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Abstract. The persistent administration of β2‑adrenergic 
(β2AR) agonists has been demonstrated to increase the risk 
of severe asthma, partly due to the induction of tolerance to 
bronchoprotection via undefined mechanisms. The present 
study investigated the potential effect of the long‑acting 
β2‑adrenergic agonist, formoterol, on the expression of musca-
rinic M3 receptor (M3R) in rat airway smooth muscle cells 
(ASMCs). Primary rat ASMCs were isolated and character-
ized following immunostaining with anti‑α‑smooth muscle 
actin antibodies. The protein expression levels of M3R and 
phospholipase C‑β1 (PLCβ1) were characterized by western 
blot analysis and the production of inositol 1,4,5‑trisphosphate 
(IP3) was determined using an enzyme‑linked immunosorbent 
assay. Formoterol increased the protein expression of M3R 
in rat ASMCs in a time‑ and dose‑dependent manner, which 
was significantly inhibited by the β2AR antagonist, ICI118,551 
and the cyclic adenosine monophosphate (cAMP) inhibitor, 
SQ22,536. The increased protein expression of M3R was posi-
tively correlated with increased production of PLCβ1 and IP3. 
Furthermore, treatment with the glucocorticoid, budesonide, 
and the PLC inhibitor, U73,122, significantly suppressed the 
formoterol‑induced upregulated protein expression levels of 
M3R and PLCβ1 and production of IP3. The present study 

demonstrated that formoterol mediated the upregulation of 
M3R in the rat ASMCs by activating the β2AR‑cAMP signaling 
pathway, resulting in increased expression levels of PLCβ1 
and IP3, which are key to inducing bronchoprotection toler-
ance. Administration of glucocorticoids or a PLC antagonist 
prevented formoterol‑induced bronchoprotection tolerance by 
suppressing the protein expression of M3R.

Introduction

Asthma is a chronic airway inflammatory disease with 
increasing prevalence worldwide (1,2). The airways of patients 
with asthma are hyper‑responsive to exercise, allergens and 
contractile agents, including histamine and acetylcholine 
(ACh) (3,4). Due to bronchodilatation and bronchoprotection, 
which prevent bronchoconstriction, long‑acting β2‑adrenergic 
agonists (LABAs), including salmeterol and formoterol, have 
been widely combined with inhaled corticosteroids to treat 
patients with asthma that respond poorly to corticosteroid‑only 
based therapies (5). However, LABAs alone increase the risk 
of asthma‑associated mortality (6), possibly due to increased 
bronchial hyper‑responsiveness (7), severe exacerbation of 
asthmatic symptoms (8) or tolerance to bronchodilation and 
bronchoprotection (9‑11).

Previous studies have demonstrated that adenylyl 
cyclase stimulation results in the subsequent activation of 
cyclic adenosine monophosphate (cAMP)/protein kinase A 
(PKA) associated with LABA‑induced rapid bronchodilata-
tion (12,13). By contrast, contractile agonists, including ACh, 
were revealed to initiate bronchoconstriction as a result of 
G‑protein‑coupled muscarinic M3 receptors (M3R) binding 
to airway smooth muscle cells, resulting in the subsequent 
activation of phospholipase C (PLC) and the production of 
inositol 1,4,5‑trisphosphate (IP3) (12,14). Chilvers et al reported 
that pretreatment with salmeterol significantly inhibits hista-
mine‑stimulated accumulation of IP3 (15) and McGraw et al 
demonstrated that transgenic mice overexpressing airway 
smooth muscle β2‑adrenoceptor (β2AR) agonists significantly 
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increase the expression of PLC‑β1 compared with that of 
wild‑type mice (14), suggesting that the sustained activation 
of β2AR induces the PLCβ1‑IP3 signaling pathway via mecha-
nisms that remain to be elucidated.

The present study investigated the effects of formoterol on 
the expression of M3R and the downstream signaling events 
leading to bronchoprotection tolerance in rat airway smooth 
muscle cells (ASMCs).

Materials and methods

Reagents. Formoterol, (SQ22,536), a cAMP antagonist, 
ICI118,551, a β2AR antagonist, H89, PKA antagonist, 
budesonide, a glucocorticoid and U73,122, an PLC inhibitor, 
were purchased from Tocris Bioscience (Bristol, UK), and 
forskolin, a cAMP stimulator, and ACh were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco's modified 
Eagle's medium (DMEM), fetal bovine serum (FBS) and 
0.25% trypsin, containing ethylenediamine tetraacetic acid, 
were purchased from Gibco Life Technologies (Carlsbad, 
CA, USA). Rabbit polyclonal anti‑α‑smooth muscle actin 
antibody (cat. no. ab5694; 1:100 for immunocytochemistry 
and 1:2,000 for western blot analysis) and anti‑muscarinic 
ACh receptor M3 antibody (cat. no. ab41169; 1:100 for immu-
nocytochemistry and 1:500 for western blot analysis) were 
purchased from Abcam (Cambridge, UK). A mouse poly-
clonal anti‑rat anti‑PLCβ1 antibody (cat. no. 610924; 1:1,000) 
was purchased from Becton Dickinson (Dublin, Ireland). 
Mouse anti‑β‑actin and fluorescein isothiocyanate‑conju-
gated anti‑rabbit immunogobluin (Ig)G (cat. no. ZF-0311; 
1:100) antibodies were purchased from Zhongshan Golden 
Bridge Biological Technology Co. (Beijing, China). 
Horseradish peroxidase‑conjugated goat anti‑rabbit IgG 
(1:20,000) and goat anti‑mouse IgG (1:20,000) secondary 
antibodies were obtained from Pierce (Rockford, IL, USA). 
The IP3 enzyme‑linked immunosorbent assay (ELISA) kit 
was purchased from Cusabio Biotech Co., Ltd. (Wuhan, 
China). 

Primary rat ASMC cultures. Male Wistar rats (8 weeks old; 
150±50g) were provided by the Animal Center of West China 
Hospital, (Sichuan University, Chengdu, China). The rats were 
housed under specific-pathogen-free conditions at 25˚C and 
maintained on a 12‑h light/dark cycle, with access to food and 
sterile water ad libitum. A total of 52 rats were injected (i.p.) 
with 10% chloral hydrate to anesthetize them, and then they 
were sacrificed by cervical vertebra dislocation. Primary rat 
ASMC cultures were prepared, as previously described (16). 

Briefly, the trachea of each rat was excised, minced and the 
cells were allowed to adhere to the culture flasks for 3 h. Fresh 
culture medium (DMEM+FBS) was subsequently added 
and the cells were grown to confluency (density, 80 cells at 
x200 high-power lens) in an incubator at 37˚C with 5% CO2. 
The cultured cells were passaged following trypsinization 
(0.05%). ASMCs passaged three times were immunostained 
with anti‑α‑smooth muscle actin antibodies. Cells between 
passages four and six, which were >80% confluent, were used 
for subsequent experiments. The present study was approved 
by the Biomedical Research Ethics Committee at West China 
Hospital (Sichuan University, Chengdu, China).

Experimental procedures. ASMCs (density, 80 cells at x200 
high-power lens) were incubated in the presence of various 
concentrations of formoterol (10‑4, 10‑5, 10‑6 or 10‑7 mmol/l) 
for 1, 3, 6, 12, 24 and 48 h at 37˚C with 5% CO2. The addi-
tion of the respective antagonists were performed for 2 h 
at the following concentrations: 10‑5  mmol/l  ICI118,551, 
10‑4 mmol/l SQ22,536 or 10‑5 mmol/l H89 for 24 h prior to 
treatment with 10‑5 mmol/l formoterol. For cAMP stimula-
tion, the cells were incubated with 10‑5 mmol/l forskolin for 
24 h at 37˚C with 5% CO2. When multiple compounds were 
used, the cells were treated with 10‑5 mmol/l formoterol in the 
presence of 10‑4 mmol/l budesonide or 10‑5 mmol/l U73,122 
for 24 h at 37˚C with 5% CO2. The cells in the control group 
were cultured in DMEM+FBS only, at 37˚C with 5% CO2. 
To observe the effect of formoterol on bronchoconstriction 
prevention (bronchoprotection), the cells were first stimulated 
with the contractile agonist ACh (10‑4 mmol/l) for 15 min, 
followed by the above mentioned treatments and analyzed by 
western blot analysis to determine the protein expression levels 
of M3R and PLCβ1, in addition to determining the expression 
of IP3 by ELISA. 

Immunocytochemistry. The cells (density, 80 cells at x200 
high-power lens) were fixed with 4%  paraformaldehyde, 
blocked with goat serum (10%; Merck Millipore, Boston, MA, 
USA) and probed with primary antibodies specific to α‑smooth 
muscle actin (1:100) or M3R (1:100) overnight at 4˚C, followed 
by incubation with secondary antibody (1:100) at 37˚C for 1 h. 
The nuclei were stained with 4',6‑diamidino‑2‑phenylindole 
(Invitrogen, Carlsbad, CA, USA) for 5 min at room tempera-
ture. Images were captured using a confocal laser‑scanning 
microscope (IX71‑F22FL/PH, Olympus, Tokyo, Japan). 

Western blot analysis. The protein expression levels of M3R 
and PLCβ1 were measured by western blot analysis. The total 
cellular protein was extracted using radioimmunoprecipitation 
assay lysis buffer (1% Triton-X, 0.5% sodium deoxychlate, 
0.1% SDS; Sangon Biotech, Shanghai, China), quantified 
using a bicinchoninic acid assay (Boster, Wuhan, China) 
and a Model 680 spectrophotometer (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) and the total protein concentration 
was adjusted to 0.8 µg/µl. Equal quantities of protein were 
subjected to 5% sodium dodecyl sulphate polyacrylamide 
gel electrophoresis (12.6% separation gel for M3R, β2AR 
and β-actin; 10% separation gel for PLCβ1; Sigma-Aldrich) 
and subsequently transferred onto polyvinylidene fluoride 
membranes (Merck Millipore). The membranes were blocked 
for 1 h with Tris‑buffered saline containing 0.05% Tween‑20 
(TBST; Boster) and 5% goat serum (Boster), for M3R blots or 
with 5% (w/v) non‑fat milk for the PLCβ1 and β‑actin blots. 
The membranes were subsequently incubated with primary 
antibodies against anti‑M3R (1:500), anti‑PLCβ1 (1:1,000) or 
anti‑β‑actin (1:2,000) at 4˚C overnight. Following incuba-
tion, the membranes were washed three times with TBST for 
10 min and incubated with anti‑rabbit (1:20,000) or anti‑mouse 
(1:20,000) secondary antibodies for 1 h at room temperature. 
The membranes were subsequently washed and the blots were 
visualized using a Bio-Rad Gel Doc™ XR+ Imaging system 
and the band densities were quantified using Quantity One 
software (Bio-Rad Laboratories, Inc.).
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ELISA. The levels of IP3 were determined using an IP3 ELISA 
kit (Cusabio Biotech Co., Ltd, Wuhan, China), according to the 
manufacturer's instructions. The ASMC culture medium was 
removed and the cells were incubated with 0.1 mmol/l HClO4 

for 20 min. The cells were centrifuged at 170 x g for 15 min 
at room temperature and the supernatant was collected for 
analysis. An anti‑IP3 detection antibody was added and 
incubated at 37˚C for 60 min, followed by the addition of 
substrate solution for 15 min at 37˚C. The reaction was termi-
nated following the addition of stop solution and the plates 
were read at an absorbance of 450 nm using a Model 680 
spectrophotometer (Bio‑Rad Laboratories, Inc.). The effect of 
formoterol on the expression of IP3 was determined using the 
following formula: Inhibition of ACh‑induced IP3 accumula-
tion (%) = (IP3 levels in the control group - IP3 levels in the 
treatment group) / IP3 levels in the control group x 100%.

Statistical analysis. Data are expressed as the mean ± standard 
deviation and the differences between groups were analyzed 
using analysis of variance or non-paired Student's t-test if 
the continuous variables were not normally distributed. The 

associations between M3R and IP3 or PLCβ1 were determined 
using a linear regression model. All statistical analyses were 
performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Characterization of rat ASMCs. The confluent rat ASMCs 
were relatively homogeneous, with a hill‑and‑valley pattern 
(Fig.  1A). Anti‑α‑smooth muscle actin (a SMC‑specific 
marker) was diffusely distributed within the cytoplasm and 
the purification of ASMCs between passages four and six was 
confirmed to be >95% (Fig. 1B).

Formoterol upregulates the protein expression of M3R in 
ACh‑stimulated rat ASMCs in a time‑ and dose‑dependent 
manner. Treatment with formoterol increased the expression 
of M3R in a time‑ and dose‑dependent manner in the rat 
ASMCs, with a maximal induction observed at 24 h in the 
presence of 10‑5 and 10‑4 mmol/l formoterol (Figs. 1 and 2). 

Figure 1. Primary cultures of rat AMSCs. (A) Confluent ASMCs visualized under phase‑contrast microscopy (magnification, x200). (B) ASMCs assessed by 
immunocytochemistry following incubation with an anti‑α‑smooth muscle actin antibody. Nuclei were stained using 4',6‑diamidino‑2‑phenylindole (magnifi-
cation, x200). ASMCs, airway smooth muscle cells.

Figure 2. Formoterol upregulates the expression of M3R. (A) Protein expression in airway smooth muscle cells treated with or without 10‑5 mmol/l formoterol 
at the indicated time points were examined by western blot analysis. (B) Protein expression of M3R was determined by densitometry and was normalized to the 
β‑actin control. The data are expressed as the mean ± standard deviation from three independent experiments (*P<0.05, compared with the untreated 0 h group). 
M3R, muscarinic M3 receptor; Con, control.

  A

  B
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The clinical concentration of plasma formoterol is significantly 
lower than 10‑4 mmol/l (17), therefore, 10‑5 mmol/l formoterol 
was selected for the subsequent experiments. The immuno-
cytochemical analysis demonstrated that the expression of 
M3R was significantly increased and predominantly located 

in the cellular membrane (Fig. 4). These results suggested that 
formoterol upregulated the protein expression of M3R in rat 
ASMCs.

Formoterol regulates the expression of M3R through the 
β2AR‑cAMP signaling pathway. Pre‑treatment with the 
ICI118,551 β2AR antagonist or the SQ22,536 cAMP inhibitor 

Figure 3. Formoterol upregulates the expression of M3R in a dose‑dependent manner. (A) Protein extracts were obtained from airway smooth muscle cells 
treated with increasing concentrations of formoterol for 24 h and the expression of M3R was analyzed by western blot analysis. (B) Protein expression of M3R 
was determined by densitometry and was normalized to the β‑actin control. The data are expressed as the mean ± standard deviation from three independent 
experiments (*P<0.05, compared with the control). M3R, muscarinic M3 receptor; Con, control.

Figure 4. Distribution of M3Rs in rat airway smooth muscle cells. The cells 
were treated with 10‑5 mmol/l formoterol for (A) 1 h or (B) 24 h. The expres-
sion of M3R was evaluated by immunostaining using an anti‑M3R antibody 
following stimulation with acetylcholine for an additional 15 min. Nuclei 
were stained with 4',6‑diamidino‑2‑phenylindole (magnification, x100). M3R, 
muscarinic M3 receptor.

Figure 5. Formoterol regulates the expression of M3R by mediating signaling 
via the β2AR‑cAMP signaling pathway. (A) Rat airway smooth muscle 
cells were randomly divided into seven groups. The cells were treated 
with formoterol (10‑5 mmol/l) for 1 h or 24 h. The cells stimulated with 
cAMP were treated with 10‑5 mmol/l forskolin for 24 h. Inhibition of the 
β2AR‑cAMP‑protein kinase A was performed by pretreating the cells with 
10‑5 mmol/l ICI118,551, 10‑4 mmol/l SQ22,536 or 10‑5 mmol/l H89 for 24 h. 
These treatment groups and the control group were subsequently treated with 
10‑5 mmol/l formoterol for 2 h. The protein expression of M3R in the rat 
airway smooth muscle cells was determined by western blot analysis fol-
lowing acetylcholine stimulation for 15 min. (B) Expression of M3R was 
normalized to the β‑actin control. The data are expressed as the mean ± stan-
dard deviation from three independent experiments (*P<0.01, compared with 
the 1 h incubation group; ∆ P<0.05, compared with the 24 h formoterol treat-
ment group). F1h, 1 h formoterol treatment; F24h, 24 h formoterol treatment; 
FK, forskolin; ICI+F, formoterol+ICI118,551; SQ+F, formoterol+SQ22,536; 
H89+F, formoterol+H89; Con, control; M3R, muscarinic M3 receptor.

  A

  B

  A

  B
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significantly antagonized the formoterol‑induced expression of 
M3R (P<0.01; Fig. 5). However, the H89 PKA inhibitor had no 
effect on the formoterol‑regulated expression of M3R (P>0.05). 
As expected, the forskolin cAMP stimulator caused similar 
effects as formoterol with respect to the protein expression of 
M3R. The present study demonstrated that 24 h incubation with 
forskolin significantly increased the protein expression of M3R 
(P<0.01), compared with the control and compared with levels 
24 h after treatment with formoterol. These results suggested 
that formoterol induced the expression of M3R through the 
β2AR‑cAMP signaling pathway.

Formoterol‑induced upregulation of M3R is associated with 
increased expression levels of PLCβ1 and IP3. The present 
study demonstrated that formoterol increased the expression of 
PLCβ1 in ACh‑stimulated rat ASMCs (Fig. 6A and B). Inhibition 
of the β2AR‑cAMP signaling pathway using the ICI118,551 
or SQ22,536 antagonists inhibited the formoterol‑induced 
upregulation of PLCβ1 (P<0.05). By contrast, no significant 

difference was observed in the expression of PLCβ1 following 
exposure to the H89 PKA inhibitor in the presence of 
formoterol (P>0.05). Forskolin had a similar effect on the 
formoterol‑induced expression of PLCβ1. In addition, treatment 
with formoterol for 1 h suppressed the ACh‑induced produc-
tion of IP3 by ~72.89±2.29%, compared with the 26.58±2.37% 
inhibition observed following formoterol exposure for 24 h 
(Fig. 6E). Similarly, ICI118,551 and SQ22,536 also reduced the 
expression of IP3. Positive correlations were observed between 
M3R  and PLCβ1 (R2=0.872; P<0.01) and between M3R and IP3 
(R2=0.877, P<0.01), as shown in Fig. 6D and E.

Effects of a glucocorticoid and a PLC inhibitor on the 
formoterol‑induced upregulation of M3R. The combined treat-
ment of budesonide and formoterol significantly reduced the 
expression levels of M3R, PLCβ1 and IP3 compared with the 
expression levels observed following treatment with formoterol 
alone (P<0.05; Fig. 7). In addition, the U73,122 PLC inhibitor 
significantly decreased the formoterol‑induced upregulation 

Figure 6. Formoterol‑induced upregulation of the expression of M3R is associated with increased expression levels of PLCβ1 and IP3. (A) Rat ASMCs were 
randomly divided into seven groups and treated with formoterol with or without inhibitors and for different durations. Untreated cells were used as a control. 
The protein expression of rat ASMCs PLCβ1 was determined by western blot analysis. (B) Protein expression of PLCβ1 was normalized to the β‑actin 
control. The data are expressed as the mean ± standard deviation from three independent experiments. (C) Expression of IP3 was determined by ELISA. 
(D and E) Correlations between the expression levels of PLCβ1 or IP3 and the expression of M3R were determined using linear regression. (F) Inhibitory rate 
of acetylcholine‑induced IP3 accumulation (*P<0.01, compared with the 1 h incubation group; ∆ P<0.05, compared with the 24 h formoterol only treatment 
group). F1h, 1 h formoterol treatment; F24h, 24 h formoterol treatment; FK, forskolin; ICI+F, formoterol+ICI118,551; SQ+F, formoterol+SQ22,536; H89+F, 
formoterol+H89; Con, control; IP3, inositol 1,4,5‑trisphosphate; M3R, muscarinic M3 receptor, PLCβ, phospholipase C-β.
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of the protein expression levels of M3R and PLCβ1 and the 
production of IP3 compared with formoterol treatment alone 
(P<0.05).

Discussion

Emerging evidence has demonstrated that prolonged 
administ rat ion of LABAs increases the r isk of 
asthma‑associated mortality (6) or can seriously exacerbate 
asthmatic symptoms (8), possibly due to increased bronchial 
hyper‑responsiveness  (7) and bronchodilator and broncho-
protection tolerance (9‑11) The β2AR, fenoterol, induces the 
upregulation of G‑protein‑coupled neurokinin receptors and 
H1 histamine receptors in ASMCs (18,19) This suggests that 
β2AR may lead to increased bronchial responsiveness and 
bronchodilator tolerance by upregulating the expression of 
G‑protein‑coupled receptors. However, bronchoprotection 
gradually decreases in the presence of sustained administra-
tion of LABAs via mechanisms, which remain to be elucidated.

M3R is a G‑protein‑coupled receptor predominantly 
distributed on the membrane surface of ASMCs. In the 
present study the effects of formoterol, a widely used LABA, 
on the expression of M3R was investigated in rat ASMCs. 
Formoterol upregulated the expression of M3R for at least 
48 h, however, the long‑term effects of formoterol were not 
evaluated due to the rapid proliferation of ASMCs in vitro. 
It has been suggested that stimulation of β2AR activates 

intracellular adenyl cyclase, which catalyzes the conversion of 
ATP to cAMP, which in turn increases the activity of PKA 
associated with altered intracellular Ca2+ homeostasis and 
results in bronchodilation (12). Treatment with the ICI118,551 
β2AR antagonist, SQ22,536 cAMP antagonist or H89 PKA 
antagonist demonstrated that the β2AR‑cAMP signaling 
pathway contributed to the formoterol‑mediated upregulation 
of M3R via a PKA‑independent mechanism. Consistent with 
these results, it was previously demonstrated that prolonged 
exposure to the cAMP‑responding element‑binding (CREB) 
protein and c‑Ets1 (LABA) contribute to mucous cell hyper-
secretion associated with common respiratory disorders (20), 
suggesting a role for the β2AR‑cAMP‑CREBs signaling 
pathway in this process. In addition, β2AR agonists increased 
the cAMP‑mediated activation of cGMP‑dependent protein 
kinases leading to smooth muscle relaxation (12,21). cAMP 
can bind to exchange proteins, which are directly activated by 
cAMP (Epac) independent of PKA, resulting in the induction 
of Rap‑1‑dependent responses in the airway smooth muscles, 
epithelium and pro‑inflammatory immune cells  (12,22). 
However, a previous study revealed that β2AR agonists 
selectively inhibit ASMC migration by interfering with the 
β2AR/PKA signaling pathway and that prolonged treatment 
with albuterol eliminated the inhibitory effect of β‑agonists on 
ASMC migration (13). This suggested that multiple signaling 
pathways, including PKA, may be involved in β2AR agonist 
functions. Whether the overexpression of M3R from prolonged 

Figure 7. Effects of glucocorticoid and PLC inhibitors on formoterol‑induced upregulation of the expression of M3R. Rat ASMCs were randomly divided into 
five groups and treated as follows: 10‑5 mmol/l formoterol for 1 or 24 h; 10‑5 mmol/l formoterol for 24 h in the presence of 10‑4 mmol/l BUD (glucocorticoid, 
BUD+F) or 10‑5 mmol/l U73,122 (PLC inhibitor) or untreated. The expression levels of M3R, PLCβ1 and IP3 in the different treatment groups and the control 
were determined following a 15 min acetylcholine (10‑4 mmol/l) stimulation. The protein levels of (A and B) M3R and (C and D) PLCβ1 in rat ASMCs were 
determined by western blot analysis and were determined by densitometry. The band densities were normalized to the β‑actin control. (E) Expression of IP3 
was determined by ELISA. The data are expressed as the mean ± standard deviation from three independent experiments. ∆ P<0.05, compared with the 24 h 
formoterol only group. F1h, 1 h formoterol treatment; F24h, 24 h formoterol treatment; Con, control; IP3, inositol 1,4,5‑trisphosphate; M3R, muscarinic M3 
receptor, PLC, phospholipase C; BUD, budesonide; U, U73,122.
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treatment with formoterol is mediated by a cAMP‑responding 
element‑binding protein, through the β2AR‑cAMP signaling 
pathway, requires further investigation. In addition, further 
experiments are required to determine whether downstream 
signaling proteins, in addition to cAMP, are important in the 
formoterol‑induced overexpression of M3R.

McGraw et al demonstrated that the expression of PLCβ1 
is significantly increased in transgenic mice overexpressing 
airway smooth muscle β2AR (14) and Sayers et al reported that 
a β2AR agonist upregulated the protein expression of PLCβ1 in 
human ASMCs (23). The present study supported these obser-
vations and demonstrated that formoterol exposure increased 
the protein expression of PLCβ1 and production of IP3 in the 
rat ASMCs. In addition, changes to the expression levels of 
PLCβ1 and IP3 were positively correlated with the expres-
sion of M3R. Contractile agonists bind to G‑protein‑coupled 
M3R and trigger the activation of PLC, resulting in the 
production of IP3, leading to Ca2+ release and subsequent 
airway smooth muscle contraction (12,14). A previous study 
revealed that salbutamol and salmeterol (short‑ and LABR) 
inhibit the histamine‑stimulated accumulation of IP3 in 
airway smooth muscle cells (15). The data from the present 
study demonstrated that 24 h pre‑treatment with formoterol 
significantly reduced the ACh‑stimulated production of IP3. 
This inhibitory effect on the accumulation of IP3, however, 
was reduced following pre‑treatment with formoterol for 
24 h (26.58±2.37%) compared with 1 h (72.89±2.29%). These 
results demonstrated that short‑term pre‑exposure of ASMCs 
to formoterol antagonized the accumulation of IP3 induced 
by ACh and that this effect was attenuated significantly if the 
pre‑exposure duration was extended, suggesting that this may 
be a mechanism contributing to bronchoprotection tolerance.

The present study also demonstrated that inhibiting the 
β2AR‑cAMP signaling pathway significantly downregulated 
the formoterol‑induced expression of M3R and inhibited the 
production of IP3. The expression of M3R was negatively 
correlated to the rate at which production of IP3 was inhibited, 
suggesting that M3R may be important in bronchoprotec-
tion tolerance and that cholinergic antagonists may be used 
in the potential treatment of patients that respond poorly to 
LABAs. Furthermore, inhibiting PLCβ1 significantly reduced 
the expression of M3R and increased the inhibitory effect of 
formoterol on the production of IP3. These results suggested 
that the inhibition of PLCβ1 may provide a novel strategy 
for preventing bronchoprotection tolerance. However, other 
mechanisms, including the functional desensitization of β2AR 
in mast cells, may also have contributed to bronchoprotection 
tolerance (24,25). In addition, β2AR agonists may result in 
membrane hyperpolarization by activating K+ channels (26).

Combined treatment with LABAs and inhaled corti-
costeroids is a common for patients with poorly controlled 
asthma, which is associated with improved pulmonary func-
tion and asthma control (27,28). The data presented in the 
present study revealed that glucocorticoids suppressed the 
formoterol‑induced upregulation of M3R, reduced the expres-
sion of PLCβ1 and partially facilitated the formoterol‑mediated 
inhibition of IP3 production. These observations suggested that 
the inhibition of the expression of M3R may be important in 
combination therapies designed to prevent bronchoprotection 
tolerance. However, these studies were performed in vitro, 

therefore the results require confirmation in experimental 
animal asthma models and in patients.

In conclusion, the present study demonstrated that 
formoterol upregulated the protein expression of M3R in rat 
ASMCs following activation of the β2AR‑cAMP signaling 
pathway, resulting in an increased expression of PLCβ1 and 
IP3, which are critical for mediating bronchoprotection toler-
ance. Administration of a glucocorticoid or PLC antagonist 
prevented formoterol‑induced bronchoprotection tolerance by 
suppressing the protein expression of M3R.

Acknowledgements

The authors would like to thank all employees of the 
Department of Respiratory and Critical Care Medicine, West 
China Hospital, Sichuan University (Sichuan, China) for 
their support and assistance. This study was supported by a 
grant from the National Natural Science Foundation of China 
(no. 81170031).

References

  1.	Beasley R, Crane J, Lai CK and Pearce N: Prevalence and etiology 
of asthma. J Allergy Clin Immunol 105: S466‑S472, 2000.

  2.	Pakhale S, Mulpuru S and Boyd M: Optimal management of 
severe/refractory asthma. Clin Med Insights Circ Respir Pulm 
Med 5: 37‑47, 2011.

  3.	Myers TR and Tomasio L: Asthma: 2015 and beyond. Respir 
Care 56: 1389‑1407, 2011.

  4.	Perez JF and Sanderson MJ: The frequency of calcium oscil-
lations induced by 5‑HT, ACH, and KCl determine the contraction 
of smooth muscle cells of intrapulmonary bronchioles. J Gen 
Physiol 125: 535‑553, 2005.

  5.	García‑Marcos L, Schuster A and Cobos Barroso N: Inhaled 
corticosteroids plus long‑acting β2‑agonists as a combined 
therapy in asthma. Expert Opin Pharmacother 4: 23‑39, 2003.

  6.	Wijesinghe M, Perrin K, Harwood M, Weatherall M and 
Beasley R: The risk of asthma mortality with inhaled long acting 
β‑agonists. Postgrad Med J 84: 467‑472, 2008.

  7.	Vathenen AS, Knox AJ, Higgins BG, Britton JR and 
Tattersfield AE: Rebound increase in bronchial responsiveness 
after treatment with inhaled terbutaline. Lancet 1: 554‑558, 1988.

  8.	Mann M, Chowdhury B, Sullivan E, Nicklas R, Anthracite R and 
Meyer RJ: Serious asthma exacerbations in asthmatics treated 
with high‑dose formoterol. Chest 124: 70‑74, 2003.

  9.	Haney S and Hancox RJ: Rapid onset of tolerance to β‑agonist 
bronchodilation. Respir Med 99: 566‑571, 2005.

10.	Jones SL, Cowan JO, Flannery EM, Hancox RJ, Herbison GP 
and Taylor DR: Reversing acute bronchoconstriction in asthma: 
the effect of bronchodilator tolerance after treatment with 
formoterol. Eur Respir J 17: 368‑373, 2001.

11.	Wraight JM, Hancox RJ, Herbison GP, Cowan JO, Flannery EM 
and Taylor DR: Bronchodilator tolerance: the impact  
of increasing bronchoconstriction. Eur Respir J 21: 810‑815, 
2003.

12.	Giembycz MA and Newton R: Beyond the dogma: novel 
β2‑adrenoceptor signalling in the airways. Eur Respir J  27: 
1286‑1306, 2006.

13.	Goncharova EA, Goncharov DA, Zhao H, Penn RB, Krymskaya 
VP and Panettieri RA, Jr.: β2‑adrenergic receptor agonists 
modulate human airway smooth muscle cell migration via 
vasodilator‑stimulated phosphoprotein. Am J Respir Cell Mol 
Biol 46: 48‑54, 2012.

14.	McGraw DW, Almoosa KF, Paul RJ, Kobilka BK and Liggett SB: 
Antithetic regulation by β‑adrenergic receptors of Gq receptor 
signaling via phospholipase C underlies the airway β‑agonist 
paradox. J Clin Invest 112: 619‑626, 2003.

15.	Chilvers ER, Lynch BJ and Challiss RA: Dissociation between 
β‑adrenoceptor‑mediated cyclic AMP accumulation and inhi-
bition of histamine‑stimulated phosphoinositide metabolism 
in airways smooth muscle. Biochem Pharmacol 53: 1565‑1568, 
1997.



LIU et al:  EXPRESSION OF MUSCARINIC M3 RECEPTOR IS INCREASED BY A β2‑ADRENERGIC AGONIST4128

16.	Mitchell RW, Halayko AJ, Kahraman S, Solway J and Wylam ME: 
Selective restoration of calcium coupling to muscarinic M(3) 
receptors in contractile cultured airway myocytes. Am J Physiol 
Lung Cell Mol Physiol 278: L1091‑L1100, 2000.

17.	Tronde A, Gillen M, Borgstrom L, Lotvall J and Ankerst J: 
Pharmacokinetics of budesonide and formoterol administered 
via 1 pressurized metered‑dose inhaler in patients with asthma 
and COPD. J Clin Pharmacol 48: 1300‑1308, 2008.

18.	Katsunuma T, Roffel AF, Elzinga CR, Zaagsma J, Barnes PJ 
and Mak JC: β(2)‑adrenoceptor agonist‑induced upregulation 
of tachykinin NK(2) receptor expression and function in airway 
smooth muscle. Am J Respir Cell Mol Biol 21: 409‑417, 1999.

19.	Mak JC, Roffel AF, Katsunuma T, Elzinga CR, Zaagsma J and 
Barnes PJ: Up‑regulation of airway smooth muscle histamine 
H(1) receptor mRNA, protein, and function by β(2)‑adrenoceptor 
activation. Mol Pharmacol 57: 857‑864, 2000.

20.	Song KS, Lee TJ, Kim K, Chung KC and Yoon  JH: 
cAMP‑responding element‑binding protein and c‑Ets1 
interact in the regulation of ATP‑dependent MUC5AC gene 
expression. J Biol Chem 283: 26869‑26878, 2008.

21.	Lincoln TM, Dey N and Sellak H: Invited review: cGMP‑dependent 
protein kinase signaling mechanisms in smooth muscle: from the 
regulation of tone to gene expression. J Appl Physiol (1985) 91: 
1421‑1430, 2001.

22.	de Rooij J, Zwartkruis FJ, Verheijen MH, et al: Epac is a Rap1 
guanine‑nucleotide‑exchange factor directly activated by cyclic 
AMP. Nature 396: 474‑477, 1998.

23.	Sayers I, Swan C and Hall IP: The effect of β2‑adrenoceptor 
agonists on phospholipase C (β1) signalling in human airway 
smooth muscle cells. Eur J Pharmacol 531: 9‑12, 2006.

24.	Chong LK, Chowdry J, Ghahramani P and Peachell  PT: 
Influence of genetic polymorphisms in the β2‑adrenoceptor on 
desensitization in human lung mast cells. Pharmacogenetics 10: 
153‑162, 2000.

25.	Kotlikoff MI and Kamm KE: Molecular mechanisms of 
β‑adrenergic relaxation of airway smooth muscle. Annu Rev 
Physiol 58: 115‑141, 1996.

26.	Kume H, Hall IP, Washabau RJ, Takagi K and Kotlikoff MI: 
β‑adrenergic agonists regulate KCa channels in airway 
smooth muscle by cAMP‑dependent and ‑independent mech-
anisms. J Clin Invest 93: 371‑379, 1994.

27.	Adcock IM, Maneechotesuwan K and Usmani O: Molecular 
interactions between glucocor ticoids and long‑acting 
β2‑agonists. J Allergy Clin Immunol 110: S261‑S268, 2002.

28.	Lasserson TJ, Ferrara G and Casali L: Combination fluticasone 
and salmeterol versus fixed dose combination budesonide and 
formoterol for chronic asthma in adults and children. Cochrane 
Database Syst Rev 7: CD004106, 2011.


