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Ambroxol is a widely used secretolytic agent originally developed from vasicine, a natural alkaloid
found in Adhatoda vasica, extracts of which have been used to treat bronchitis, asthma, and rheumatism.
We previously reported that ambroxol inhibits IgE-dependent mediator secretion from human mast
cells and basophils, key effector cells of allergic inflammation. Here, the mechanisms involved in the
inhibitory properties of ambroxol were assessed in comparison to other secretolytic analogues (e.g.
vasicine, bromhexine, sputolysin). The results show that, in comparison to ambroxol, which reduced
IgE-dependent histamine release from basophils at 10 pM-1 mM, the release of the amine was only
moderately reduced by sputolysin and vasicine at 1 mM. In contrast, above 10 pM, bromhexine was
found to be toxic to basophils in vitro as evidenced by induction of histamine release and reduced
cell viability. In contrast, the inhibitory actions of ambroxol at concentrations below 1 mM were not
toxic and entirely reversible. Ambroxol was also more potent than either sputolysin or vasicine in
attenuating basophil IL-4 and IL-13 secretions, whereas bromhexine-induced suppression of de novo
cytokine synthesis was due to toxic effects. Additionally, ambroxol reduced IgE-dependent p38 MAPK
phosphorylation in basophils, unlike bromhexine, sputolysin and vasicine. These results clearly show
that ambroxol is both more potent and effective at inhibiting IgE-dependent basophil mediator release
and p38 MAPK activity than the other secretolytic analogues employed. The therapeutic potential of
ambroxol as an anti-allergic agent is further underlined by these data.

Basophils have been shown to contribute to the
symptoms of allergic diseases, particularly during
late-phase responses, due to their capacity to release
histamine and leukotriene C, upon crosslinking of
high-affinity IgE-receptors (FceRI) with allergens
(1-3). Moreover, basophils also support underlying
atopy and Th2-type immunity by rapidly generating
IL-4 and IL-13 (3-4), and may also support
angiogenesis by virtue of producing vascular
endothelial growth factor following IgE-dependent
activation (5). Recent in vivo studies using basophil-

depleted mice have clearly demonstrated that
basophils play a more prominent role than their
tissue-fixed mast cell compatriots in orchestrating
chronic allergic inflammation (6-7) and initiating
Th2 differentiation in the lymph nodes (8). Although
this cell type is usually present mainly within the
circulation, during allergic inflammation, basophils
migrate to affected tissues, such as the lungs of
patients with allergic asthma (9-10). Given the
above, basophils constitute a potentially important
therapeutic target for the actions of new anti-allergic
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drugs.

The secretolytic agent ambroxol may be considered
as a novel anti-allergic drug, especially in the
treatment of allergic asthma since we have previously
shown that it inhibits IgE-mediated basophil and mast
cell activation (11-12) in addition to its secretolytic
properties (13). Since mucous production is also
exacerbated by histamine, and constitutes a major
obstructive component of serious asthmatic late-
phase responses, the inhibition of basophil and mast
cell histamine release by ambroxol may complement
its current clinical application by reducing mucous
production as well as reducing mucous viscosity.

Ambroxol was originally developed from the
natural alkaloid vasicine which is found in Adhatoda
vasica, of which extracts were used for centuries in
India to treat bronchitis, asthma, and rheumatism
(14). Several chemically-related analogues of
ambroxol have also been used as secretolytic
agents either in humans (e.g. bromhexine) or in
veterinary medicine (e.g. sputolysin). However, to
date there are no reports regarding their inhibitory
actions on allergic effector cells such as basophils.
Furthermore, the mode of action of ambroxol
and related analogues is also unknown in terms
of explaining the blockade of both degranulatory
processes (e.g. histamine release) and de novo
mediator generation (e.g. IL-4 synthesis). The aim
of this study is therefore to compare the inhibitory
actions of ambroxol with vascicine, sputolysin and
bromhexine on IgE-dependent mediator generation
from basophils and elucidate the mode of action
of these agents on basophil signalling as well as
assessing toxic mechanisms.

MATERIALS AND METHODS

The following reagents were purchased: anti-mouse
Ig horse radish peroxidase, ECL+plus (Amersham,
Buckinghamshire, UK); IL-4 ELISA (BioSource,
Camarillo, CA, USA); SB203580, (Calbiochem, Bad
Soden, Germany); IL-13 ELISA (Boehringer Ingelheim
Bioproducts, Heidelberg, Germany); MACS basophil
isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany); rabbit anti-p38 MAPK, rabbit anti-phospho
p38 MAPK (New England Biolabs GmbH, Frankfurt
am Main, Germany); Ficoll-Paque (Pharmacia Biotec,
Uppsala, Sweden), anti-human IgE, 2 x concentrated
Laemmli sample buffer, (Sigma, St. Louis, USA). All

other standard reagents were purchased at the highest
grade obtainable.

Basophil purification

Human basophils were obtained from Buffy coats
(leukocyte concentrate of 450 ml venous blood) prepared
from healthy donors undergoing routine blood donation
at the University of Liibeck (with ethical approval).
Basophils were enriched by Ficoll density centrifugation
followed by elutriation and purified close to homogeneity
by negative selection using magnetic cell sorting (MACS
basophil isolation kit, Miltenyi Biotec). In a previous
study, we demonstrated that there are no functional
differences between purified and unpurified basophils
using this negative selection procedure (15). Following
purification basophil purities ranged from 85 to 100% as
determined by alcian blue staining, with a mean yield of
2-7 x 10° basophils per buffy coat donor and more than
95% viable cells as judged by Trypan blue exclusion.

Inhibitors

Ambroxol, vasicine, bromhexine and sputolysin were
kindly donated by Boehringer Ingelheim Pharma KG,
Germany. Ambroxol, bromhexine and sputolysin were
dissolved in DMSQO, all at 100 mM, and subsequently
diluted in HEPES-buffered-Tyrode’s solution immediately
before use. Vasicine was dissolved in HEPES-buffered-
Tyrode’s solution and diluted accordingly. Solvent effects
due to DMSO were observed at 1 mM drug concentration
and the results were corrected for this. At other working
dilutions of the compounds (100 uM or less) no effects
were observed due to DMSO in the absence of the drugs.

Cell stimulation and mediator assay

Basophils (1-2 x 10° nucleated cells per vial) were
resuspended in HEPES-buffered-Tyrode’s  solution
(400 pl per tube), supplemented with 1 mM CaCl, and
preincubated with various concentrations of the drugs for
15 min before stimulation with a sub-optimal dilution of
anti-IgE (1/20,000 dilution). Controls consisted of cells
incubated with the stimulus in the absence of the inhibitors
and cells incubated in buffer alone. In mediator release
studies, basophils were stimulated for either 30 min (for
histamine release) or 5 h (for the secretion of IL-4 and
IL-13). Histamine contents in the supernatants together
with the cell pellets, which were diluted as required and
lysed with perchloric acid (4%), were measured using a
spectrofluorometric autoanalyser. Percentage histamine
releases were determined from the total histamine content
in the sum of pellet and supernatant tubes. Basophils
incubated for 5 h were centrifuged and the respective
release of IL-4 and IL-13 in the supernatants was assayed
by ELISA, according to the manufacturer’s instructions.
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The minimum sensitivity of the ELISAs were 3 pg/ml for
IL-4 and 1 pg/ml for IL-13. In some experiments, following
termination of reactions and separation of supernatants for
mediator assay, a portion of diluted and re-suspended cell
pellets (20 i out of 1.5 ml) were subjected to Trypan blue
exclusion analysis for cell viability. Statistical significances
were assessed using a paired Student’s t-test.

Western blot analysis

Highly pure basophil preparations (>95% pure, 2 x 105/
sample) were treated with the drugs, as described above,
and stimulated at 37 °C for 10 min in order to assess their
effects on p38 MAPK phosphorylation. SB203580, a p38
MAPK inhibitor, was employed as a positive control.

Reactions were then terminated rapidly by placing tubes
inice after which all tubes were immediately centrifuged and
cell pellets lysed by vigorous mixing in 15 pl lysis buffer (50
mM Tris-HCl pH 7.5, 5 mM EDTA, 10 mM EGTA, 5 mM
DTT, 1% Nonidet P-40, 1 mM PMSF, 100 pg/ml aprotonin,
20 pg/ml leupeptin and 10 mM benzamidine). The samples
were then stored at —80 °C prior to Western blotting. An
equal volume of 2 x concentrated Laemmli sample buffer
was added to the lysed cell pellets which were then boiled
for 3 min. Proteins were separated by 12% SDS-PAGE and
blotted onto nitro-cellulose membranes. The molecular
weight of the resolved proteins was visualized using
prestained molecular weight rainbow markers which were
also included for each SDS-PAGE run. Membranes were
blocked for 4 h in 5% skimmed milk in TBST buffer (20
mM Tris-HCIL, pH 7.5, 137 mM NaCl, 0.1% Tween 20)
with gentle agitation. Following 3 x 5 min washes in TBST,
membranes were incubated overnight (at 4°C) with specific
rabbit antibodies to either phosphorylated or total p38
MAPK (as an indication of even cell loading). Following
incubation with the primary antibodies, membranes were
successively washed (4 x 5 min, TBST) and incubated with
anti-rabbit Ig horse radish peroxidase for 2 h with gentle
agitation. After washing, unbound secondary antibody
proteins were visualized using autoradiography according
to the manufacturer’s instructions (ECL+plus, Amersham,
Buckinghamshire, UK). Comparisons of phosphorylated
(activated) signalling proteins were made, not only on
the basis of equal cell numbers but also by observing the
even signal intensity of total expression. After detection,
membranes were stripped for 10-20 min using Re-blot plus
reagent (Chemicon international), washed in TBST (4 x
5 min) and reprobed. SB203580, a p38 MAPK inhibitor,
was employed as a positive control. Even cell loading was
determined using antibodies against total p38 MAPK.

RESULTS

Ambroxol suppressed IgE-induced basophil
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Fig. 1. A) Effects of ambroxol, vasicine, sputolysin and
bromhexine on histamine release from human basophils
stimulated with anti-IgE (1/20,000 dilution). Control
represents basophils incubated with buffer alone. *,
** and *** represent significant (p<0.05, p<0.0l]
and p<0.001, respectively) differences between cells
stimulated with anti-IgE alone and in the presence of the
compounds. Results represent mean histamine releases +
SEM for 12 separate experiments. B) Effect of the above
agents on basophil histamine release in the absence of
anti-IgE stimulation. Results represent mean histamine
releases + SEM for 5 separate experiments, where *
denotes significant release above spontaneous secretions.

histamine release to a far greater extent than the
other analogues employed, producing significant
inhibition at concentrations at 10 pM or higher (Fig.
la). Vasicine and sputolysin were poor inhibitors
of histamine release in comparison to ambroxol,
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Fig. 2. Effects of ambroxol, vasicine, sputolysin and
bromhexine on IL-4 (panel A) and IL-13 (panel B)
secretion from human basophils stimulated with anti-
IgE (1/20000 dilution). The results are shown as mean
cytokine releases = SEM for 5 separate experiments.
¥ *¥% agnd *** represent significant (p<0.05, p<0.0!
and p<0.001, respectively) differences between cells
stimulated with anti-IgE alone and in the presence of the
compounds.

while bromhexine failed entirely to block histamine
release, and even caused significant enhancement
above 10 uM. This enhanced release was, in part,
observed as direct stimulatory effects on basophils
(Fig. 1b) that had been incubated with the drug
for 30 min without anti-IgE stimulation. However,
these effects of bromhexine were only statistically
significant at 1 mM. At 100 pM bromhexine alone

caused substantial basophil degranulation in some,
but not all, donors while having no effect at 10 pM
or less, despite significant enhancement of IgE-
mediated secretion shown in Fig. 1a. Conversely,
neither ambroxol, nor vasicine, nor sputolysin
caused histamine release from basophils, regardless
of the concentration employed.

With the exception of bromhexine, similar effects
were observed regarding the actions of the drugs on
IgE-mediated IL-4 (Fig. 2a) and IL-13 (Fig. 2b)
release from basophils, where ambroxol was a more
effective inhibitor of the release of these cytokines
than vasicine or sputolysin. However, in contrast to
histamine release, bromhexine produced a striking
inhibition of the secretion of both cytokines from
basophils stimulated by anti-IgE.

Since bromhexine caused blockade of de novo
generated cytokine release but release of histamine
this may possibly be attributed to toxic effects. Trypan
blue exclusion assays, shown in Fig. 3, confirmed a
toxic mechanism of action for bromhexine which
was observed at 100 uM and above for both
stimulation periods used in this study (30 min and
5 h, in addition to a 15 min pre-incubatory period
without anti-IgE stimulation). Cell viability was
also slightly, but significantly, reduced for basophils
incubated with bromhexine for 5 h at 10 uM. In
contrast, the other drugs were largely non-toxic over
a wide range of concentrations following short (30
min) incubation with the cells, although viability
was reduced to <60% with a high concentration (1
mM) of ambroxol after 5 h incubation. Sputolysin
also gave rise to a slight reduction of cell viability
at ] mM.

To rule out any potential toxic and/or irreversible
effect of ambroxol on basophils the reversibility
of inhibition of basophil histamine release caused
by anti-IgE was assessed. However, the inhibitory
actions of ambroxol, in terms of blocking histamine
release at 100 uM were clearly observed to be
entirely reversible, where cells pre-incubated with
the drug for 15 min followed by washing out the
drug led to no subsequent inhibitory effects (Fig.
4). Furthermore, the inhibitory actions of ambroxol
were seen to involve partial blockade of p38 MAPK
phosphorylation (Fig. 5a), a kinase which we have
previously shown to be associated with the generation
of various basophil-derived inflammatory mediators
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Fig. 3. Effects of ambroxol (A), vasicine (B), sputolysin (C) and bromhexine (D) on basophil viability as judged by Trypan
blue exclusion. Cells were incubated with the drugs for 15 min before stimulation with anti-IgE, as described before, for
the times shown. The results are depicted as mean viability + SEM for 5-6 separate experiments. *, ** and *** represent
significant (p<0.05, p<0.01 and p<0.001, respectively) reduction in viability between cells stimulated with anti-IgE
alone and in the presence of the compounds.
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Fig. 4. Ambroxol (100 uM) inhibits IgE-dependent basophil histamine release via reversible mechanisms. Basophils
were incubated with or without ambroxol for 15 min before washing with warm (37°C) Tyrode s buffer (containing 1 mM
calcium chloride) several times. Thereafter, ambroxol was added to a proportion of cells before stimulation with anti-IgE
(1/20,000 dilution) to all tubes except buffer controls. The results are shown as mean histamine releases + SEM for 7
separate experiments.
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Fig. S. Effect ambroxol and vasicine (panel A) as well
as sputolysin and bromhexine (panel B) on IgE-induced
P38 MAPK phosphorylation in human basophils. Lower
panels show densitometric analysis of pooled intensities
from 4-6 separate experiments and are expressed as
percentage of intensity relative to anti-IgE controls for
phospho-p38 MAPK. * and ** represent significant
(p<0.05, and p<0.01, respectively) reductions comparing
cells stimulated with anti-IgE alone and in the presence
of the compounds/inhibitor.

(16). Vasicine, in comparison, had no discernable
inhibitory effects on p38 MAPK activation (Fig. 5a)
and similar negative data were obtained with respect
to sputolysin and bromhexine (Fig. 5b).

DISCUSSION

These results clearly demonstrate that ambroxol
is a more potent and effective inhibitor of basophil
mediator release compared to both vasicine and its
chemical analogues bromhexine and sputolysin,

despite considerable structural similarities of
the latter (Fig. 6). Although ambroxol displayed
moderate toxicity at high concentrations (1 mM),
and after prolonged incubation with basophils, no
toxic effects were observed at lower concentrations
and for shorter periods. Given that the inhibitory
effects of ambroxol, at least in terms of blocking
histamine release, were reversible also indicates
that non-toxic mechanisms primarily govern its
inhibitory properties. The actions of ambroxol were
contrasted by bromhexine, which led to considerable
loss in cell viability even at low concentrations
and after relatively short incubation periods.
Furthermore, bromhexine failed to reduce p38
MAPK phosphorylation, unlike ambroxol, further
highlighting differences in action versus ambroxol.

This is the first report regarding in vitro cellular
toxicity of bromhexine and its histamine-releasing
actions from basophils, the latter of which include
direct stimulation of histamine release and
enhancement of release of the amine following IgE-
dependent stimulation. However, since maximum
plasma levels of bromhexine following a 32 mg oral
dose do not reach micromolar concentrations (and
are usually below 90 nM) (17), it is questionable
whether the observed effects are clinically relevant
following standard application of standard doses.
Nevertheless, these findings do potentially raise
concerns regarding the use of bromhexine at high
doses, or by direct application, especially in patients
with allergic asthma or other allergic diseases.
Indeed, several studies have reported reactions to
bromhexine, resembling the actions of histamine,
in both the gut and the skin (18). However, these
reports are relatively few, involving a small
number of patients, and possibly reflect both the
relatively low concentrations reached using standard
therapeutic doses of the drug and that bromhexine is
rapidly metabolised to ambroxol.

In comparison to other secretolytic agents, such
as the analogues used in the present study, and N-
acetylcysteine (11), ambroxol is unique in displaying
potential anti-allergic properties in addition to its
known therapeutic attributes that support lung
function (e.g. by increasing surfactant production,
mucokinetic properties) and anti-inflammatory
effects (19). Several studies have indicated a role
for this drug in reducing bronchial hyper-reactivity
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Fig. 6. Overview of the chemical structures of the
secretolytic agents employed in this study. (The structures
are based on the formulae given on the PubChem website
from the National Library of Medicine.)

(20-21). However, the data presented here suggest
that higher doses than normally given to decrease
mucous viscosity would be necessary in order to
achieve the inhibitory effect on basophil activity. In
this regard, using higher doses of ambroxol may be
feasible given its comparatively low toxicity and side
effects, where daily doses of up to 1 g/day have been
reported as being well tolerated (22-24). Ambroxol
has also been shown to display greater affinity for
lung tissue where concentrations are more than 10-
fold higher than serum levels (24). Thus, due to its
enrichment in lung tissues, ambroxol may be capable
of exerting anti-inflammatory activities in situ by
blocking effector functions of basophils and mast
cells.

The mode of action of ambroxol on basophils
and mast cells is not well understood. This study
however, shows for the first time that ambroxol
affects p38 MAPK-dependent signal transduction.
The p38 MAPK enzyme is associated with IgE-
dependent and —independent basophil activation and
appears to participate in the generation of all basophil
mediator types (16, 25). Several reports have recently
shown that ambroxol also moderately affects ion flux

through Na' channels and CI/HCO, exchangers
in human epithelial cell lines (26-27), alongside
its known antioxidant and free radical scavenging
properties (28-29). However, there is at present no
clear evidence to show that these properties account
for the mode of action of ambroxol on basophils.
Nonetheless, the present study highlights the unique
inhibitory effect of ambroxol on basophils compared
to closely related chemical analogues already in
clinical use. Moreover, these observations may serve
to generate more potent analogues which retain
ambroxol’s inhibitory actions and low toxicity.
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