosinophils or neu-
trophils (data not shown). No significant differences were
observed among the blocking compounds inhibiting cystei-
nyl-LT generation in eosinophils and LTB4 generation in
neutrophils, respectively (IC50 was # 24 mg/mL in each
case). At a concentration of 40mg/mL, cysteinyl-LT and
LTB4 synthesis inhibition ranged between 68–94% in C5a-
or PAF-stimulated granulocytes.

3.3. Suppression of PAF- and C5a-mediated increases in
[Ca21] i by Ze339 and petasin, but not by zileuton

PAF- and C5a-induced [Ca21]i changes were monitored
over 250 sec. Cells were from different donors for each drug
tracing, and maximal [Ca21]i changes ranged between 130
and 240 nM. As shown in Fig. 3A and Table 1, pretreatment
with 16 mg/mL of Ze339 or petasin completely blocked

Fig. 1. Inhibition of PAF-induced cysteinyl-LT and LTB4 synthesis by
Ze339 in macrophages. Maximal synthesis in independent experiments
ranged between 300–600 pg/mL for cysteinyl-LTs and 10,000–28,500
pg/mL for LTB4. Inhibition of LT synthesis is expressed as percent related
to control cells stimulated without inhibitor. Values are means6 SEM of
four independent experiments (*P , 0.05).

Fig. 2. Ze339 and petasin inhibited PAF- and C5a-induced LT synthesis in
a dose-dependent manner in GM-CSF-primed eosinophils (A) and neutro-
phils (B). As a control, the 5-LO inhibitor zileuton was used. No significant
differences between the compounds were found. Maximal LT synthesis in
independent experiments ranged between 300–3,000 pg/mL for cysteinyl-
LTs in eosinophils and 7,500–99,500 pg/mL for LTB4 in neutrophils.
Inhibition of LT synthesis is expressed as percent related to control cells
stimulated without inhibitor. Values are means6 SEM of four to eight
independent experiments (*P , 0.05).
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PAF-induced increases in [Ca21]i in eosinophils and neu-
trophils. In contrast, PAF-induced [Ca21]i mobilisation was
not significantly reduced by zileuton in either eosinophils or
neutrophils. Similar results were obtained in C5a-stimulated
eosinophils and neutrophils (Fig. 3B and Table 2) and PAF-
stimulated macrophages (data not shown). These results
suggest that Ze339 and petasin block signal transduction
pathways initiated by G protein-coupled receptors at the
level of or proximal to the release of calcium from intra-
cellular stores. In contrast, the 5-LO inhibitor zileuton does
not have this capacity.

4. Discussion

Eosinophils and neutrophils are important inflammatory
effector cells that contribute to tissue damage due to the
release of toxic mediators in allergic and infectious diseases.
Besides the generation of toxic molecules, both cell types
appear to amplify inflammatory responses by generating
cytokines, chemokines, and lipid mediators. To improve the
clinical situation of patients where activated granulocytes
are part of the pathogenic process, blocking of either de-
granulation or generation of inflammatory mediators seems
to be a reasonable strategy. Indeed, for patients with an
accumulation of eosinophils in bronchial asthma [39,40] or
neutrophils in chronic obstructive pulmonary disease
(COPD) [23], blocking of granulocyte-derived LTs has
been shown to be beneficial. There are two strategies to
block LTs: (a) by synthesis blockers, such as 5-LO [39] or
FLAP [41] inhibitors; or (b) by LT receptor antagonists
[40].

In this study, we investigated the effect of Ze339 from
petasites hybridusin two in vitro models of granulocyte
activation. To determine whether petasin is relevant for the
pharmacological activity of Ze339, we simultaneously ana-
lysed the effects of both compounds in the samein vitro
models of LT synthesis. In both eosinophilic and neutro-
philic granulocytes, priming of cells was performed by
short-term incubation with GM-CSF. It has previously been
shown that IL-3 and GM-CSF strongly enhance the re-
sponse of granulocytes to different agonists [7–14]. After
optimal stimulation with PAF or C5a, primed granulocytes
generated large amounts of LTs. In both cell types, priming
with GM-CSF was absolutely essential, since PAF or C5a
alone did not significantly increase LT synthesis. Ze339
inhibited LT synthesis in stimulated macrophages, eosino-
phils, and neutrophils. The pharmacological activity of

Fig. 3. Ze339 and petasin, but not zileuton, inhibited PAF- (A) or C5a- (B)
induced increases in [Ca21]i in eosinophils and neutrophils. At 16mg/mL,
Ze339 and petasin completely abrogated the calcium signal. PAF or C5a
was added where indicated (Œ). The tracings are representative of four
independent experiments.

Table 1
PAF-mediated increases in [Ca21]i are significantly inhibited by Ze339 and petasin, but not zileuton

Eosinophils

Concentration Ze339 Petasin Zileuton

0 100 100 100
4 mg/mL 53.96 6.2* 73.06 1.3* 93.76 2.6
8 mg/mL 30.26 9.8* 58.36 1.5* 78.36 9.8
16 mg/mL 1.46 1.4* 1.16 1.1* 70.86 8.3

Neutrophils

Concentration Ze339 Petasin Zileuton

0 100 100 100
4 mg/mL 42.56 5.8* 75.36 2.0 78.16 7.8
8 mg/mL 18.06 2.0* 43.26 3.7* 72.16 8.5
16 mg/mL 0.86 0.8* 1.16 1.1* 59.46 9.9

Experiments were performed as described in Materials and Methods and run as shown in Fig. 3A. The values represent percentages of the original peak
calcium levels and are means6 SEM of four independent experiments. At 16mg/mL, Ze339 and petasin, but not zileuton, completely blocked ligand-induced
calcium mobilization.

* P , 0.05.
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Ze339 and petasin appeared to be in the same range as
observed using the known 5-LO blocker zileuton [39].

In order to partially understand the mode of actions of
Ze339 and petasin, we analysed PAF- and C5a-mediated
increases in [Ca21]i, an indirect marker for ligand-induced
phospholipase Cb activation [42,43]. In addition, increases
in [Ca21]i are required for activation of both cPLA2 and
5-LO. Although Ze339, petasin, and zileuton blocked PAF-
and C5a-induced LT production, only Ze339 and petasin,
but not zileuton, significantly reduced increases in [Ca21]i

induced by these two ligands in both eosinophils and neu-
trophils. This suggests that the calcium-dependent enzymes
cPLA2 and 5-LO, which are absolutely required for LT
synthesis, are not sufficiently activated in the presence of
adequate concentrations of Ze339 or petasin.

Moreover, cPLA2 is suggested not only to be activated
by increases in [Ca21]i, but also by serine/threonine kinases
of the MAPK pathway [44,45]. Binding of IL-3/GM-CSF to
their receptor induces “priming” of granulocytes by activat-
ing the commonb-subunit of their respective receptors [46].
Although this “priming” seems to be insufficient to reach
the required threshold to induce functional responses over
the MAPK pathway [47], G protein-coupled receptors
might increase the activation of the MAPK pathway via
protein kinase C acting on Ras [48] or Raf [49], resulting in
an increased LT production in granulocytes [47]. In such a
scenario, a drug that acts at the level of or proximal to
phospholipase Cb (e.g. Ze339 or petasin) would block
cPLA2 activity in two ways: (a) by not providing sufficient
amounts of cytosolic free calcium; and (b) by inadequate
activation of the enzyme via the MAPK pathway.

The exact molecular targets of Ze339 remain to be iden-
tified. Moreover, it is unclear whether Ze339 has similar
effects in other inflammatory effector cells of allergic reac-
tions, such as mast cells. Clearly, Ze339-mediated reduced

mast cell LT production would suggest an even higher
anti-allergic and/or anti-inflammatory potential. The discov-
ery that Ze339 and petasin suppress ligand-induced in-
creases in [Ca21]i implies that these drugs may also block
other calcium-dependent pathways, such as degranulation
mechanisms.
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