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Purpose of review

Although today’s cornerstone therapies for asthma (inhaled bronchodilators and corticosteroids) target
airway narrowing and lung inflammation, about half of treated asthmatic patients do not achieve good
disease control. There is a clear need for new therapeutic approaches and novel drug targets. Recent
research has unexpectedly revealed that certain taste receptors (particularly those involved in bitter taste
transduction) are expressed in lung tissue.

Recent findings

Bitter taste receptors are expressed in several cell types in the lungs (such as chemosensory cells, epithelial
cells, smooth muscle cells, lymphocytes, and macrophages) and variously involved in ciliary beating,
muscle relaxation, and/or inhibition of the production of inflammatory mediators. Here, we review recent
research on the role of bitter taste receptors in experimental models of asthma and in asthmatics.

Summary

The currently available data suggest that bitter taste receptor agonists have therapeutic potential in chronic
obstructive airway diseases such as asthma.
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INTRODUCTION

Asthma is a widespread, chronic airway disease in
which episodic airway obstruction is caused by a
combination of airway inflammation and airway
hyperresponsiveness [1]. Although cluster analysis
has identified several clinical phenotypes, the
cornerstones of pharmacological asthma therapy
are still inhaled b2-adrenoreceptor agonists, inhaled
corticosteroids, leukotriene modifiers, and (in
severe allergic asthma) anti-IgE agents [2]. Cortico-
steroids are effective in controlling asthma, improv-
ing lung function, and reducing the frequency of
exacerbations, whereas b2-adrenoreceptor agonists
are mainly used as bronchodilators. A spectrum of
different molecules is available in each of these
classes. The drugs differ in terms of their efficacy/
potency, onset of action, duration of action, and
side-effects. However, all the molecules in a given
drug class share common drawbacks such as relative
refractoriness to b2-adrenoreceptor agonists in some
patients or resistance to corticosteroids in others.
Moreover, about half of the treated asthmatic
patients do not achieve good disease control [3],
mainly as a result of poor treatment adherence
and/or poor inhaler technique [4,5]. There is a clear
need for new, easily administered drug classes that
efficiently and safely control asthma and improve
outcomes.
ht © 2015 Wolters Kluwe
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In recent years, research in experimental models
of lung disease has revealed that bitter taste receptors
(TAS2Rs) are potential drug targets. Here, we review
recent data obtained in this field (from in-vitro
models to clinical studies). The main relevant studies
are summarized in Table 1 [6,7,8

&

,9,10
&

,11–26].
BITTER TASTE RECEPTORS

In humans, taste receptors detect the five basic
tastes: sweet, bitter, sour, salty, and umami. The
TAS2Rs are a large family of about 25 G-protein-
coupled receptors [27,28]. Although the TAS2R’s
role in taste perception in the oral cavity has been
well characterized, it has recently been found that
these receptors are also expressed in the nose, lung
[6,7,29], gut [30], and heart [31]. A large number of
natural or synthetic molecules stimulate TAS2Rs,
r Health, Inc. All rights reserved.
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KEY POINTS

� Bitter taste receptors are expressed outside the oral
region (notably by several cell types in the lung).

� Activation of bitter taste receptors induces airway
relaxation, an increase in cilia beat frequency, and a
decrease in the production of proinflammatory
mediators.

� Although the available clinical trial data are coherent
with observations in in-vitro and in-vivo models, higher
levels of evidence must be obtained before bitter taste
receptors can become true drug targets in the treatment
of obstructive lung diseases.

Mechanisms of allergy and adult asthma
but an endogenous ligand has not been identified
[32]. However, some Gram-negative bacteria are able
to produce acylhomoserine lactones that bind to
and activate TAS2Rs [33]. Similarly, several drugs
currently marketed for a wide range of indications
activate TAS2Rs; these include erythromycin,
carisoprodol, flufenamic acid, dapsone, quinine,
chloroquine, caffeine, azelastine, and colchicine
[32]. Most of these compounds have poor selectivity
and weak potency for TAS2Rs, meaning that high
(millimolar) concentrations are required to activate
the receptors. When combined with a lack of selec-
tivity, these concentrations may cause off-target
effects [32]. Conversely, some subtypes (such as
TAS2Rs 19, 41, 42, 45, and 60) have no known
agonists and are referred to as orphan receptors.
DATA ACQUIRED IN IN-VITRO MODELS

The first report of the expression of bitter taste
receptors in airway tissues dates from 2009, when
a research group from the University of Iowa iden-
tified four different TAS2Rs subtypes located in the
cilia of human airway epithelial cells [7]. The appli-
cation of bitter compounds (such as denatonium, an
agonist for TAS2Rs 4, 10, and 46) to the airway
epithelium induced an increase in the cilia beating
frequency. This finding suggests that TAS2Rs in
the airway epithelium have a defensive role by
speeding up the elimination of noxious substances.
Furthermore, acylhomoserine lactones produced by
bacteria in spoiled food can stimulate epithelial
TAS2R38, resulting in the generation of bactericidal
amounts of nitric oxide [34]. As patients with
asthma display poor mucociliary clearance (involv-
ing an abnormally low ciliary beat frequency [35]),
the stimulation of TAS2Rs might also help to restore
normal mucociliary clearance.

In 2010, another research group from the
University of Maryland described the expression
 Copyright © 2015 Wolters Kluwer 
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of TAS2Rs in human airway smooth muscle cells
[6]. The transcripts of TAS2Rs 10, 14, and 31 were
found to be about three-fold more abundant than
those of b2-adrenoreceptors. The expression levels
of other receptor subtypes (such as TAS2Rs 4, 5, or
19) were also significant [6]. The TAS2R agonists
chloroquine, denatonium, and quinine caused a
reduction in the basal tone of isolated mouse air-
ways and a dose-dependent relaxation in airways
precontracted with acetylcholine or serotonin. The
maximal relaxation response corresponded to as
much as 90% of the contraction [6]. Similarly,
TAS2Rs 3, 4, and 10 were found to be expressed in
guinea pig trachea, and agonists to these three
receptors (thiamine, chloroquine, denatonium,
and noscapine) evoked concentration-dependent
relaxations of carbachol-precontracted guinea pig
trachea [36].

The expression of TAS2Rs and the relaxant
effects of their agonists have also been reported in
human tissues [6,8

&

,37,38]. Although most of the
TAS2R subtypes are expressed, the responses to a
large panel of agonists (chosen according to their
relative selectivity for various receptor subtypes)
suggested that TAS2Rs 5, 10, and 14 have a prepon-
derant role in the relaxation of human bronchi [8

&

].
The relaxation to TAS2R agonists was intense, with
chloroquine, quinine, phenanthroline, erythromy-
cin, flufenamic acid, and dapsone producing more
than 90% of the maximal effect. However, the con-
centrations required to relax the human bronchi
were 4 to 5 log units higher than the concentrations
of the b2-adrenoreceptor agonists isoproterenol or
formoterol required to provoke similar degrees of
relaxation [8

&

]. The efficacy and potency of TAS2R
agonists were truly comparable to those obtained
with theophylline in human bronchi. In addition to
the well known inhibition of phosphodiesterases
at high concentrations, theophylline may also relax
the airways through activation of TAS2Rs as the
structurally similar methylxanthine caffeine is
known to be a TAS2R agonist [8

&

,32].
Data on tissues from asthmatic patients are

scarce. The mRNA expression of TAS2Rs 10, 14,
and 31 does not appear to be abnormal in airway
smooth muscle cells from patients with fatal
asthma, and the same is true of the calcium flux
in response to chloroquine, diphenhydramine, flu-
fenamic acid, saccharin, and quinine [9]. Further-
more, the relaxant response to quinine shown by
carbachol-precontracted, precision-cut lung slices of
normal human airways was unaffected by preincu-
bation with IL-13 (a major TH2 cytokine), whereas
the response to formoterol was altered [9]. These
data suggest that the relaxant response to TAS2R
agonists may be maintained in an asthmatic or
Health, Inc. All rights reserved.
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Table 1. Summary of the main studies reviewed which support an interest for bitter taste receptors in asthma

Reference Main findings

Deshpande et al. [6] First description of the expression of TAS2R in human airway smooth muscle cells. The expression of
some TAS2Rs was more abundant than the expression of the b2-adrenergic receptor. TAS2R agonists
induced relaxation of isolated smooth muscle cells and decreased airway obstruction in a mouse model of
asthma

Shah et al. [7] Description of the expression of TAS2Rs in motile cilia of the airway epithelium. TAS2R agonists induced an
increase in ciliary beat frequency

Grassin-Delyle et al. [8&] Characterization of the relaxant response of human bronchi to several TAS2R agonists, suggesting a
predominant role for TAS2R5 10 and 14 and the involvement of phosphatidylinositol-3-kinases

Robinett et al. [9] The expression of TAS2R10, 14 and 31 is observed in the airway smooth muscle from patients with asthma.
TAS2R agonist-induced relaxant response in human precision-cut lung slices was unaltered by treatment with
IL-13, whereas the response to formoterol was reduced

Ekoff et al. [10&] The expression of TAS2Rs is reported in cord blood-derived mast cells, and TAS2R agonists inhibited the
IgE-dependent release of histamine and PGD2

Orsmark-Pietras et al. [11] Description of an upregulation of the expression of some TAS2R transcripts in blood leukocytes from asthmatic
children. TAS2R agonists also inhibited the LPS-induced cytokine production from blood leukocytes

Bukowskyj and Nakatsu [12]
Gong et al. [13]

Characterization of the bronchodilator effects of caffeine in asthma or in exercise-induced or histamine-
induced bronchoconstriction

Becker et al. [14]

Kivity et al. [15]

Colacone et al. [16]

Henderson et al. [17]

Miyatake et al. [18] Report of the reduction of bronchial responsiveness by a 10 week treatment with erythromycin in patients with
atopic or nonatopic bronchial asthma

Popa [19] Description of a bronchodilator effect of the H1 antihistamine chlorpheniramine given at high IV doses in
asthmatic patients

Ollier et al. [20]
Albazzaz and Patel [21]

Description of the inhibition of histamine-induced or allergen-induced bronchoconstriction by azelastine in
patients with asthma

Rafferty and Holgate [22]

Kelly et al. [23] Studies on the effects of colchicine on airway responsiveness in allergic asthmatic patients and of the use of
colchicine as a corticosteroid-sparing agent

Fish et al. [24] Studies on the effects of the chloroquine derivative hydroxychloroquine on lung function in asthmatic patients

Charous [25]

Charous et al. [26]

LPS, lipopolysaccharide.
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asthma-like inflammatory environment – in con-
trast to the clear alteration in the response to
b2-adrenoreceptor agonists. In addition to their
direct effects on muscle contraction, the TAS2R
agonists’ ability to inhibit smooth muscle cell
growth may also be of value. Indeed, chloroquine
and quinine appear to inhibit the growth of
smooth muscle cells (whether isolated from healthy
controls or patients with asthma) in a concen-
tration-dependent manner and without affecting
cell viability; this may be of value in limiting the
airway remodeling observed in asthma [39].

The TAS2R agonists’ effects are not restricted to
bronchial reactivity. Inflammation is a major fea-
ture of asthma, and the role of specific immune cells
(such as mast cells, eosinophils, lymphocytes, and
 Copyright © 2015 Wolters Kluwe
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macrophages) in inflammation has been clearly
demonstrated. These cells are involved in the pro-
duction of mediators such as cytokines, histamine,
arachidonic acid metabolites, and growth factors.
TAS2R expression has been observed in cord blood-
derived mast cells. Incubation of these cells with
chloroquine (a TAS2R 3 and 10 agonist) or denato-
nium (a TAS2R 4, 10, and 46 agonist) inhibited
the IgE-dependent release of both histamine
and prostaglandin D2, whereas dextromethorphan
(a TAS2R10 agonist) inhibited the production of
histamine only and noscapine (a TAS2R14 agonist)
inhibited the production of prostaglandin D2 only
[10

&

]. These observations suggest that TAS2Rs can
regulate mast cell activation. Similar data have been
reported for lymphocytes; TAS2Rs are expressed
r Health, Inc. All rights reserved.
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in peripheral blood mononuclear cells in general
and in lymphocytes in particular. The expression of
transcripts of TAS2Rs 13, 14, and 19 (of the 11
subtypes studied) was higher in blood leukocytes
from children with severe asthma than in cells from
healthy controls. Furthermore, expression levels of
TAS2R5 in cells from asthmatic children were nega-
tively correlated with lung function [forced expir-
atory volume in the first second of expiration (FEV1)
and forced vital capacity (FVC)] and positively
correlated with bronchial hyperresponsiveness to
methacholine [11]. The lipopolysaccharide (LPS)-
induced production of certain cytokines (including
TNF-a, CCL2, IL-4, IL-13, and IL-10) by blood
leukocytes is reduced by chloroquine (and, to a
lesser extent, denatonium) in a concentration-
dependent manner [11]. The LPS-induced release
of other mediators involved in inflammation was
also impacted. For example, chloroquine and dena-
tonium inhibited the production of growth factors
granulocyte-colony stimulating factor and granulo-
cyte macrophage-colony stimulating factor (G-CSF
and GM-CSF) and prostaglandin E2 [11]. Further-
more, recent research has shown that human
primary lung macrophages also express TAS2R
mRNA, and TAS2R agonists inhibit the LPS-induced
release of cytokines by these cells or by human lung
parenchyma explants [40]. Hence, the data obtained
with isolated cells and whole lung tissue suggest that
TAS2Rs downregulate the production of inflamma-
tory mediators. The in-vitro concentrations of most
TAS2R agonists causing the relaxation of isolated
human bronchi, the inhibition of IgE-mediated his-
tamine release from mast cells, and the inhibition
of the LPS-induced release of cytokine from blood
leukocytes and lung macrophages are often at least
10-fold to 100-fold higher than the plasma concen-
trations in patients treated with these drugs,
although chloroquine concentrations in leukocytes
from patients are in the same range as those found to
be effective in vitro [41]. Although the lung concen-
trations of these drugs are not often reported, the
clinically relevant use of such medicines to treat
lung diseases would probably require high lung
concentrations, making administration by the
inhaled route almost mandatory. Indeed, inhalation
of denatonium may enable active concentrations to
be achieved in the lung in the absence of local
toxicity (at least in animals) [42].
DATA ACQUIRED IN IN-VIVO MODELS

Few data on TAS2Rs have been collected in in-vivo
animal models. In the mouse, brush cells in the
tracheal epithelium express the receptors TAS2R4
and TAS2R5 (formerly known as TAS2R108 and
 Copyright © 2015 Wolters Kluwer 
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TAS2R105, respectively) and enzymes of the cho-
linergic transmission pathway (such as the choline
acetyltransferase and the vesicular acetylcholine
transporter). Moreover, these brush cells are in
contact with cholinergic nerve fibers [43]. Although
the brush cells’ function in the respiratory epi-
thelium remains unclear, experiments with cyclo-
heximide (a TAS2R5 agonist) in the mouse have
shown that cholinergic tracheal brush cells detect
bitter compounds. This induces the release of
acetylcholine, which in turn activates cholinergic
nicotinic receptors on adjacent sensory nerve fibers
and prompts a decrease in the respiratory rate [43].
Hence, TAS2Rs in the airways may also be involved
in the vagal regulation of breathing.

With respect to airway responsiveness, the
TAS2R agonists quinine and denatonium reduced
airway resistance by 50 and 57%, respectively, in the
ovalbumin-sensitized mouse model of bronchial
hyperresponsiveness [6]. In the same model, albu-
terol was used as a positive control but exhibited a
smaller reduction in airway resistance than quinine
in sensitized animals, suggesting that TAS2R agonists
may be more effective than b2-adrenoreceptor ago-
nists under inflammatory conditions [6]. Although
there are several reports of the in-vivo effects of
several other known TAS2R agonists on lung inflam-
mation in conditions other than asthma, the involve-
ment of TAS2R activation has not been established.
For example, caffeine inhibits hyperoxia-induced
pulmonary cytokine production and leukocyte
influx in the rat [44], dapsone decreases LPS-induced
intraepithelial neutrophil accumulation in the ferret
[45], colchicine decreases neutrophil influx, protein
accumulation, and changes in both expiratory resist-
ance and dynamic compliance after phosgene
exposure in the rat [46], and erythromycin reduces
the LPS-induced recruitment of neutrophils in the rat
lung [47]. Further studies are needed to assess the
involvement of TAS2R in these effects, such as by
using TAS2R knockout model or (as-yet unavailable)
specific TAS2R agonists and/or antagonists.
EFFECT OF TAS2R AGONISTS ON LUNG
FUNCTION IN ASTHMATIC PATIENTS

No clinical trials have been designed to address the
pulmonary effects of TAS2R agonists in either
healthy subjects or patients with asthma. This is
because the pathway has only recently been
described as a potential drug target, and the cur-
rently known TAS2R agonists are not sufficiently
selective and may induce harmful off-target effects.
Although effects on lung function have already been
reported for several TAS2R activators, the level of
evidence remains low.
Health, Inc. All rights reserved.
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Caffeine (a TAS2R 7, 10, 14, 43, and 46 agonist)
has been studied in most detail in patients with
asthma. However, its effects are not intense and
its clinical relevance is uncertain. In a study [12]
of eight adults with asthma, 5 mg/kg caffeine
increased FEV1 by 12%. In nine other patients with
asthma, caffeine induced concentration-dependent
increases in FEV1 and airway conductance of up to
15 and 40%, respectively [13]. In 13 young patients
with asthma, 10 mg/kg caffeine was associated with
significant improvements in FVC, FEV1, and forced
expiratory flow rates [14]. In 10 patients with bron-
chial asthma, 7 mg/kg oral caffeine increased FEV1

at rest (by about 0.35 l/s) and prevented exercise-
induced bronchoconstriction [15]. Accordingly, oral
administration of 5 mg/kg caffeine to 10 subjects
with mild asthma was associated with only a small
increase in the provocation concentration of hista-
mine causing a 20% fall in FEV1 (PC20) [16]. In
another set of eight patients with mild asthma,
the same dose of caffeine also induced an increase
in PC20 [17]. In the two latter studies, the resting
FEV1 was unaffected. The authors of a recent
Cochrane Database Systematic Review concluded that
caffeine induced a moderate improvement in airway
function in people with asthma [48]. Caffeine’s
mechanism of action remains to be determined. A
number of hypotheses have been suggested, such as
an increase in cyclic adenosine monophosphate
levels, a change in intracellular calcium levels, the
blockade of adenosine receptors, and indirect effects
(such as a change in actin polymerization). The
putative involvement of TAS2Rs in caffeine’s effects
may reconcile many of these assumptions. In vivo, a
small proportion of caffeine (4%) is metabolized
into theophylline, which may account for the
parent compounds’ moderate effects on lung func-
tion. Ingestion of the caffeine equivalent of 1 to 3
cups of coffee produces plasma caffeine concen-
trations of between 20 and 60 mmol/l [13], whereas
the plasma concentration peaks at 28 mmol/l
after the ingestion of 5 mg/kg caffeine [16]. Although
these values are much lower than the concentrations
required to relax bronchi in vitro, the lung distri-
bution of caffeine has barely been investigated.

Similarly, erythromycin has beneficial effects
that are unrelated to its antimicrobial properties.
In 23 patients with asthma receiving 200 mg oral
erythromycin three times daily for 10 weeks, the
mean PC20 to histamine (but not the FEV1) increased
significantly (relative to the value before treatment)
[18]. After a course of 250 mg erythromycin four
times a day in patients with mild COPD, the plasma
concentration is about 1–3 mmol/l [49]. The con-
centration in lung tissue at a standard dosage is
usually between 1 and 15 mmol/g [50,51]. In isolated
 Copyright © 2015 Wolters Kluwe
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human bronchi precontracted with histamine,
erythromycin’s relaxant effect starts at about
50 mmol/l [8

&

]. However, it is not at all clear that
this concentration can be achieved at the site of
action site in vivo – even after repeated doses.

A study [19] of lung function in 10 patients with
asthma reported that high-dose, intravenous
administration of chlorpheniramine (an H1 anti-
histamine that also acts as an agonist for TAS2Rs
10 and 14) has bronchodilatory properties, with an
increase in FEV1. Azelastine (another H1 antihist-
amine, with a bitter taste) was shown to protect
patients with asthma from an allergen-induced fall
in specific airway conductance [20] and allergen-
induced or histamine-induced bronchoconstriction
[21,22]. However, direct effects (related at least in
part to H1 receptor antagonism) are probably
involved in this context [21]. Despite the lack of
relevant data in humans, azelastine is known to
preferentially distribute into the guinea pig lung,
with a lung/blood concentration ratio of 22 [52].

Colchicine (an agonist for TAS2Rs 4, 39, and 46)
has also been investigated as an antiinflammatory
drug in asthma. In a two-period crossover trial, nine
patients with mild asthma received either placebo or
0.6 mg colchicine twice daily for 13 doses. Relative
to the placebo, colchicine was associated with inhi-
bition of the early and late allergen-induced fall in
FEV1 but did not affect methacholine responsive-
ness [23]. In a subsequent trial, 71 patients with
moderate asthma received inhaled corticosteroids
prior to initiation of colchicine. A 4-week run-in
period (2 weeks of triamcinolone alone and then
2 weeks of triamcinoloneþ0.6 mg colchicine twice
a day) was followed by a 6-week treatment period in
which triamcinolone was discontinued (i.e. patients
continued receiving colchicine or placebo alone).
When comparing baseline and study end values,
there were no differences in FEV1 or peak expiratory
flow (among other criteria) [24]. However, the
6-week treatment period after the discontinuation
of triamcinolone may have been too short to change
the FEV1. From a pharmacokinetic standpoint,
blood colchicine concentrations are rather low
(<20 ng/ml). However, the compound is known to
diffuse into the lungs [53] and concentrate 60-fold
to 600-fold inside leukocytes [54].

Lastly, chloroquine has been trialed in respira-
tory diseases other than asthma. In 19 patients with
sarcoidosis, a 6-month course of chloroquine led to
statistically significant increases in FEV1 and FVC
(relative to values at inclusion). In the 10 patients
who continued to receive chloroquine for 6 to
48 months after this open-label period, only a sig-
nificant decrease in FEV1 (relative to patients receiv-
ing placebo) was observed [55]. The concentrations
r Health, Inc. All rights reserved.
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of chloroquine achieved in treated patients are in
the same range as those found to be effective in
in-vitro models [26]. Interestingly, hydroxychloro-
quine (a chloroquine derivative that also tastes bit-
ter) was also shown to improve lung function in two
trials on patients with asthma [25,26].
CONCLUSION

In summary, TAS2Rs are expressed in most cell types
in the proximal to distal airways. Stimulation of
those receptors evokes responses that may be of
value in the treatment of respiratory diseases (such
as an increase in epithelial ciliary beat frequency,
smooth muscle relaxation, and inhibition of cyto-
kine production in several in-vitro and in-vivo
models). However, consistent data have yet to be
obtained in clinical trials. Moreover, the pharma-
cology of these receptors remains to be explored;
there is a need to identify the receptor subtypes
involved in the observed effects and determine
the intracellular signaling pathways activated by
TAS2Rs. Recent reports have suggested the absence
of tachyphylaxis with TAS2Rs for smooth muscle
relaxation (in contrast with b2-adrenoreceptors).
Although confirmation in the clinic is required,
the currently available data suggest that TAS2R ago-
nists may become a new class of drugs that can be
combined with or used instead of conventional anti-
inflammatory or bronchodilatory drugs for the
management of inflammatory and obstructive lung
diseases.
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