Int J Clin Exp Pathol 2017;10(3):2861-2869
www.ijcep.com /ISSN:1936-2625/1JCEP0041590

Original Article
Role of transient receptor potential channels in airway
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Abstract: The proliferation of airway smooth muscle cells (ASMCs) plays a vital role in airway remodeling. Besides,
transient receptor potential channels (TRPC) play a key role in pathological cellular responses of ASMCs. In present
studies, we investigated the effect of TRPC1 and TRPC3 on cell proliferation of ASMCs. Rats were sensitized with ov-
albumin to construct asthmatic models. The pathological change of airway remodeling was detected by hematoxylin
and eosin (HE) staining. Quantitative real-time PCR (qRT-PCR) and Western blot were used to detect the mRNA and
protein expression of TRPC1, TRPC3 and proliferating cell nuclear antigen (PCNA) in asthmatic and non-asthmatic
rats respectively. Furthermore, the cell proliferation was detected by MTT assay and *H-TdR incorporation assay. The
expression of TRPC1 and TRPC3 significantly increased at both transcriptional and translational levels in asthmatic
rats. Moreover, SKF96365 could effectively inhibit cell over-proliferation caused by asthma. In addition, knockdown
of TRPC1 and TRPC3 significantly decreased the absorbance of MTT and DNA synthesis, while overexpression of
TRPC1 and TRPC3 had the opposite effect in asthmatic ASMCs. TRPC1 and TRPC3 were involved in the regulation
of cell proliferation in asthmatic ASMCs.
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Introduction such as cell growth, membrane fusion, excita-
tion-secretion coupling, excitation-contraction
coupling, gene transcription and ion channel
activation [8, 9]. Moreover, Ca?* signaling plays
a vital role in the regulation of airway smooth
muscle functions, including proliferation, con-
traction and cytokine secretion [10]. Besides,
Store-operated Ca?* entry (SOCE) is the major
Ca?" influx pathway of ASMCs [11]. Store-
operated Ca?* (SOC) channels will be activated
when intracellular sarcoplasmic reticulum Ca?*
store is depleted [12]. And transient receptor
potential (TRP) channels are characterized as
have been applied to treat asthma airway one of the first molgcularcandidates to encode
remodeling, including Inhaled corticosteroid SOC channels, particularly the members of the

(ICS) [5], B-agonist bronchodilators [6] and anti- transient receptor potential channels (TRPC)
cholinergics [7]. However, the role of these [13].

drugs in retarding the process of airway remod-
eling is not efficient. Therefore, there is an

Asthma is characterized by airway inflamma-
tion, airway remodeling and airflow obstruction
[1]. The hyperplasia and hypertrophy of airway
smooth muscle (ASM) cause the increasing of
airway narrowing and airway wall thickening,
which contribute to airway inflammation and
obstruction [2]. Besides, the proliferation of
ASM cells (ASMCs) plays a vital role in airway
remodeling [3]. And airway remodeling which
results from repeated airway wall damage and
repair can play a key role in the pathophysiolo-
gy of serious asthma [4]. Until now, some drugs

The transient receptor potential channels

urgent need to understand the molecular (TRPC) were originally identified in Drosophila
mechanisms of asthma progression in order to [14]. And the first mammalian TRP gene was
develop novel drug treatment for asthma. cloned from the human brain which was catego-

rized into the TRPC family, and termed TRPC1
Ca?* is a well-known second messenger which [15]. In addition, the TRPC family is found to

can regulate a wide range of cell functions, constitute of seven members TRPC1-7 [16]. The
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activity of TRPCs plays an important role in ini-
tiating and maintaining intracellular Ca?* signal-
ing, which is involved in different cellular
responses, such as gene expression, prolifera-
tion, migration and contraction in airway SMCs
[17]. Moreover, recent studies reveal that
TRPC1 and TRPC3 mRNAs and proteins are
expressed in primary mouse airway SMCs [18].
However, the role of TRPC1 and TRPC3 in cell
proliferation of ASMCs remains unknown.

In this study, we investigated the expression of
TRPC1 and TRPC3 in the ASM tissues of non-
asthmatic and asthmatic rats and the effect of
TRPC1 and TRPC3 on proliferation of ASMCs, in
order to illustrate the molecular mechanisms of
asthma and provide new drug treatment to
asthmatic airway remodeling in clinics.

Materials and methods

Asthma model establishment

All experimental procedures were performed in
accordance with the NIH Guidelines for the
Care and Use of Laboratory Animals and were
approved by People’s Hospital Affiliated to
Zhengzhou University.

Twenty-four SPF grade Wistar rats (8-10 weeks
old; 200~220 g) with a half of males and
females were randomly divided into the control
and experimental groups. The asthma-induced
method was according to the methods des-
cribed previously [19]. The experimental ani-
mals were intraperitoneal injected with 10 mg
of ovalbumin (OVA) as well as 200 mg of alumi-
num hydroxide (dissolved in 1 ml of 0.9% NaCl
solution). After sensitization for 3 times, experi-
mental animals were exposed to aerosol con-
sisting of 2% ovalbumin in normal saline for 30
min. Animals in the control group were exposed
to saline. Exposure to aerosolized solutions
was done for 7 consecutive days.

Airway smooth muscle cells isolation

A total of 24 rats were injected with 10% chloral
hydrate to anesthetize them and then they were
sacrificed by exsanguination according to the
protocol approved by the Institutional Animal
Care and Use Committees of People’s Hospital
Affiliated to Zhengzhou University. Primary rat
ASMC cultures were isolated as previously
described [20]. Briefly, large bronchi and air-
ways without cartilages were used for the fol-
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lowing experiment. Then pure airway smooth
muscle bundles were cut free from surrounding
tissues. After that, fresh culture medium
(DMEM+FBS) was added and the cells were
grown to confluency in an incubator with 5%
CO, at 37°C. The cultured cells were pass aged
using 0.25% trypsinization. After ASMCs pass
aged 3-6 times, the cells were immunostained
with anti-a-smooth muscle actin antibodies to
confirm smooth muscle cells.

Immunocytochemistry

The cells were fixed with 4% paraformaldehyde
and blocked with 2% bovine serum albumin.
Then the cells were probed with primary anti-
bodies specific to a-smooth muscle actin
(1:100) at 4°C overnight and followed by incu-
bation with secondary antibody (1:100) conju-
gated with a FITC fluorophore (green fluores-
cence) for 2 h at room temperature in the dark.
Images were captured by using an Olympus
LX-70 FluoView confocal laser-scanning micro-
scope (Olympus, Japan).

Hematoxylin and eosin (HE) staining

Lung tissues were detached from the mice and
fixed with 4% formalin solution overnight at
4°C. Then the tissues were embedded in paraf-
fin and cut into 4-um sections with a microtome
(Leica, Germany). Hematoxylin and eosin stain-
ing (HE) staining was then performed as previ-
ously described [21]. In brief, hematoxylin treat-
ed for 8 minutes, 1% ethanol eosin for 3 min-
utes and mounted by neutral gum.

Cell transfection

Cells were cultured in six-well plates and trans-
fected with control vector, si-TRPC1, TRPC1
overexpression vector, or si-TRPC3, TRPC3
overexpression vector using Lipofectamine
2000 (Sigma, USA) according to the manufac-
turer’'s instructions. Stable clones were
acquired after antibiotic selection for 2 weeks.
And control vector, si-TRPC1, TRPC1 overex-
pression vector, or si-TRPC3, TRPC3 overex-
pression vector were designed and synthesized
by Genechem (Shanghai, China).

MTT assay

Rat ASMC were digested with 0.25% trypsin-
EDTA and then seeded into 96-well culture
plate. After 48 h, 20 yL of the 12 mol/l MTT
(Gibco, USA) was added to each well and incu-
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Figure 1. Primary rat ASMCs. A. Typical “hill and valley” appearance in ASMCs visualized under phase-contrast
microscopy. Magnification, 100x. B. ASMCs were identified by immunocytochemistry following incubation with an
anti-a-smooth muscle actin antibody. Magnification, 100x. C and D. The airway of control and asthmatic groups
observed by HE staining. In asthmatic groups, the mucosal fold membranes were broken and increased. Besides,
the bronchial smooth muscle and the thickness of airway wall were increased significantly together with amounts of
eosinophils were infiltrated into the airway submucosa. Magnification, 200x. ASMCs, airway smooth muscle cells.

bated at 37°C for 4 h. Then medium was
removed from the wells and added 150 pl of
DMSO (Sigma, USA) to dissolve the formazan
crystals. Then the absorbance at 570 nm wave-
length was read with an Elisa reader (Bio-tek
ELX800, USA). Each group had six wells.

3H-TdR incorporation

3H-TdR incorporation method was performed to
determine DNA synthesis. The cells were cul-
tured in serum-free medium for 24 h. Then the
cells were supplemented with 1 uCi 3H-TdR. The
incorporation was stopped with cold PBS solu-
tion. Then 0.25% trypsin was added to digest
cells. After that, cells were stabilized with 10%
trichloroacetic acid, decolorized with absolute
ethanol, dried at 80°C for 30 min, transferred
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to scintillation fluid, and counted with a Tri-
Carb 2810TR Low Activity Liquid Scintillation
Analyzer (counts/min, cpm; PerkinElmer, USA).

Quantitative real-time PCR

Total RNA was extracted by using Trizol reagent
(Invitrogen, USA) according to the manufactur-
er's protocols. And cDNA was reverse tran-
scribed from mRNA with an omniscript reverse
transcriptase (Qiagen, CA). Then mRNA levels
were quantified by RT-PCR with a Takara RNA
PCR Kit (Takara, Dalian, China) on an Applied
Biosystems 7900HT real-time PCR system. The
relative expression levels were subsequently
calculated using the 222t method [22]. GAPDH
was used as an internal control. The primers
used for real-time PCR were listed as follows:
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Figure 2. The expression of TRPC1 and TRPC3 in non-asthmatic and asthmatic rats. A and C. The mRNA level of
TRPC1 and TRPC3 in non-asthmatic and asthmatic rats detected by qRT-PCR. B and D. The protein level of TRPC1
and TRPC3 in non-asthmatic and asthmatic rats measured by Western blot. Data are expressed as means + SD for

each group. “P<0.05 vs. non-asthma group.

TRPC1-Forward: 5-ATTCTCGCAGCATTTCCAGTT-
AAG-3’; TRPC1-Reverse: 5-TTACAGACCAAGG-
GTTACCTGCAC-3’; TRPC3-Forward: 5-CATTC-
TCAATCAGCCAACACGTTAT-3’; TRPC3-Reverse:
5-CTCAGTTGCTTGGCTCTTGTCTTC-3’; GAPDH-
Forward: 5-ACCACAGTCCATGCCATCAC-3’; GAP-
DH-Reverse: 5'-TCCACCACCCTGTTGCTGTA-3".

Western blot analysis

Cellular proteins were separated by 10% sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis (Bio-Rad, USA) and transferred to
nitrocellulose membranes (Millipore, USA).
Each membrane was incubated with a primary
antibody against TRPC1, TRPC3, PCNA or
GAPDH overnight at 4°C and then incubated
with secondary antibodies for 2 h at room tem-
perature. The bands were visualized by ECL
Detection Reagents (Amersham Bioscience).
And the images were analyzed by the NIH Image
J software.

Statistical analysis

The data are expressed as the means + SD.
Comparisons between two groups were evalu-
ated by Student’s t-test. All experiments were
performed at least three times. Statistical anal-
ysis was performed using the software of SPSS
16.0 (SPSS Inc, USA). P<0.05 was considered
as statistically significant. GraphPad Prism 6.0
software (GraphPad, USA) was used to make
the figures.
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Results

Characteristics and identification of rat ASMCs
in primary culture

After 8-10 d cultivation, cells began to grow
confluence and displayed the typical “hill and
valley” appearance (Figure 1A). Moreover,
a-actin was observed by immunocytochemistry
and showed positive immunostaining of green
parallel fiber in cytoplasm (Figure 1B). These
results demonstrated ASMCs were isolated
from airways successfully.

Pathological changes of airway remodeling

As shown in Figure 1C and 1D, the mucosal fold
membranes of bronchiole were broken and
increased in asthmatic rats. Besides, the bron-
chial smooth muscle and thickness of airway
wall were dramatically increased. Furthermore,
amounts of eosinophils were infiltrated into the
bronchial submucosa. These results meant air-
way remodeling was formed in the asthmatic
model.

Expression of TRPC1 and TRPC3 in non-asth-
matic and asthmatic rats

The mRNA expression of TRPC1 and TRPC3 in
asthmatic rats remarkably increased compared
with that in non-asthmatic group (Figure 2A
and 2C). And as shown in Figure 2B and 2D, the
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Figure 3. SKF96365 reduced the increased expression of PCNA and absorbance of MTT assay in asthmatic rats. A.
The protein expression of PCNA in non-asthmatic and asthmatic rats measured by Western blot. B. The cell prolifera-
tion detected by MTT assay in non-asthmatic and asthmatic rats. C. The protein expression of PCNA in asthmatic
rats with or without application of SKF96365, which is a TRP channel inhibitor. D. The cell proliferation detected by
MTT assay in asthmatic rats with or without application of SKF96365. “P<0.05, *"P<0.01 vs. non-asthma group or

control group.

protein expression of TRPC1 and TRPC3 in
asthmatic rat was significantly upregulated
than that in non-asthmatic group. The results
showed that the expression of TRPC1 and
TRPC3 significantly increased at both transcrip-
tional and translational levels in asthmatic rats.

SKF96365 reduced the upregulation of prolif-
erating cell nuclear antigen (PCNA) expression
and absorbance of MTT assay in asthmatic
rats

It has been demonstrated that PCNA is chosen
as a marker for cell proliferation [23]. As shown
in Figure 3A, the protein expression of PCNA in
asthmatic rats was notably increased com-
pared with that in non-asthmatic group. In addi-
tion, the value A570 of asthma group was also
significantly increased than that of non-asth-
matic group (Figure 3B). However, SKFO6365
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could suppress the upregulation of PCNA
expression induced by asthma (Figure 3C),
Moreover, after SKF96365 treatment, the
value A570 was decreased significantly in asth-
matic rats (Figure 3D). These meant that
SKF96365 could effectively inhibit cell over-
proliferation caused by asthma.

Effect of TRPC1 and TRPC3 on ASMC prolifera-
tion

To evaluate the effect of TRPC1 and TRPC3 on
ASMC cell proliferation, ASMCs were transfect-
ed with control vector, si-TRPC1, TRPC1 overex-
pression vector, or si-TRPC3, TRPC3 overex-
pression vector. As shown in Figure 4A and 4C,
the protein expression levels of TRPC1 and
TRPC3 were significantly increased in ASMCs
transfected with TRPC1 and TRPC3 overexpres-
sion vector. However, the protein expression

Int J Clin Exp Pathol 2017;10(3):2861-2869
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Figure 4. The effect of TRPC1 and TRPC3 on cell proliferation in ASMCs. A. The protein levels of TRPC1 in ASMCs
transfected with control vector, si-TRPC1 and TRPC1 overexpression vector. B. The proliferation of ASMCs transfect-
ed with control vector, si-TRPC1 and TRPC1 overexpression vector. C. The protein levels of TRPC3 in ASMCs trans-
fected with control vector, si-TRPC3 and TRPC3 overexpression vector. D. The proliferation of ASMCs transfected
with control vector, si-TRPC3 and TRPC3 overexpression vector. "P<0.05, ""P<0.01 vs. control group.
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Figure 5. The effect of TRPC1 and TRPC3 on DNA synthesis in ASMCs determined by thymidine (*H-TdR) incorpora-
tion assay. A. DNA synthesis of cells transfected with control vector, si-TRPC1 and TRPC1 overexpression vector.
B. DNA synthesis of cells transfected with control vector, si-TRPC3 and TRPC3 overexpression vector. “P<0.05 vs.

control group.

levels of TRPC1 and TRPC3 were significantly
decreased in ASMCs transfected with si-TRPC1
and si-TRPC3.

Then MTT assay was used to detect cell prolif-
eration. Compared with the cells transfected
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with control vector, the value of A570 was sig-
nificantly increased in the ASMCs transfected
with TRPC1 and TRPC3 overexpression vector.
In contrast, knockdown of TRPC1 and TRPC3
dramatically decreased the value of A570
(Figure 4B and 4D).

Int J Clin Exp Pathol 2017;10(3):2861-2869
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Moreover, 3H-TdR incorporation was performed
to identify the cell proliferation in ASMCs. As
shown in Figure 5A and 5B, compared with the
cells transfected with control vector, cellular
DNA synthesis quantity was significantly upreg-
ulated in the ASMCs transfected with TRPC1
and TRPC3 overexpression vector. Neverthe-
less, cellular DNA synthesis quantity was
remarkably downregulated in the ASMCs trans-
fected with si-TRPC1 and si-TRPC3 than that
transfected with control vector. These results
all demonstrated that both TRPC1 and TRPC3
played important roles in cell proliferation in
ASMCs.

Discussion

In the present study, we investigated the role of
TRPC1 and TRPC3 in cell proliferation of airway
smooth muscle cells. Firstly, we established
the asthma models induced by ovalbumin.
Secondly, the increased expression of TRPC1
and TRPC3 in asthmatic rats was observed.
Thirdly, we found SKF96365 could effectively
inhibit cell over-proliferation caused by asthma.
Finally, si-TRPC1 and si-TRPC3 abrogated the
increasing cell proliferation of ASMCs. However,
overexpression of TRPC1 and TRPC3 showed
the opposite tendency. These results demon-
strated that targeting TRPC1 and TRPC3 may
be a good method to suppress the proliferation
of ASMCs.

Airway remodeling is considered as an impor-
tant pathogenic alteration in the asthmatic air-
way. A number of typical pathological charac-
teristics are linked to the remodeling response,
such as, epithelial hypertrophy, increase in
basal membrane thickness, myocyte hyperpla-
sia and hypertrophy, subepithelial fibrosis in
the lungs [24, 25]. Moreover, smooth muscle
remodeling is associated with a reduction in
lung function, which gives rise to a more severe
asthma phenotype [26]. Thus, it is essential to
study the molecular mechanisms of ASMC pro-
liferation in asthma.

In order to elucidate the molecular mechanisms
of ASMC proliferation, we focused on the mem-
bers of the TRPC family and examined the
expression of TRPC1 and TRPC3 in asthmatic
and non-asthmatic rats. And higher mRNA and
protein levels of TRPC1 and TRPC3 were
observed in asthmatic rats. Therefore, TRPC1
and TRPC3 might contribute to the ASMC prolif-
eration in asthma.
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It has been demonstrated that membrane
depolarization exists in ovalbumin-sensitized
ASMCs [27]. Subsequently, membrane depolar-
ization can cause extracellular Ca?* influx [28].
As TRPCs participates in controlling [Ca®*], in
SMCs, they may play a key role in asthma [29].
TRPC1 is a transmembrane protein expressed
in smooth muscle, endothelium and salivary
gland cells [30]. Moreover, many biological
roles of TRPC1 are found, such as regulation of
smooth muscle cell proliferation [31], salivary
gland secretion [32], neuronal differentiation
[33], growth cone turning [34] and so on. In pre-
vious studies, it has been demonstrated that
the expression of TRPC1 increased significantly
in the sensitized rats and si-TRPC1 abrogated
the increasing proliferation of ASMCs [35].
Besides, TRPC1 knockdown repressed the pro-
liferation of pulmonary artery smooth muscle
cells [31]. Furthermore, the expression of
TRPC1 increased in proliferating ASMCs [36].
Our results were in agreement of the previous
studies.

TRPC3 is a major molecular component of
native non-selective cation channels (NSCCs)
to increase [Ca*] in freshly isolated airway
SMCs [15]. White et al. revealed that mRNA and
protein expression of TRPC3 were significantly
increased in pass aged human airway SMCs
after treatment with TNFa, an important asth-
ma mediator [37]. Chen et al. found TRPC3-
mediated Ca?* entry resulted in LPS-induced
ASMC proliferation [38]. Song et al. suggested
allergens stimulated the increase of TRPC3
channel expression and activity, which caused
the increase in proliferation of ASMCs, leading
to airway remodeling, and ultimately asthma
[39]. In our studies, we showed the similar
results that the mRNA and protein expression
of TRPC3 significantly increased in asthmatic
rats. And overexpression of TRPC3 increased
the proliferation of ASMCs.

The inhibitory effect of SKF 96365 on Ca®*
entry has been reported. Because SKF 96365
could inhibit the endoplasmic reticulum (ER)
Ca?* pump in epithelial cells [40]. Besides, SKF
96365 is an inhibitor of multiple TRP channels
[41]. Furthermore, proliferating cell nuclear
antigen (PCNA) changes throughout the cell
cycle, but it is dramatically elevated in a narrow
time during cell division, hence, it is a marker of
cell proliferation [42]. In present studies, we
investigated the effect of SKF 96365 on the

Int J Clin Exp Pathol 2017;10(3):2861-2869
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protein expression of PCNA and absorbance of
MTT assay in asthmatic rats. And the results
showed SKF 96365 could reduce the cell prolif-
eration in asthma.

In conclusion, we proposed that the prolifera-
tion of airway smooth muscle cells was regu-
lated by the expression of TRPC1 and TRPC3.
These findings provide a novel insight into the
role of TRPC1 and TRPC3 in asthma and pro-
pose a novel therapeutic strategy for asthma.

Acknowledgements

This work was supported by a grant from the
National Natural Science Foundation of China
(No.U1304801) and Scientific and Technolo-
gical Foundation of Henan Province of China
(142102310423).

Disclosure of conflict of interest
None.

Address correspondence to: Luoxian Zhang and
Zhuochang Chen, Department of Respiratory Medi-
cine, People’s Hospital Affiliated to Zhengzhou Uni-
versity, 7 Weiwu Road, Zhengzhou 450003, China.
Tel: +86-377-65580448; E-mail: xianxian_zIx@163.
com; 642732963@qqg.com (LXZ); phd_chen@sohu.
com; 18603710696@163.com (ZCC)

References

[1] Bousquet J, Jeffery PK, Busse WW, Johnson M
and Vignola AM. Asthma. From bronchocon-
striction to airways inflammation and remodel-
ing. Am J Respir Crit Care Med 2000; 161:
1720-1745.

[2] Austin PJ, Tsitsiou E, Boardman C, Jones SW,
Lindsay MA, Adcock IM, Chung KF and Perry
MM. Transcriptional profiling identifies the long
noncoding RNA plasmacytoma variant translo-
cation (PVT1) as a novel regulator of the asth-
matic phenotype in human airway smooth
muscle. J Allergy Clin Immunol 2016; [Epub
ahead of print].

[3] Li LH, Lu B, Wu HK, Zhang H and Yao FF.
Apigenin inhibits TGF-B1-induced proliferation
and migration of airway smooth muscle cells.
Int J Clin Exp Patho 2015; 8: 12557-12563.

[4] Lazaar AL and PR Jr. Airway smooth muscle: a
modulator of airway remodeling in asthma. J
Allergy Clin Immunol 2005; 116: 488-495.

[5] Hoshino M, Ohtawa J and Akitsu K. Effect of
treatment with inhaled corticosteroid on se-
rum periostin levels in asthma. Respirology
2015; 21: 297-303.

2868

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Kerstjens HA, Engel M, Dahl R, Paggiaro P,
Beck E, Vandewalker M, Sigmund R, Seibold
W, Moronizentgraf P and Bateman ED.
Tiotropium in asthma poorly controlled with
standard combination therapy. N Engl J Med
2012; 367: 1198-1207.

Rodrigo GJ and Rodrigo C. The Role of Anti-
cholinergics in acute asthma treatment: an
evidence-based evaluation. Chest 2002; 121:
1977-1987.

Fernandez-Velasco M, Ruiz-Hurtado G, Gémez
AM and Rueda A. Ca?* handling alterations and
vascular dysfunction in diabetes. Cell Calcium
2014; 56: 397-407.

Davis FM, Parsonage MT, Cabot PJ, Parat MO,
Thompson EW, Roberts-Thomson SJ and Mon-
teith GR. Assessment of gene expression of in-
tracellular calcium channels, pumps and ex-
changers with epidermal growth factor-induced
epithelial-mesenchymal transition in a breast
cancer cell line. Cancer Cell Int 2013; 13: 1-7.
Perez-Zoghbi JF, Karner C, Ito S, Shepherd M,
Alrashdan Y, Sanderson MJ. lon channel regu-
lation of intracellular calcium and airway
smooth muscle function. Pulm Pharmacol Ther
2008; 22: 388-397.

Zou JJ, Gao YD, Geng S and Yang J. Role of
STIM1/0Orail-mediated store-operated Ca?*
entry in airway smooth muscle cell prolifera-
tion. J Appl Physiol 2011; 110: 1256-1263.
Potier M and Trebak M. New developments in
the signaling mechanisms of the store-operat-
ed calcium entry pathway. Pflugers Arch 2008;
457: 405-415.

Hardie RC and Minke B. Novel Ca2* channels
underlying transduction in drosophila photore-
ceptors: implications for phosphoinositide-me-
diated Ca?" mobilization. Trends Neurosci
1993; 16: 371-376.

Tsvilovskyy VV, Zholos AV, Aberle T, Philipp SE,
Dietrich A, Zhu MX, Birnbaumer L, Freichel M
and Flockerzi V. Deletion of TRPC4 and TRPC6
in mice impairs smooth muscle contraction
and intestinal motility in vivo. Gastroenterology
2009; 137: 1415-1424.

Wang YX and Zheng YM. Molecular expression
and functional role of canonical transient re-
ceptor potential channels in airway smooth
muscle cells. Adv Exp Med Biol 2011; 704:
731-747.

Gonzalez-Cobos JC and Trebak M. TRPC chan-
nels in smooth muscle cells. Front Biosci 2010;
15: 1023-1039.

Abramowitz J and Birnbaumer L. Physiology
and pathophysiology of canonical transient re-
ceptor potential channels. FASEB J 2009; 23:
297-328.

Xiao JH and Zheng YM. Functional role of ca-
nonical transient receptor potential 1 and ca-
nonical transient receptor potential 3 in nor-

Int J Clin Exp Pathol 2017;10(3):2861-2869


mailto:642732963@qq.com
mailto:phd_chen@sohu.com
mailto:phd_chen@sohu.com
mailto:18603710696@163.com

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

A novel therapeutic strategy for asthma

mal and asthmatic airway smooth muscle
cells. Am J Respir Cell Mol Biol 2009; 43: 17-
25.

Matsuoka T and Narumiya S. Prostaglandin D2
as a mediator of allergic asthma. Science
2000; 50: 2013-2017.

Mitchell RW, Halayko AJ, Kahraman S, Solway J
and Wylam ME. Selective restoration of calci-
um coupling to muscarinic M(3) receptors in
contractile cultured airway myocytes. Am J
Physiol Lung Cell Mol Physiol 2000; 278:
1091-1100.

Zhou J, Xu F, Yu JJ and Zhang W. YAP is up-reg-
ulated in the bronchial airway smooth muscle
of the chronic asthma mouse model. Int J Clin
Exp Pathol 2014; 8: 11132-11139.
Schmittgen TD and Livak KJ. Analyzing real-
time PCR data by the comparative C(T) meth-
od. Nat Protoc 2008; 3: 1101-1108.

Kesavan R, Potunuru UR, Nastasijevi¢ B,
Avaneesh T, Joksi¢ G and Dixit M. Inhibition of
vascular smooth muscle cell proliferation by
gentiana lutea root extracts. PLoS One 2013;
8:e61393.

Bergeron C, Tulic MK and Hamid Q. Airway re-
modelling in asthma: from benchside to clini-
cal practice. Can Respir J 2010; 17: e85-93.
Bara |, Ozier A, Tunon de Lara JM, Marthan R,
Berger P. Pathophysiology of bronchial smooth
muscle remodelling in asthma. Eur Respir J
2010; 36: 1174-1184.

Kaminska M, Foley S, Maghni K, Storness-Bliss
C, Coxson H, Ghezzo H, Lemiére C, Olivenstein
R, Ernst P and Hamid Q. Airway remodeling in
subjects with severe asthma with or without
chronic persistent airflow obstruction. J Allergy
Clin Immunol 2009; 124: 1-4.

Liu XS and Yong-Jian XU. Potassium channels
in airway smooth muscle and airway hyperre-
activity in asthma. Chin Med J (Engl) 2005;
118: 574-580.

Fallet RW, Bast JP, Fujiwara K, Ishii N, Sansom
SC and Carmines PK. Influence of Ca?*-
activated K* channels on rat renal arteriolar
responses to depolarizing agents. Am J Physiol
Renal Physiol 2001; 280: F583-F591.

Biré T, Toth BI, Marincsak R, Dobrosi N, Géczy
T and Paus R. TRP channels as novel players in
the pathogenesis and therapy of itch. Biochim
Biophys Acta 2007; 1772: 1004-1021.

Beech DJ. TRPC1.: store-operated channel and
more. Pflugers Arch 2005; 451: 53-60.
Sweeney M, Yu Y, Platoshyn O, Zhang S,
McDaniel SS and Yuan JX. Inhibition of endog-
enous TRP1 decreases capacitative Ca?* entry
and attenuates pulmonary artery smooth mus-
cle cell proliferation. Am J Physiol Lung Cell Mol
Physiol 2002; 283: L144-L155.

2869

(32]

[33]

(34]

(35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

Singh BB, Liu X, Tang J, Zhu MX and Ambudkar
IS. Calmodulin regulates Ca?*-dependent feed-
back inhibition of store-operated Ca?* influx by
interaction with a site in the C terminus of
TrpC1. Mol Cell 2002; 9: 739-750.

Wu X, Zagranichnaya TK, Gurda GT, Eves EM,
Villereal ML. A TRPC1/TRPC3-mediated in-
crease in store-operated calcium entry is re-
quired for differentiation of H19-7 hippocam-
pal neuronal cells. J Biol Chem 2004; 279:
43392-43402.

Wang GX and Poo MM. Requirement of TRPC
channels in netrin-1-induced chemotropic
turning of nerve growth cones. Nature 2005;
434: 898-904.

Zhang XY, Zhang LX, Guo YL, Zhao LM, Tang XY,
Tian CJ, Cheng DJ, Chen XL and Ma LJ.
Schisandrin B inhibits the proliferation of air-
way smooth muscle cells via microRNA-135a
suppressing the expression of transient recep-
tor potential channel 1. Cell Biol Int 2016; 40:
T742-749.

Berraromani R, Mazzoccospezzia A, Pulina MV
and Golovina VA. Ca?* handling is altered when
arterial myocytes progress from a contractile
to a proliferative phenotype in culture. Am J
Physiol Cell Physiol 2008; 295: C779-C790.
White TA, Xue A, Chini EN, Thompson M, Sieck
GC and Wylam ME. Role of transient receptor
potential C3 in TNF-a-enhanced calcium influx
in human airway myocytes. Am J Respir Cell
Mol Biol 2006; 35: 243-251.

Chen XX, Zhang JH, Pan BH, Ren HL, Feng XL,
Wang JL and Xiao JH. TRPC3-mediated Ca2*
entry contributes to mouse airway smooth
muscle cell proliferation induced by lipopoly-
saccharide. Cell Calcium 2016; 60: 273-81.
Song T, Zheng YM, Vincent PA, Cai D, Rosen-
berg P and Wang YX. Canonical transient re-
ceptor potential 3 channels activate NF-kB to
mediate allergic airway disease via PKC-o/
IkB-a and calcineurin/IkB-B pathways. FASEB J
2016; 30: 214-229.

Schwarz G, Droogmans G and Nilius B. Multiple
effects of SK&F 96365 on ionic currents and
intracellular calcium in human endothelial
cells. Cell Calcium 1994; 15: 45-54.

Bencze M, Behuliak M, Vaviinova A and Zicha
J. Broad-range TRP channel inhibitors (2-APB,
flufenamic acid, SKF-96365) affect differently
contraction of resistance and conduit femoral
arteries of rat. Eur J Pharmacol 2015; 765:
533-540.

Paunesku T, Mittal S, Protic M, Oryhon J,
Korolev SV, Joachimiak A and Woloschak GE.
Proliferating cell nuclear antigen (PCNA): ring-
master of the genome. Int J Radiat Biol 2009;
77:1007-1021.

Int J Clin Exp Pathol 2017;10(3):2861-2869



