
Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Erythromycin relaxes BALB/c mouse airway smooth muscle

Yan Caia,b, Ying Leib, Jingguo Chena, Lei Caoa, Xudong Yangc, Kanghuai Zhangb, Yongxiao Caoa,⁎

a Department of Pharmacology, School of Basic Medical Sciences, Xi'an Jiaotong University Health Science Center, Xi'an 710061, China
bDepartment of Pharmacy, the Second Affiliated Hospital of Xi'an Jiaotong University, Xi'an 710004, China
c Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Xi'an Jiaotong University Health Science Center, Xi'an 710061, China

A R T I C L E I N F O

Keywords:
Erythromycin
Bitter taste receptor
Bronchodilation
L-type voltage-dependent calcium channel

A B S T R A C T

Aims: Bitter taste receptor (TAS2R) agonists have bronchodilatory potentials. Erythromycin is a ligand of
TAS2R10, but its relaxant profile is unknown. This study was performed to understand the relaxant effects of
erythromycin and its potential mechanism.
Main methods: Airway resistance was tested by the whole body plethysmography in the ovalbumin-aluminum
hydroxide induced asthma model mice. Tracheal ring segment myography was used to investigate the isometric
tension of the smooth muscle. The cyclic adenosine monophosphate (cAMP) concentration was measured by
enzyme immunoassay kit. Changes in the calcium influx in airway smooth muscle cells (ASMCs) were surveyed
using a real-time confocal microscopy.
Key findings: Erythromycin significantly relieved airway hyperreactivity in asthma model mice. Erythromycin
relaxed mouse tracheal segments precontracted with carbachol, KCl, 5-hydroxytryptamine and U46619, and
further dilated the tracheal rings relaxed by isoprenaline or atropine. Epithelium removal, indomethacin or NS-
398 partially reduced the relaxation. U73122, 2-APB, iberiotoxin or ouabain did not change the concentration-
relaxation curves of erythromycin on tracheal segments. Erythromycin didn't elevate cAMP level. CaCl2-induced
contraction in the K+-rich solution was impaired by erythromycin in the Ca2+-free solution. The intercellular
Ca2+ level in the ASMCs was decreased by erythromycin, which was partly inhibited by Bay K8644 but not
gallein.
Significance: Erythromycin had marked bronchodilatory effect. The relaxation might be related to the L-type
voltage-dependent calcium channel, but not the gustducin-associated βγ/phospholipase-Cβ/inositol 1,4,5-tri-
phosphate receptor/large conductance Ca2+-activated K+ channel pathway or a cAMP-dependent way.

1. Introduction

Macrolides are commonly prescribed to treat infections associated
with Streptococcus pneumoniae, Mycoplasma pneumoniae or
Chlamydophila pneumoniae. Macrolides also showed distinct anti-in-
flammatory properties in asthma, chronic obstructive pulmonary dis-
eases and other respiratory inflammatory diseases [1,2]. In this study,
we tried to interpret a new pharmacological effect of erythromycin
which was certified to be a ligand of bitter taste receptor (TAS2R)
subtype 10 [3].

TAS2R has been reported to be widely expressed in extra-oral or-
gans [4]. Recently it has been detected in the lung and 17 TAS2R
subtypes are found in human airways [5,6]. TAS2R10, 14, 31 are ex-
pressed at the highest levels [7]. Many bitter chemicals are ligands for
TAS2R and activate different subtypes [8]. Chloroquine mainly binds to

TAS2R1, 10 and 39, whereas quinine activates 9 subtypes, including
TAS2R4, 7, 10 and 14 [3,9]. TAS2R agonists exert a relaxant effect on
the airway, and different bitter tastants display distinct patterns of re-
laxation. Colchicine, an activator of TAS2R4 and 46, induces a maximal
relaxation of 18.3%, but the largest bronchodilatory effects of chlor-
oquine and quinine are 94.2% and 89.5%, respectively [10]. Denato-
nium, which agonizes 7 TAS2R subtypes, selectively inhibits contrac-
tions induced by carbachol (CCh), but chloroquine inhibits all the
contractions evoked by CCh, the thromboxane receptor agonist
U46619, leukotriene D4 and histamine [11].

Therefore, the bronchodilatory effects of TAS2R ligands have been
confirmed, thus providing new insights into bronchodilators other than
traditional β2 adrenoceptor agonists, muscarinic receptor antagonists
and theophylline [10]. But the relaxant efficacy varies from different
bitter tastants. Erythromycin, a well-known bitter tasting antibiotic,
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exclusively agonizes TAS2R10, one of the most abundant subtypes
[3,7]. As the relaxant profile of erythromycin has not yet been reported,
we investigated the dilatory effects of erythromycin on mouse airways
and tried to explore its potential mechanism.

2. Materials and methods

2.1. Regents and animals

CCh, methacholine (MCh), U46619 (9,11-dideoxy-11α,9α-epox-
ymethanoprostaglandin F2α), 5-HT (5-hydroxytryptamine), in-
domethacin, L-NAME (Nω-Nitro-L-arginine methyl ester hydrochloride),
ouabain, TEA (tetraethylammonium chloride), glibenclamide, thapsi-
gargin, BaCl2, 4-AP (4-aminopyridine), erythromycin, chloroquine and
quinine were purchased from Sigma. The cyclic adenosine monopho-
sphate (cAMP) enzyme immunoassay kit, SC-560 (5-(4-Chlorophenyl)-
1-(4-methoxyphenyl)-3-trifluoromethyl pyrazole), NS-398 (N-[2-
(Cyclohexyloxy)-4-nitrophenyl]methanesulfonamide) and SLIGRL (L-
seryl-L-leucyl-L-isoleucyglycyl-L-arginyl-L-leucinamide) were purchased
from Cayman Chemical Company. The salbutamol sulfate solution for
inhalation was purchased from Glaxo Smith Kline. Verapamil hydro-
chloride injection and isoprenaline hydrochloride injection were ob-
tained from Shanghai Hefeng Pharmaceutical Co., Ltd. Erythromycin
lactobionate for injection was bought from Dalian Meiluo
Pharmaceutical Co., Ltd. Bay K8644 (1,4-Dihydro-2,6-dimethyl-5-nitro-
4-(2-[trifluoromethyl]phenyl)pyridine-3-carboxylic acid methyl ester)
and U73122 (1H-Pyrrole-2,5-dione, 1-[6-[[(17b)-3-methoxyestra-
1,3,5(10)-trien-17-yl]amino]hexyl]) were purchased from Medchem
Express. Iberiotoxin and gallein were purchased from EMD Millipore
Corporation. 2-APB (2-aminoethoxydiphenyl borate) was obtained
from StressMarq Biosciences. Fluo-3 AM was bought from Biotium.

The Animal Center of Basic Medical Sciences School of Xi'an
Jiaotong University provided the eight-week-old female BALB/c mice,
which were bred and caged in a well-controlled environment, with
temperature and humidity as 20–22 °C and 60%–80%, respectively. All
mice were provided with a normal diet and could reach food and water
freely. The experiment protocol was approved by Ethics Committee of
the Second Affiliated Hospital of Xi'an Jiaotong University (document
number: 2016060, approval date: Mar 3, 2016).

2.2. Asthma model and AHR measurements

The BALB/c mice were divided into control (10 mice) and model
group (40 mice) randomly. The model mice were immunized by intra-
peritoneal injection of ovalbumin‑aluminum hydroxide (100 μg:
5000 μg) 100μL per mouse. Two weeks later, 40μL of ovalbumin-PBS
(containing 40 μg ovalbumin) was instilled intranasally in the sensitized
group for 7 days. The control mice received the same amount of PBS.

AHR was tested by the DSI Buxco whole body plethysmography and
Penh value was used as the indicator of airway resistance. After the last
challenge, the control mice and 10 model mice received a series con-
centration of MCh (1mg/mL–64mg/mL) to record the Penh-con-
centration curves. The other 30 model mice were divided into 3 groups
(PBS, salbutamol or erythromycin), each mouse was administrated MCh
(16mg/mL) to increase baseline airway resistance, then PBS, salbu-
tamol sulfate solution for inhalation or erythromycin lactobionate for
injection was aerosolized and inhaled by the mice to relieve the
bronchospasm.

2.3. Tracheal ring segment myography

The untreated BALB/c mice were intraperitoneally injected with
sodium pentobarbital (150mg/kg) and the whole tracheae were gently
removed. Then the trachea was cut into 3–4 rings, with each having two
cartilage rings. The ring segments were submerged in baths, including
5mL of 3-morpholinopropanesulfonic acid (MOPS) solution (in mM:

NaCl 140, MOPS 2.0, Na2HPO4·12H2O 1.2, EDTA 0.02, KCl 4.7,
MgSO4·7H2O 1.2, CaCl2 1.6, and glucose 5.6, adjusted the pH to 7.4),
which were continuously treated with O2 [12]. Each tracheal segment
was mounted on two metal silk threads, one thread was connected to a
force-displacement transducer which was attached to a digital con-
verter unit (AD Instruments, Hastings, UK), and the other thread was
associated with a displacement device. Thus, adjustment of the distance
between the two threads could be allowed and isometric tension of
tracheal rings was continuously recorded. A pre-tension of 0.8mN was
applied to each ring for 1 h before experiments [13].

The segments were contracted with 60mM KCl for evaluating
contractile activity. The plateau tension was obtained with CCh, 5-HT
or U46619 and then erythromycin, chloroquine, quinine, isoprenaline,
salbutamol, atropine or ipratropium bromide was cumulatively applied
to baths for testing the relaxant effects. Inhibitors as L-NAME, in-
domethacin, ouabain, TEA, glibenclamide, iberiotoxin, thapsigargin, 2-
APB or U73122 was incubated with the tracheal ring segments for
30min before the contractile agents were added [3].

The mouse tracheal ring segments were immersed in a Ca2+-free
solution (same components as the MOPS solution except for the absence
of CaCl2 and addition of 0.1mM EDTA) and incubated with ery-
thromycin, chloroquine or verapamil for 30min; then, CCh was applied
to induce intracellular calcium release. Next, CaCl2 (2 mM) was added
to induce contraction attributed to extracellular calcium influx. Mouse
tracheal segments were immersed in a K+-rich solution (no CaCl2,
containing 0.1 mM EDTA and 60mM KCl), and incubated with ver-
apamil, erythromycin or chloroquine for 20min, and then CaCl2
(10mM) was added to explore the role of the L-type voltage-dependent
calcium channel (L-VDCC) in the relaxant effects of these chemicals
[14].

Epithelium was removed from trachea using the approach proposed
by Cocks et al [15,16]. Temporarily, the whole trachea was gently
flushed a MOPS solution containing 0.1% Triton X-100 into in situ be-
fore the dissection. The segment rings were contracted with 60mM KCl,
then washed three times and CCh (0.1 μM) was added, then respon-
siveness to the proteinase activated receptors 2 agonist SLIGRL (10 μM)
was examined to test functional effectiveness of removing epithelium.
Thereafter, all the segments were washed and KCl (60mM) was used
again to check the airway smooth muscle integrity.

2.4. Airway smooth muscle cells (ASMCs) culture, cAMP and intercellular
Ca2+ measurements

The untreated BALB/c mice were sacrificed and then the tracheae
were isolated and transferred to an ice-cold phosphate buffer solution
(PBS) containing 1% penicillin and streptomycin. The epithelium was
scraped softly, and then the tracheal tissues were cut into 1mm3 pieces
and incubated for 30min with 0.2% collagenase I and a following in-
cubation with 0.2% collagenase I and trypsin for 30min. The partially
digested tissues were then washed 3 times and transferred to DMEM
(containing 20% FBS) to yield single ASMCs.

The ASMCs were suspended (5× 104 cells/well) in a 96-well plate,
and treated with erythromycin (1mM), salbutamol (0.1 μM) or chlor-
oquine (0.1 mM) for 60min. Then the cAMP concentration (pmol/mL)
was measured according to the manufacturer's protocol of enzyme
immunoassay kit [17,18].

Intracellular Ca2+ levels in ASMCs were measured and fluo-3/AM
was used as calcium indicator. After loading with fluo-3/AM (5 μM), the
cells were incubated with or without gallein or Bay K8644, then KCl
(60mM) and subsequent erythromycin were added. The fluorescence
frames were continuously acquired every 1.107 s through an Olympus
Fluoview-500 confocal system (Olympus, Tokyo, Japan). The change
rate of fluorescence intensity (F/F0%) was calculated from individual
image using FV-ASW software (version 1.7, Olympus, Tokyo, Japan).
[19]
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2.5. Statistical analysis

Results are expressed as means ± SD and n was related to the
number of animals. The maximal dilatory response (Rmax) was ex-
pressed as a percentage of the constrictor (KCl, CCh, 5-HT or U46619)-
induced precontraction. pD2 was the negative logarithm of the agonist
concentration which elicited the half maximal response. All data was
analyzed by GraphPad Prism 5.01 software. One-way or two-way
analysis of variance (ANOVA) with Dunnett's post-test was adopted for
the comparison between groups. P < 0.05 was thought to be statisti-
cally significant.

3. Results

3.1. Erythromycin alleviated AHR in asthma model mice

The OVA-Alum induced asthma model mice displayed significant
hyperreactivity compared to the control mice (Fig. 1A). When inhaled
salbutamol (5 μg) or erythromycin (450 μg), the pulmonary function of
the mice was improved, as the Penh value had apparent reduction in
the salbutamol group (4.05 ± 1.13 vs 1.84 ± 0.62, P < 0.05) and
erythromycin group (3.77 ± 0.84 vs 2.32 ± 0.87, P < 0.05)
(Fig. 1B).

3.2. Erythromycin relaxed ex vivo tracheal segments precontracted by KCl,
CCh, 5-HT or U46619

Erythromycin relaxed tracheal segments precontracted with KCl,
CCh, U46619 and 5-HT (Fig. 2). Chloroquine, quinine, isoprenaline,
salbutamol, atropine, and ipratropium bromide also relaxed the tra-
cheal rings. The Rmax values for erythromycin and chloroquine were
similar or higher than the ones for isoproterenol and salbutamol, but
the pD2 values were much lower than the β2 adrenoceptor agonists and
the muscarinic receptor antagonists (Table 1). The Rmax value was
71% ± 13% and the pD2 was 4.18 ± 0.08 in U46619 precontracted
tracheal rings. In 5-HT precontracted segments, The Rmax and the pD2

value were 68% ± 18% and 4.27 ± 0.10, respectively.

3.3. Erythromycin had additional relaxations on tracheal rings dilated by β
adrenoceptor agonists or muscarinic receptors antagonists

When isoproterenol (or atropine) produced its maximal relaxation
on the tracheal segments, the subsequent addition of salbutamol (or
ipratropium bromide) did not induce further dilation, indicating that
the β adrenoceptors or muscarinic receptors were full occupied. But
erythromycin further relaxed the isoproterenol- or atropine-relaxed
airway to reach a maximal relaxation of nearly 100% (Fig. 3A–C).

3.4. The epithelium was involved in the relaxant effect of erythromycin

As shown in Fig. 4, the relaxation of erythromycin in the epithelium
denuded group was lower than that of the epithelium intact group in
the concentration of 10−3 M (97% ± 10% vs 81% ± 13%, P < 0.01).
The pD2 values in relaxant curves of erythromycin were 3.29 ± 0.10
and 3.25 ± 0.14 in epithelium intact and denuded tracheal segments.
The endothelial nitric oxide synthase inhibitor L-NAME did not change
concentration-relaxation curves of erythromycin. The non-selective
cyclooxygenase (COX) inhibitor, indomethacin decreased the Rmax

(96% ± 12% vs 80% ± 8%, P < 0.01) but not the pD2 values
(3.24 ± 0.10 vs 3.26 ± 0.10). What's more, selective COX-2 inhibitor
NS-398, but not COX-1 inhibitor SC-560, impaired the bronchodilation
of erythromycin with the reduction of the Rmax (98% ± 11% vs
84% ± 14%, P < 0.05) but not the pD2 values (3.25 ± 0.11 vs
3.28 ± 0.11).

3.5. The relaxant effect of erythromycin did not involve the gustducin-
associated βγ (Gβγ)/phospholipase-Cβ (PLCβ)/inositol 1,4,5-tri-phosphate
receptor (IP3R)/large conductance Ca2+-activated K+ channel (BKCa)
pathway or cAMP-dependent mechanism

TAS2R agonists were thought to signal through Gβγ activation of
PLCβ, generating inositol 1,4,5-tri-phosphate and binding to IP3R that
stimulates calcium release and subsequently leads to the activation of
the BKCa which causes membrane hyperpolarization and the marked
relaxation of airway smooth muscle [7].

In this study, we tested the effect of Gβγ and its downstream signal
molecules in the bronchodilation of erythromycin. When KCl (60mM)
was applicated, the intracellular Ca2+ quickly increased and then
maintained a plateau. The Ca2+ plateau was inhibited following the
addition of erythromycin. When the ASMCs were incubated with gallein
for 30min, the reduction of intracellular Ca2+ induced by ery-
thromycin was not affected (Fig. 5 A). In the ex vivo tracheal segments,
PLCβ inhibitor U73122, IP3R antagonist 2-APB, BKCa inhibitor iber-
iotoxin or Na+-K+-ATPase inhibitor ouabain did not change the re-
laxant curves of erythromycin (Fig. 5B, C), suggesting that the Gβγ/
PLCβ/IP3R/BKCa pathway was not involved in the effects of ery-
thromycin. Moreover, the non-selective potassium channel inhibitor
TEA, the ATP-sensitive potassium channel inhibitor glibenclamide, the
inward rectifier potassium channel inhibitor BaCl2 or the voltage-gated
potassium channel inhibitor 4-AP did not change the concentration-

Fig. 1. Erythromycin eased AHR in asthma model mice. BALB/c model mice
was duplicated by ovalbumin-aluminum hydroxide and airway resistance was
tested by the whole body plethysmography. After the last challenge, the control
mice and model mice received a series concentration of MCh (1mg/mL–64mg/
mL) to record the Penh-concentration curves (A). Model mice were admini-
strated with MCh (16mg/mL) to increase baseline airway resistance, then PBS,
salbutamol (5 μg) or erythromycin (450 μg) was aerosolized and inhaled, then
the Penh value was recorded (B). Results are presented as means ± SD, n= 10.
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response curves of erythromycin (Fig. 6A), implying that the relaxant
effect did not depend on these potassium channels. In addition, the
cAMP level was not increased by the erythromycin treatment (Fig. 6B),
indicating that cAMP production was not required for this process.

3.6. L-VDCC might play a role in the relaxant effect of erythromycin

Bitter tastants have been shown to inhibit L-VDCC to induce
bronchodilation in primary ASMCs [20]. L-VDCC dominate KCl-induced
contraction, but it is much less important in agonist-induced contrac-
tion [21]. In our study, KCl-induced contraction was significantly de-
creased when the tracheal segments were incubated with erythromycin
or chloroquine, whereas verapamil completely abolished this contrac-
tion (Fig. 7A). Meanwhile, erythromycin and chloroquine alleviated the
CCh-induced contraction (Fig. 7B).

The sarco/endoplasmic reticulum Ca2+-ATPase inhibitor, thapsi-
gargin did not affect the relaxation induced by erythromycin (Fig. 7C).
In the Ca2+-free solution, erythromycin, chloroquine, or verapamil did
not affect the CCh-induced airway smooth muscle contraction, which
was thought to be attributed to intracellular calcium release. However,

all of these agents obviously inhibited the subsequent CaCl2-induced
contraction, which was caused by extracellular calcium influx (Fig. 7D).

In a K+-rich solution, verapamil, erythromycin or chloroquine sig-
nificantly inhibited CaCl2 (10mM)-induced contraction, which was
attributed to the L-VDCC (Fig. 7E). Moreover, the Ca2+ levels of ASMCs
were decreased by erythromycin, which was partly inhibited by Bay
K8644, an L-type voltage-gated calcium channel activator, implying
that L-VDCC might be involved in the relaxant effects of erythromycin
(Fig. 7F).

4. Discussion

The present study demonstrated that erythromycin had massive
dilatory effect on airway smooth muscle; it relieved AHR in asthma
model mice and relaxed the tracheal rings precontracted by all the
tested constrictors. The relaxation in the ex vivo tracheal segments
seemed equivalent as the traditional β2-adrenoceptor agonists or mus-
carinic antagonists, but the pD2 values were much lower. What's more,
erythromycin had additional relaxations on tracheal rings dilated by
isoprenaline or atropine. The further relaxation induced by ery-
thromycin also implied new mechanisms that were different from
adrenoreceptor agonists and the muscarinic receptor antagonists were
involved. [22]

The mechanism of erythromycin induced relaxation was explored in
the present study. Epithelial removal induced small decrease of the
Rmax (still > 80%), suggesting epithelium or potential epithelium-de-
rived factors played a weak role in the relaxant effect. A similar study
showed that another macrolide, azithromycin, relaxed rabbit tracheal
strips in vitro [23]. The authors concluded that the relaxant effect of
azithromycin was obvious, the Rmax in epithelium-denuded groups
seemed smaller than the epithelium-intact group. In addition, the non-
selective COX inhibitor indomethacin and the COX-2 inhibitor NS-398
impaired the relaxant effects, suggesting that erythromycin may slightly
influence the effects of prostaglandins (PGEs) which are prominent
mediators of bronchial tone. Similar results were observed in

Fig. 2. The relaxant effect of ery-
thromycin on mouse tracheal segments
precontracted with KCl, CCh, 5-HT or
U46619. Plateau tension was obtained
with KCl (60mM, A), CCh (1 μM, B),
U46619 (0.1 μM, C) or 5-HT (10 μM, D)
and then bronchodilators were cumu-
latively administrated to record the
relaxant curves. Results are presented
as means ± SD, n=8–16.

Table 1
The maximal relaxation (Rmax) and the half maximal response (pD2) of all di-
latory agents on the KCl (60mM)- and CCh (1 μM)-precontracted mouse tra-
cheal segments (means ± SD, n= 8–16).

Chemicals KCl-precontracted CCh-precontracted

Rmax (%) pD2 Rmax (%) pD2

Erythromycin 80 ± 15 3.89 ± 0.07 97 ± 14 3.26 ± 0.12
Chloroquine 87 ± 8 4.47 ± 0.06 100 ± 5 4.90 ± 0.06
Quinine 90 ± 10 4.67 ± 0.06 97 ± 7 4.72 ± 0.06
Isoprenaline 44 ± 14 8.26 ± 0.19 57 ± 6 7.13 ± 0.12
Salbutamol 88 ± 11 7.62 ± 0.06 42 ± 4 6.92 ± 0.07
Atropine 32 ± 7 7.54 ± 0.13 100 ± 3 6.99 ± 0.06
Ipratropium bromide 70 ± 8 7.85 ± 0.07 100 ± 4 7.52 ± 0.06
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flufenamic acid, a TAS2R14 agonist, inhibited the COX responsible for
producing prostaglandins (PGEs) [3]. Phenanthroline, a TAS2R5 ago-
nist, displayed a diminished relaxant effect on epithelium-denuded
bronchus [3]. Therefore, epithelium or epithelium-derived factors
might play a role in the signaling pathway of some TAS2R agonists and
may also be involved in the bronchodilatory effects of erythromycin.
However, the effect of epithelium in the relaxation of erythromycin
seemed limited.

Airway smooth muscle (ASM) plays a dominant role in bronchial
state and the changes of [Ca2+]i in ASMCs directly leads to bronchial
constriction or relaxation [24]. But the mechanism of TAS2R agonists
induced relaxation on ASMCs seemed ambiguous. Desphande et al.
thought that TAS2R agonists induced a localized [Ca2+]i response in

the Gβγ-PLCβ-IP3R-dependent pathway, followed by BKCa channel
opening and subsequent ASM membrane hyperpolarization [7,25]. In
contrast, Zhang et al reported that chloroquine didn't alter localized
Ca2+ events and spontaneous local Ca2+ transients, but inhibited L-
VDCC to induce bronchodilation in primary ASMCs [20]. In a study of
human bronchi, inhibitors of BKCa channels and the sarcoplasmic re-
ticulum Ca2+-ATPase did not affect chloroquine- or phenanthroline-
induced relaxation, but L-VDCC and the Na+/K+ exchanger played a
role in the relaxant effects of chloroquine [3], consistent with the
findings in ASM cells. However, the authors found that relaxation in-
duced by other TAS2R agonists, dapsone and flufenamic acid, was not
affected by ouabain and Bay K8644 at all, suggesting that modulation of

Fig. 3. The extra relaxant effect of erythromycin on tracheal segments in the
present of isoproterenol or atropine. Mouse tracheal segments were contracted
with CCh (1 μM, A) or KCl (60mM, B, C), then isoproterenol (1 μM, A, B) or
atropine (1 μM, C) was used to produce maximal relaxation; thereafter, salbu-
tamol (1 μM, A, B) or ipratropium bromide (0.1 μM, C) or erythromycin (1mM,
A-C) was applied. Results are presented as means ± SD, n= 8. ⁎⁎P < 0.01
compared to the isoproterenol group (A, B) or atropine group (C).

Fig. 4. The relaxant effect of erythromycin on the epithelium-intact or epi-
thelium-denuded mouse tracheal segments (A), L-NAME (3mM, B) or in-
domethacin (3 μΜ, B) incubated mouse tracheal segments and SC-560 (10 μΜ,
C) or NS-398 (10 μΜ, C) incubated mouse tracheal segments. Results are pre-
sented as means ± SD; n= 8–10. ⁎P < 0.05, ⁎⁎ P < 0.01 compared to the
epithelium intact group (A) or the control group (B, C).
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calcium channels was not sufficient to fully elucidate the TAS2R ago-
nists-induced bronchodilation. Others thought that different bitter
chemicals may have distinct signaling mechanisms. The effects of de-
natonium were partially inhibited by BKCa blockers in guinea pig tra-
cheal segments, but chloroquine-mediated relaxation appeared to be
signaling-independent [11]. Our results were consistent with the results
reported by Zhang et al., which displayed the role of L-VDCC in the
relaxant effects of erythromycin. But Gβγ blockage didn't affect the
inhibition of [Ca2+]i in our present work, which interpreted the
bronchodilation induced by erythromycin was mediated in a Gβγ

independent pathway. Tan et al. postulated that TAS2R10 agonists re-
versed agonist-induced constriction by inhibiting Ca2+ oscillations and
Ca2+ sensitivity of ASM cells, and blockade of Gβγ or Gαi signaling
failed to attenuate the bronchodilation of chloroquine. Thus, the re-
laxant effects of TAS2R agonists might be mediated by Gα-gustducin or
other G-proteins that interact with TAS2R [26].

There are some limitations in this study. First, the methods men-
tioned above supplied indirect evidence for the role of L-VDCC.
Measurements of ion channel currents of L-VDCC in ASMCs by patch
clamp techniques are direct methods to confirm the role of L-VDCC. In
further studies, patch clamp techniques should be a key consideration
to confirm whether erythromycin relaxes airways via L-VDCC. Second,
as we know, non-selective cation channels (NSCC) was very important
in CCh-induced contraction [27]. Transient receptor potential (TRPC)
channels, especially TRPC3 channels are predominantly constitute the
activity of NSCCs and mediate extracellular Ca2+ influx in ASMCs [28].
Zhang et al also reported chloroquine relaxed mouse tracheal smooth
muscle by opening TRPC3 channels [29]. Our results showed ery-
thromycin could completely relax CCh-precontracted airway rings, thus
NSCC might be involved in the relaxation. Further studies should be
focus on whether NSCC, especially TRPC3, is involved in the relaxation
of erythromycin.

Fig. 5. Gβγ/PLCβ/IP3R/BKCa pathway was not involved in the relaxant effect
of erythromycin. The ASMCs were incubated with gallein(100 μΜ) and then KCl
(60mM) and subsequent erythromycin were added. F/F0% was measured by
Olympus Fluoview-500 confocal system in ASMCs (A).Mouse tracheal segments
were incubated with U73122 (1 μΜ, B), iberiotoxin (0.1 μΜ, B), ouabain
(10 μΜ, B), 2-APB (50 μΜ, C) for 30min; then CCh (1 μM, B) or KCl (60mM, C)
was added and then relaxant curves of erythromycin were recorded. Results are
presented as means ± SD; n=8–12. ⁎⁎P < 0.01 compared to the control
group.

Fig. 6. K+ channel or cAMP production were not involved in the relaxant effect
of erythromycin. Mouse tracheal segments were incubated with the potassium
channels blockers, TEA (10 μM), glibenclamide (10 μM), BaCl2 (10 μM) or 4-AP
(10 μM) for 30min, then CCh (1 μM) was added and the relaxant curves of
erythromycin were recorded (A). The cAMP level (pmol/mL) was detected in
ASMCs stimulated by erythromycin (1mM), salbutamol (1 μM) or chloroquine
(0.1 mM) (B). Results are presented as means ± SD; n=8. ⁎⁎P < 0.01 com-
pared to the control group.
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5. Conclusion

Our study showed the bronchodilatory effects of erythromycin on
the mouse airway smooth muscle, and epithelium-derived factors and
L-VDCC might play a role in the relaxation. These findings expand our
recognition about TAS2R agonists and their potential value in the
treatment of obstructive airway diseases [10,30].
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