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BASIC MECHANISMS

Store-Operated Ca2þ Entry is involved in Transforming Growth Factor-β1
Facilitated Proliferation of Rat Airway Smooth Muscle Cells

YA-DONG GAO*, JUN-WEN ZHENG, PING LI, MING CHENG, AND JIONG YANG

Department of Respiratory Medicine, Zhongnan Hospital, Wuhan University, Wuhan, China.

Objective. To investigate the role and underlying mechanisms of store-operated Ca2þ entry (SOCE) in mediating the promoting effect of
transforming growth factor (TGF)-β1 on the proliferation of airway smooth muscle cells (ASMCs). Methods. Rat bronchial smooth muscle cells
were cultured as we described previously. The intracellular Ca2þ concentration ([Ca2þ]i) of ASMCs was measured by laser confocal microscope
Ca2þ fluorescence imaging with Fluo-3/AM. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and p27 expression
assay were used to determine the proliferation rate of ASMCs. Results. We demonstrated that TGF-β1 (10 ng/ml) increased basal (Ca2þ]i) level,
[Ca2þ]i rise induced by thapsigargin-induced Ca2þ release and SOCE in rat ASMCs. This effect of TGF-β1 on SOCE was not inhibited by
glucocorticoid dexamethasone (DXM, 100 nM), antioxidant α-tocopherol (100 μM), and intermediate-conductance Ca2þ-activated Kþ channels
(IKCa) inhibitor charybdotoxin (100 nM), suggesting that reactive oxygen species and IKCa channels might not mediate the effect of TGF-β1. TGF-
β1 slightly increased the expression of Orai1 and STIM1, two important molecules involved in the molecule component and regulation of SOC
channels, in the presence of 10% fetal bovine serum (FBS). The proliferation of ASMC stimulated with 2.5% FBS was promoted by TGF-β1, and
partly inhibited by non-specific Ca2þ channel blocker SKF-96365 (10 μM) and Ni2þ (100 μM). DXM, α-tocopherol, and charybdotoxin had no
effect on the proliferation promoted by TGF-β1. Conclusion. TGF-β1 promotes ASMC proliferation partly through increasing the expression and
activity of SOC channels.
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INTRODUCTION

Dysfunction of airway smooth muscle plays a central
role in the pathogenesis of airway hyperresponsiveness
(AHR), which is characterized by excessive narrowing
of airway upon exposure to constrictive agonists (1).
Increased airway smooth muscle mass has been shown
to contribute to airway remodeling, which results in
persistent airflow limitation (2). The underlying mechan-
isms of airway remodeling are not well understood.

Previous studies have shown that transforming
growth factor-β1 (TGF-β1) is involved in the pathophy-
siology of asthma. Elevated TGF-β1 expression was
seen in the airway submucosa of asthmatic individuals
compared with normal subjects, and the increase of
TGF-β1 was correlated with the severity of the disease
(3). It was shown that the majority of TGF-β1-positive
cells in asthmatic tissues were eosinophils (4).
Additional sources of TGF-β1 in the airway were
epithelia (5) and airway smooth muscle cells (ASMCs)
(6). A role of TGF-β1 in airway remodeling has been
well documented. It was shown that the expression of
TGF-β1 in ASMCs was significantly increased in
asthma patients (7). But the effect of TGF-β1 on the
proliferation of ASMCs is still conflicting (7–9). In
addition, TGF-β1 also increases the secretion of matrix
metalloproteinase (10) and production of extracellular
matrix (11) in ASMCs, suggesting a new mechanism

of TGF-β1 in airway remodeling. Moreover, TGF-β1
reduces the expression of β-adrenergic receptors in air-
way smooth muscle, which then attenuates the therapeu-
tic effects of β2 agonists. All these data suggest that
TGF-β1 is a multifunctional growth factor involved in
the functional abnormality of airway smooth muscle in
asthma.

Ca2þ signaling plays an important role in the regula-
tion of airway smooth muscle functions, such as con-
traction, proliferation, and cytokine secretion (12).
Store-operated Ca2þ entry (SOCE) is the major Ca2þ

influx pathway of ASMCs. Store-operated Ca2þ chan-
nels will be activated upon depletion of intracellular
sarcoplasmic reticulum Ca2þ store. SOCE mediates mul-
tiple functions of ASMCs such as contraction and pro-
liferation (12). Our previous study showed that
knockdown of STIM1 and Orai1, two important regula-
tory and component molecules of SOC channels,
decreased SOC activity, and proliferation of rat
ASMCs (13). It was shown that TGF-β1 potentiates
Ca2þ release induced by bradykinin in airway smooth
muscle by increasing the surface expression of bradyki-
nin B2 receptor (14). In addition, TGF-β1 increases the
expression Ca2þ-activated Kþ channels KCa3.1 in
human ASMCs (15), which then facilitates Ca2þ influx
by providing driving force. Effect of TGF-β1 on Ca2þ

signaling was also demonstrated in other cell types,
e.g. facilitating Ca2þ influx in human lung fibroblasts
(16), regulating the expression of IP3 receptors in vas-
cular smooth muscle cells (17), and ryanodine receptors
in cardiomyocytes (18). Whether TGF-β1 has a
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regulatory effect on SOCE is not reported so far. In the
present study, we investigated the effect of TGF-β1 on
SOCE in cultured rat ASMCs and the possible under-
lying mechanisms.

METHODS

Materials and Solutions

Recombinant human TGF-β1 was obtained from
Peprotech (Rocky Hill, USA). Fluo-3/AM and pluronic
F-127 were from Dojindo laboratories (Kumamoto,
Japan). Other chemicals and charybdotoxin (CTX) were
obtained from Sigma–Aldrich (St. Louis, MO, USA).
TGF-β1, CTX, and LaCl3 were dissolved in pure water
and other chemicals in dimethyl sulfoxide (DMSO) as
stock solutions. The final concentration of DMSO was
less than 0.2% at which it had no influence on Ca2þ signal.

Preparation of ASMCs

This study was approved by Animal Care Committee of
Wuhan University. ASMCs were isolated from male
Sprague–Dawley rats as we described previously (19).
Briefly, rat bronchi were isolated under sterile conditions.
After removing the connective tissue and epithelia care-
fully, the smooth muscle strips were cut into small pieces
and digested in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, USA)-containing 1 mg/ml type I collage-
nase and 2 mg/ml papain (both from Invitrogen, USA) at
37�C for 30 min. The cells were dispersed and centrifuged
at 200 G for 10 min; the pellets were collected and resus-
pended in DMEM. The cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS, Gibco,
USA), 100 U/ml penicillin and 0.1 mg/ml streptomycin
(both from Invitrogen). Cells between 3 to 6 passages were
used for experiments. All experiments were repeated in
cells from at least 3 different rats.

Intracellular Ca2þ Measurement

Cytosolic Ca2þ concentrations ([Ca2þ]i) was determined
with laser confocal microscope Ca2þ fluorescence mea-
surement as we described previously (19). ASMCs grown
in glass coverslips were subjected to different treatments
for 24 h and then incubated with 5 μM Fluo-3/AM and
0.1% pluronic F-127 in physiological salt solution (PSS:
140 mM NaCl, 10 mM KCl, 1 mM MgCl2, 2 mM CaCl2,
10 mM HEPES, 10 mM Glucose, pH 7.2) at 37�C for
30 , 45 min. After de-esterification of Fluo-3/AM at
room temperature (22�C) for 15 min, coverslips with
ASMCs were inserted to the bottom of a recording cham-
ber containing 1 ml Ca2þ-free PSS. 10 μM nifedipine was
included in the Ca2þ-free PSS to block voltage-dependent
Ca2þ channels (VDCC). Cells were visualized with an
inverted microscope (Leica DM IRE2, Wetzlar,
Germany) with a 20� objective lens. The mean Ca2þ

fluorescence intensity (FI) in the Region of Interest (ROI)
was measured with a Leica confocal system (TCS SP2
AOBS MP, Wetzlar, Germany) with an Ar-Kr laser.

15�20 cells were measured simultaneously at every cover-
slip. The fluorescence was excited at 488 nM and emitted
at 530 nM. ROI was defined along the visible boundary of
the cells. All the parameters during the recording were kept
constant. Ionomycin (10 μM) was added to the bath solu-
tion after reintroduction of 2 mM Ca2þ to maximize the
Ca2þ influx and determine the maximal FI (Fmax). The
[Ca2þ]iwas calculated according to the following formula:

½Ca2þ�i ¼ KdðF� FminÞ=ðFmax � FÞ

Kd for Fluo-3 at wavelength 530 nM is 430 nM. F is the
measured FI, Fmin represents FI when [Ca2þ]i is at 0.
Changes in [Ca2þ]i was indicated as Δ[Ca2þ]i.

MTT Proliferation Assay

After reaching confluence, ASMCs were incubated in
serum-free medium for 48 h, and then transferred to 96-
well plates with a density of 0.5 � 104 cells/well. Cells
were then cultured in 1% or 2.5% FBS-containing DMEM
and treated with TGF-β1 (10 ng/ml) or appropriate test
reagents for 24 h. Previous studies showed that the max-
imal effect of TGF-β1 on proliferation was observed with
the concentration of 10 ng/ml (7), thus we used this con-
centration during our experiments. The proliferation rates
of rat ASMCs were determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay. After washing the cells for two
times with PBS, 20 μl of MTT (5 g/L) was added to each
well, and cells were then incubated at 37�C for 4 h. MTT
was then removed and 150 μl DMSO was added to each
well. After incubation for 10 min, the optical absorbency at
wavelength 570 nM was determined by a spectrophot-
ometer (GENios VA 200, TECAN, Austria). In certain
range, the reduced MTT is proportional to the cell
numbers.

p27 Protein Expression Assay

Whole cell protein extracts were prepared from rat ASMCs
in different groups. Cells were washed twice and lysed at
4�C in a lysis buffer containing 1% Triton X-100, 150 mM
NaCl, and 20 mM Tris (pH7.5) (Beyotime, China). SDS-
PAGE Sample loading buffer (5X, Beyotime, China) was
added to the cell lysates at a 1:4 ratio (v/v), and the lysates
were then boiled for 5 min. Protein extracts (50 μg) were
subjected to electrophoresis on SDS-PAGE gel and subse-
quently transferred to polyvinylidene fluoride membrane
(Millipore). The membranes were blocked with TBS-T
buffer containing 5% non-fat dried milked at room tem-
perature for 1 h and probed with monoclonal primary
antibody specific for rat p27 (Santa Cruz Biotechnology,
mouse 1:200) overnight at 4�C, followed by goat anti-
mouse secondary antibody conjugated to horseradish per-
oxidase (Santa Cruz Biotechnology, 1:2000) at room tem-
perature for 1 h. BeyoECL Plus (Beyotime, China) and
Kodak X-OMAT BT film were used to visualize the target
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protein. Quantification of bands was achieved by optical
density using Alpha software.

mRNA Expression Assay

The expression of KCNN4 (GenBank access No.:
NM_023021.1) on rat ASMCs was assessed by reverse tran-
scription polymerase chain reaction (PCR). Briefly, total
RNA was isolated using TRIZOL Reagent (QIAGEN,
Valencia, CA) and the cDNA was synthesized from 1 μg
total RNA using ReverTra Ace RT kit (TOYOBO, Osaka,
Japan). The primers for rat KCNN4 were: forward 50-
CTCAACCAAGTCCGATTCCG-30; reverse 50-
GCATTGACAGCCTGCCTCTC-30. β-actin was used as
endogenous control and the specific primers for it were:
forward 50-CGTTGACATCCGTAAAGACCTC-30; reverse
50- TAGGAGCCAGGGCAGTAATCT-30. The cycling
parameters were: 94�C for 30 s, 56�C for 30 s and 72�C for
1 min for 35 cycles. The PCR production was subjected to

electrophoresis on 1.5% agarose gel and visualized with
GoldenView under UV.

Real-time quantitative PCR was used to determine the
expression of Orai1 and STIM1 mRNA in rat ASMCs by
using SYBR Premix Ex TaqTM (Takara, Tokoyo, Japan)
as we described previously (19). Specific primers for rat
Orai1 is: forward 50-CCATAAGACGGACCGACAGT-
30, reverse 50-GGGAAGGTGAGGACTTAGGC-30; rat
STIM1: forward 50-AGCTCCTGGTATGCTCCTGA-30,
reverse 50-TATTTTCTCAGCCCCCTCCT-30. β-actin
gene was used as an internal control and the primers
were: forward 50-AGCCATGTACGTAGCCATCC-30;
reverse 50-ACCCTCATAGATGGGCACAG-30. The
cycling parameters were: 95�C for 30 s, 56�C for 30 s,
and 72�C for 30 s for 40 cycles. The relative expression of
the target genes was calculated using the comparative
method (ΔCt, where the Ct indicates the cycle number
threshold at which amplification is exponential). The

FIGURE 1.—Effect of TGF-β1 on basal [Ca2þ]i, Ca
2þ release, and influx in ASMCs. ASMCs grown on glass coverslips were cultured in 10% FBS-containing

DMEM for 24 h, and then loaded with Fluo-3/AM. Ca2þ fluorescence was measured with laser confocal microscope. A: acute application of TGF-β1 (10 ng/ml)
did not induce significant Ca2þ influx. B: treatment of ASMCs with TGF-β1 (10 ng/ml) for 24 h increased Ca2þ signal in ASMCs. C: summarized data showing
basal [Ca2þ]i in TGF-β1 24 h-treated and control ASMCs. D: summarized data showing Ca2þ response induced by thapsigargin (TPG, 1 μM) and subsequent
store-operated Ca2þ influx upon reintroduction of Ca2þ into bath solution. E: Ca2þ influx promoted by TGF-β1 treatment was partly inhibited by SKF-96365
(10 μM). F: summarized data showing the effect of SKF-96365 and SOC channel blocker BTP-2 (100 nM) on TPG-induced Ca2þ release and influx in TGF-β1-
treated ASMCs. Data were means � SD. n on each bar represent numbers of tested cells. *p < .05, #p < .01.
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primer efficiencies were assessed by plotting a cDNA
standard curve initially to validate to use this method of
analysis. The primer efficiencies of each assay were all
approximately equal.

Statistical Analysis

All the experiments were repeated on ASMCs from at least
3 different rats. n represents cell numbers that were tested
in each experiments. Data were means � SD or
means � SE, as indicated in the figure legends. Results
were analyzed by Student’s t-test or one-way
ANOVA. Differences were significant when p < .05.

RESULTS

TGF-β1 Promoted Ca2þ Release and Store-Operated
Ca2þ Influx

We firstly determined the acute effect of TGF-β1 on consti-
tutive Ca2þ influx inASMCs. In 2mMCa2þ-containing bath
solution, application of TGF-β1 (10 ng/ml) for about 20 min
did not elicit obvious Ca2þ influx, as shown in Figure 1A,
suggesting that TGF-β1 had no acute effect on Ca2þ signal of
ASMCs. We then investigated the effect of TGF-β1 on Ca2þ

signal by extending the incubation time to 24 h. TGF-β1
treatment significantly increased the basal [Ca2þ]i of
ASMCs (Figure 1B). Under control condition, the basal
[Ca2þ]i was 40 � 14 nM. Treatment of TGF-β1 for 24 h
increased basal [Ca2þ]i about 50% (to 69 � 41 nM)
(Figure 1C). The sarcoplasmic/endoplasmic reticulum

Ca2þ-ATPase (SERCA) inhibitor thapsigargin (TPG) was
used to deplete Ca2þ store by passively releasing Ca2þ

from the endoplasma reticulum / sarcoplasma reticulum
(ER/SR). As shown in Figure 1B and D, in Ca2þ-free bath
solution, the mean Ca2þ release response to TPG (1 μM)was
151 � 42 nM in TGF-β1-treated ASMCs, which is higher
than that of control cells (94 � 27 nM). After TPG-induced
Ca2þ transient had been returned to base level, reintroduction
of Ca2þ into bath solution elicited another large increase of
[Ca2þ]i, representing SOCE (Figure 1B). TGF-β1 treatment
increased SOCE about one-fold (831� 258 nMvs. control of
410 � 102 nM) (Figure 1B and D). In addition, TGF-β1-
promoted SOCEwas inhibited by non-specific Ca2þ channel
blocker SKF-96365 (10 μM) and SOC channel relatively
selective inhibitor BTP-2 (100 nM) (Figure 1E and F).
These results suggested that long-term exposure to TGF-β1
increased Ca2þ signal of ASMCs.

Effects of Glucocorticoids on TGF-β1-Promoted SOCE

Glucocorticoids are currently the mainstay of asthma ther-
apy. We then observed the effect of dexamethasone
(DXM) on Ca2þ signals promoted by TGF-β1. ASMCs
were incubated with TGF-β1 (10 ng/ml) in the presence or
absence of DXM (100 nM). After 24 h, Fluo-3/AM fluor-
escence Ca2þ measurement showed that the basal [Ca2þ]i,
TPG-induced Ca2þ release responses, and SOCE were not
different between two groups (Figure 2A–C). Thus, glu-
cocorticoids were not effective in the regulation of Ca2þ

signal that was altered by TGF-β1.

FIGURE 2.—Effect of dexamethasone on Ca2þ signal in TGF-β1-treated ASMCs. A: time-course recording showing TPG (1 μM) �induced Ca2þ responses in
cells that were treated with TGF-β1 (10 ng/ml) alone or in the presence of dexamethasone (DXM, 100 nM) for 24 h. B: summarized data showing basal [Ca2þ]i in
TGF-β1� and TGF-β1/DXM�treated ASMCs. C: summarized data showing TPG-induced Ca2þ release and store-operated Ca2þ influx in ASMCs treated with
TGF-β1 or TGF-β1/DXM. Data are means � SD. n on each bar represent numbers of tested cells.
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Role of IKCa Channel in TGF-β1-Promoted SOCE

Previous studies showed that TGF-β1 promoted the
expression of intermediate-conductance Ca2þ-activated
Kþ channel (KCa3.1, KCNN4) in human ASMCs (15).
Since activation of IKCa will hyperpolarize cell membrane
and provide driving force for Ca2þ influx, we investigated
whether IKCa mediates the effect of TGF-β1 on
SOCE. KCNN4 mRNA was detected in rat ASMCs, as
shown in Figure 3A. Ca2þ fluorescence imaging showed
that in TGF-β1-treated ASMCs, IKCa inhibitor CTX
(100 nM) did not affect TPG-induced Ca2þ release (not

shown). In TGF-β1-treated cells, CTX did not change the
peak value of store-operated Ca2þ influx induced by TPG
(1 μM) (Figure 3B). Moreover, CTX also did not accel-
erate the Ca2þ plateau decay rate in TGF-β1-treated
ASMCs (Figure 3B and C). In TGF-β1-treated cells,
[Ca2þ]i decayed to (70 � 11)% and (66 � 11)% of peak
level within 4 min in the absence and presence of CTX,
respectively (Figure 3B and C). Similar results were
obtained in control cells (Figure 3C). These data suggested
that IKCa was not involved in the modulation of SOCE by
TGF-β1 in rat ASMCs.

Effect of Antioxidant α-Tocopherol on TGF-β1-Promoted
Ca2þ Influx

TGF-β1 was shown to increase the production of reactive
oxygen species (ROS) in ASMCs through up-regulation of
nicotinamide adenine dinucleotide phosphate (NADPH)
and inhibition of the expression of antioxidant enzymes,
thus leads to oxidant/antioxidant imbalance (20).
Hydrogen peroxide (H2O2) is the main source of ROS
(16). Recent studies demonstrated that H2O2 induces
Ca2þ mobilization from IP3 receptor- and ryanodine
receptor-sensitive Ca2þ store (21, 22), which then activates
store-operated Ca2þ channels (21). Therefore, TGF-β1
may promote SOCE indirectly through the generation of
H2O2. α-tocopherol (Vitamin E) is a common antioxidant
that was shown to be effective in alleviating critical fea-
tures of asthma in a mouse model (23). We then investi-
gated the effect of α-tocopherol on SOCE of ASMCs.
α-tocopherol (100 μM) treatment for 24 h had no effect
on basal [Ca2þ]i in both control and TGF-β1-treated
ASMCs (Figure 4A and C). Interestingly, α-tocopherol
significantly decreased Ca2þ transient induced by TPG in
both group of ASMCs (Figure 4 A–D). Nevertheless, the
mean peak amplitude of Ca2þ influx was not significantly
changed after treatment with α-tocopherol (Figure 4A–D).
These data suggested that oxidative stress was not
involved in TGF-β1-promoted SOCE.

Effect of TGF-β1 on the Expression of STIM1 and Orai1

We then determined whether TGF-β1 promotes Ca2þ influx
by increasing the expression of STIM1 and Orai1, two
essential components of store-operated Ca2þ channels. Our
real-time PCR experiments showed that in FBS-free med-
ium, TGF-β1 (1 and 10 ng/ml) had no effect on the expres-
sion of STIM1 and Orai1 at mRNA level (Figure 5A). In
10% FBS-containing DMEM, low concentration of TGF-β1
(1 ng/ml) had no effect on the expression of both genes.
TGF-β1 (10 ng/ml) treatment significantly increased the
mRNA expression of Orai1 and STIM1 in comparison to
control cells (p < .05) (Figure 5B).

Role of SOCE in TGF-β1-Stimulated Proliferation of
ASMCs

To investigatewhether SOCE is involved in the proliferation
of ASMCs promoted by TGF-β1, we examined serum-
stimulated proliferation of rat ASMCs with MTT assay
and p27 expression assay. As shown in Figure 6A and D,
TGF-β1 (10 ng/ml) had no significant effect on the

A

FIGURE 3.—Possible role of IKCa channels in mediating the effect of TGF-β1
on SOCE. A: KCNN4 expression in rat ASMCs (PCR), C, control cells; T,
TGF-β1-treated cells. B: effect of IKCa channel blocker charybdotoxin (CTX,
100 nM) on Ca2þ fluorescence decay rate of TPG-induced Ca2þ influx in
TGF-β1�treated ASMCs.C: Percentages of Ca2þ fluorescence decay at 4 min
after Ca2þ influx reached to the peak in control and TGF-β1-treated ASMCs.
Ca2þ influx was induced by addition of 2 mM Ca2þ into bath solution after
TPG-induced Ca2þ release has been returned to baseline (not shown). Data are
means � SD. n on each bar represent numbers of tested cells.
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proliferation of ASMCs stimulated with 1% FBS, even
though a trend of increased MTT reduction rate and
decreased p27 expression was observed in TGF-β1-treated
cells. In the presence of 2.5% FBS, the growth of ASMCs
was significantly promoted by TGF-β1 (p < .01). This
promoting effect of TGF-β1 was inhibited by non-specific
Ca2þ channel blocker Ni2þ (100 μM) and SKF-96365
(10 μM), but not by La3þ (100 μM) (Figure 6B and E).
We also checked the effect of the relatively selective SOC
blocker BTP-2 on the proliferation of ASMCs in 2.5%
FBS.As shown in Figure 6C and F, in 2.5%FBS-containing
medium,BTP-2 (100 nM) decreased theMTT reduction rate
and increased p27 expression in ASMCs stimulated with
TGF-β1. Taken together, these results confirmed that SOCE
was involved in TGF-β1 promoted proliferation of ASMCs.

We then observed the effects of IKCa channel blocker
CTX (100 nM), antioxidant α-tocopherol (100 μM) and
glucocorticoid DXM (100 nM) on the proliferation of
ASMCs under stimulation with 2.5% FBS in control and
TGF-β1-treated cells. As shown in Figure 7A and B, DXM
had no effect on the proliferation of ASMCs under serum
stimulation. Both α-tocopherol and CTX slightly increased
the proliferation of ASMCs stimulated with 2.5% FBS,
although without statistical significance. In the presence of
TGF-β1, there were no differences of MTT reduction rate
and p27 expression among these different treated cells.

DISCUSSION

TGF-β1 is thought to play important roles in regulating
airway inflammation and remodeling of asthma (10, 24,
25). In the present study, we present evidences to show that
TGF-β1 modulates Ca2þ homeostasis of rat ASMCs by
promoting SOCE, and this alteration in Ca2þ signaling
contributes to its effect on ASMC proliferation.

Different mechanisms have been suggested to be
involved in the regulation of Ca2þ homeostasis by TGF-
β1, but its effect on SOC channels was not illustrated. In
this study, we used SERCA inhibitor thapsigargin to pas-
sively deplete Ca2þ store, in that TPG-induced Ca2þ

release is less influenced by the activity of IP3R, ryanodine
receptor, or phospholipid C (PLC), which might be chan-
ged after treatment of ASMCswith TGF-β1.We found that
the TPG-induced Ca2þ transient was larger in TGF-β1-
treated ASMCs, similar to what we have observed in IL-
13-treated ASMCs (19). Interestingly, previous studies
showed that TGF-β1 increased the expression of sarco-
plasmic reticulum in cardiomyocytes (18, 26). Thus, TGF-
β1 may increase Ca2þ release by modulating the Ca2þ

store content or SERCA activity of ASMCs.
We demonstrated here that Ca2þ entry through SOC

channels was significantly increased by TGF-β1. This
effect should be partly ascribed to increased Ca2þ release

FIGURE 4.—Effect of α-tocopherol on Ca2þ release and store-operated Ca2þ entry induced by TPG. A: In control ASMCs, α-tocopherol (100 μM) treatment for
24 h decreased TPG-induced Ca2þ transient but not store-operated Ca2þ entry upon reintroduction of Ca2þ into bath solution. TPG (1 μM) and Ca2þ were added
into bath solution at arrow-indicated time. B: Summarized data showing the effect of α-tocopherol treatment on Ca2þ release and store-operated Ca2þ entry
induced by TPG in control cells.C: In TGF-β1-treated ASMCs, α-tocopherol treatment for 24 h reduced TPG-induced Ca2þ transient, but not store-operated Ca2þ

entry. D: summarized data showing the effect of α-tocopherol treatment on TPG-induced Ca2þ release and SOCE in TGF-β1-treated cells. Data are means �
SD. *p < .01. n on each bar represent numbers of tested cells.
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in TGF-β1-treated ASMCs, since the amplitude of Ca2þ

entry depends on the degree of Ca2þ store depletion (27).
However, this may not be the case in the presence of
antioxidant α-tocopherol. As shown in Figure 4, α-toco-
pherol treatment decreased TPG-induced Ca2þ release in
control and TGF-β1-treated ASMCs, but the amplitude of
subsequent SOCE was not changed by this antioxidant.
Since TGF-β1 also increased the expression of STIM1 and
Orai1, it is necessary to investigate the expression levels of
both genes after treatment with α-tocopherol.

We also examined the possible role of IKCa in mediat-
ing the effect of TGF-β1 on SOCE. Previous studies
demonstrated that TGF-β1 regulates both the expression
and the gating properties of IKCa channels (15, 28), whose
activation was initiated by an increase of [Ca2þ]i and will
sustain the Ca2þ influx through SOC channels, as we have
demonstrated on human macrophages (29). We showed
that both the peak amplitude and the decay rate of plateau
Ca2þ were not affected by IKCa blocker CTX, suggesting
that IKCa should not be involved in the modulation of
SOCE by TGF-β1. Gluococorticoids were the mainstay
of current asthma therapy. Unexpectedly, we did not find
any effect of DXM on TGF-β1-promoted basal [Ca2þ]i,
TPG-induced Ca2þ release, and SOCE. This is different
fromwhat we observed in IL-13-promoted Ca2þ signaling,
which was sensitive to DXM treatment (19).

Both STIM1 and Orai1 are essential to the functional
activity of SOC channels of rat ASMCs, and the mRNA
level of Orai1, but not STIM1, was significantly increased

in proliferating ASMCs, as we showed previously (13). A
latest study also showed that the expression of STIM1 and
Orai1 was increased in ASMCs from asthmatic mice (30).
Interestingly, the mRNA expression of STIM1 and Orai1
in ASMCs was significantly increased by TGF-β1 (10 ng/
ml) in the presence of 10% FBS. In FBS-free medium,
TGF-β1 had negligible effect on the expression of both
genes, indicating a necessary synergic effect of other
growth factors to initiate the transcriptional regulation of
both genes by TGF-β1 (31). We found that TGF-β1 had
significantly increased the proliferation of ASMCs under
stimulation with 2.5% FBS. This is consistent with a pre-
vious study which showed that TGF-β1 stimulated ASM
cell growth in the presence of lower concentration of serum
(7). The upregulated expression of both STIM1 and Orai1
may partly contribute to the increased SOCE induced by
TGF-β1. In addition, the effect of TGF-β1 on the expres-
sion of STIM1 and Orai1 may also take place at protein
level or post-transcriptional level and should be elucidated
later.

In the present study, we also clearly demonstrated that
SOCE was involved in ASMC proliferation facilitated by
TGF-β1. This effect of TGF-β1 was prominent only under
stimulation with 2.5% FBS but not 1% FBS or 10% FBS
(data not shown), similar to other studies which showed
that lower concentration of FBS is optimal for detecting the
effect of TGF-β1 on the proliferation (7, 32). The cause for
the requirement of lower dose serum in revealing the effect
of TGF-β1 on the proliferation of ASMCs is not clarified,
but a permissive role of other growth factors has been
suggested to cause ASMC proliferation (31).

Non-specific Ca2þ channel blockers Ni2þ, La3þ, and
SKF-96365 were potent inhibitors of SOC channels in
ASMCs (19). BTP-2 was a relatively selective SOC
blocker. It has been shown that BTP-2 could inhibit the
development of eosinophilic airway inflammation and air-
way hyperesponsiveness in ovalbumin (OVA)-challenged
guinea pigs (33, 34). TGF-β1-promoted ASMC prolifera-
tion was partly inhibited by Ni2þ, SKF-96365, and BTP-2
(Figure 6B–D), suggesting that SOC channels are involved
in the proliferation promoted by TGF-β1. SKF-96365 also
inhibits the activity of receptor-operated Ca2þ channels
(ROC), therefore, Ca2þ entry through ROC (ROCE) may
also contribute to TGF-β1-promoted ASMC proliferation.
La3þ had no inhibitory effect on the proliferation of ASMC
(Figure 6B and C). We speculate that this may be due to its
potent inhibiting effect on the activity of plasmamembrane
Ca2þ-ATPase (PMCA) (35), whose dysfunction will
impair Ca2þ extrusion.

A recent study demonstrated that TGF-β1 was associated
with increased airway oxidant burden in asthma patients,
suggesting that oxidant stress might mediate the effects of
TGF-β1 and promotes airway remodeling (36). This is con-
sistent with our results that TGF-β1 promoted proliferation
of ASMCs. Antioxidant α-tocopherol inhibited serum-
induced proliferation of A7r5 vascular smooth muscle cells
(37). Our results showed that α-tocopherol had no effect on
serum-induced proliferation of ASMCs (Figure 6C). We
speculate that this difference may be due to distinct tissue

FIGURE 5.—Effect of TGF-β1 on the expression of STIM1 and Orai1. Rat
ASMCs grown in 6-well plates were synchronized and then treated with
TGF-β1 (1 ng/ml or 10 ng/ml) in A: 0 FBS- and B: 10% FBS-containing
DMEM for 24 h. mRNA expression of STIM1 and Orai1 was analyzed with
real-time PCR. Shown are means� SE of 4 independent experiments from 3
different animals. ΔCt represents the difference between the threshold cycle
of STIM1 or Orai1 and that of β-actin.*p < .05 vs. control.

TGF-β1 ON SOCE OF ASMC 445

J 
A

st
hm

a 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
10

/2
5/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FIGURE 6.—Effect of TGF-β1 on the proliferation of rat ASMCs. The proliferation rates of ASMCs were determined by MTT and P27 expression assay as
described in Methods. ASMCs grown in 96-well plates were synchronized and then stimulated with 1% FBS or 2.5% FBS-containing DMEM for 24 h, the cells
were then treated with PBS as control, TGF-β1 (TGF, 10 ng/ml), TGF-β1 together with Ca2þ channel blockers SKF-96365 (SKF, 10 μM), NiCl2 (Ni

2þ, 100 μM),
LaCl3 (La3þ, 100 μM) and BTP-2 (100 nM). A and D: Ca2þ channels blockers SKF-96365, NiCl2 and LaCl3 on TGF-β1-promoted ASMC proliferation
stimulated with 1% FBS.B andE:Ca2þ channels blockers SKF-96365, NiCl2 and LaCl3 on TGF-β1-promoted ASMC proliferation stimulated with 2.5% FBS.C
and F: Ca2þ channels blocker BTP-2 on TGF-β1-promoted ASMC proliferation stimulated with 2.5% FBS. Data are representative of three independent
experiments. #p < .05, *p < .01, compared to TGF group.

FIGURE 7.—α-tocopherol (100 μM), dexamethasone (DXM, 10�7M) and IKCa blocker charybdotoxin (CTX, 100 nM) had no effect on 2.5% FBS-stimulated and
TGF-β1-promoted ASMC proliferation. The proliferation rate of ASMCs was determined with MTT assay (A) and P27 expression assay (B). Data are
representative of three independent experiments.
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properties. DXM did not affect the proliferation of both
control and TGF-β1-treated ASMCs, similar to our previous
study on IL-13-treated ASMCs (19).

In conclusion, TGF-β1 promotes the proliferation of rat
ASMCs by increasing activity of SOCE and expression of
STIM1 and/or Orai1.
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