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ABSTRACT

Studies have shown that peroxisome proliferator-activated receptor γ 
(PPAR γ) is down-regulated in pulmonary vascular lesions of patients with pulmonary 
hypertension (PH) and animal models of PH. Yet, the detailed molecular mechanisms 
underlying this alteration are not fully defined; the aim of this study is to address this 
issue. 5-HT dose- and time-dependently reduced PPAR γ expression and promoted 
pulmonary artery smooth muscle cells (PASMCs) proliferation; this was accompanied 
with the phosphorylation of Akt, inactivation of GSK-3β and up-regulation of 
β-catenin. Importantly, pre-treatment of cells with PI3K inhibitor (Ly294002) or prior 
silencing of β-catenin with siRNA blocked 5-HT-induced PPAR γ reduction and PASMCs 
proliferation. In addition, inactivation or lack of GSK-3β or inhibition of proteasome 
function up-regulated β-catenin protein without affecting its mRNA level and reduced 
PPAR γ protein expression. Taken together, our study indicates that 5-HT suppresses 
PPAR γ expression and stimulates PASMCs proliferation by modulating GSK-3β/β-
catenin axis, and suggests that targeting this pathway might have potential value in 
the management of PH.

INTRODUCTION

Pulmonary hypertension (PH) is a common 
clinical syndrome characterized by sustained elevation of 
pulmonary vascular resistance and increased pulmonary 
arterial pressure, leading to right heart failure and 
ultimately death [1]. All types of PH share similar 
pathogenesis including vasoconstriction, pulmonary 
vascular remodeling and thrombosis in situ [2]. Pulmonary 
vascular remodeling characterized by thickening of 
all layers of vascular wall is a hallmark of PH [3], and 
pulmonary arterial smooth muscle cells (PASMCs) 
proliferation is critical in this process [4]. Therefore, 
exploring the molecular mechanisms responsible for 

PASMCs proliferation and searching for new targets are 
important in the management of PH.

Peroxisome proliferator-activated receptor γ (PPAR 
γ) is a member of the PPAR nuclear hormone receptor 
superfamily. Besides its metabolic actions [5], emerging 
evidences have demonstrated that PPAR γ regulates 
diverse cellular processes including cell proliferation, 
apoptosis, differentiation and migration [6, 7]. It has been 
found that PPAR γ is expressed in most of tissues including 
pulmonary system and its expression is down-regulated 
in pulmonary vasculature of patients with PH [8]. Further 
studies have demonstrated that genetic deletion of PPAR 
γ in mice pulmonary vascular SMCs is sufficient to 
causes spontaneous PH [9], while activation of PPAR γ 
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strongly attenuates PASMCs proliferation and inhibits 
the development of PH [10-12]. PPAR γ insufficiency has 
been considered to be a crucial factor for the development 
of PH by stimulating PASMCs proliferation and therefore 
vascular remodeling. However, the exact mechanisms 
underlying down-regulation of PPAR γ in PASMCs of PH 
are still largely unknown.

The Wnt/β-catenin signaling pathway controls 
many biological processes including cell proliferation, 
apoptosis and differentiation [13]. β-catenin is a key 
effector in this pathway. The absence of Wnts facilitates 
the phosphorylation of β-catenin protein by glycogen 
synthase kinase-3β (GSK-3β), leading to β-catenin 
ubiquitination and degradation, whereas Wnts induces 
the phosphorylation and inactivation of GSK-3β and 
subsequent stabilization of β-catenin protein. The resulting 
increased free β-catenin then shift into the nucleus 
regulating expression patterns of target genes [14]. Studies 
have shown that accumulated β-catenin translocate to the 
nucleus and suppress PPAR γ expression in a variety of 
tumor cells and non-pulmonary arterial smooth muscle 
cells [15-18]. Therefore, it is interesting to examine 
whether activation of β-catenin signaling suppresses 
PPAR γ expression in PASMCs and implicates in PASMCs 
proliferation. To clarify this, primary cultured PASMCs 
were stimulated with 5-HT, a potent mitogen that has 
been shown to be associated with the development of PH. 
The phosphorylation of GSK-3β and the expression of 
β-catenin and PPAR γ were determined, and the molecular 
mechanisms underlying these changes were further 
investigated.

RESULTS

5-HT stimulates PASMCs proliferation

To examine the effect of 5-HT on PASMCs 
proliferation, dose-response and time-course of 5-HT on 
cell proliferation were investigated. Cell proliferation was 
determined by BrdU incorporation assay. As shown in 
Figure 1A, 5-HT dose-dependently stimulated PASMCs 
proliferation, 1 μM 5-HT triggered a 1.59-fold increase 
in BrdU incorporation at 24 h compared with control (P 
< 0.01). Figure 1B demonstrates that 5-HT stimulated 
PASMCs proliferation in a time-dependent manner, 1 μM 
5-HT caused a 1.75-fold increase in BrdU incorporation 
over control at the time of 72 h (P < 0.01), indicating that 
5-HT effectively stimulates PASMCs proliferation.

5-HT reduces PPAR γ expression in PASMCs

To clarify whether 5-HT reduces PPAR γ expression 
in PASMCs, cells were treated with different concentration 
of 5-HT at different time point and the protein level of 
PPAR γ was determined using Western blotting. As 
indicated in Figure 2A, 5-HT dose-dependently down-

regulated PPAR γ expression in PASMCs at 24 h, 1 μM 
5-HT reduced PPAR γ protein level to 0.51-fold compared 
with control (P < 0.01). Figure 2B shows the time course 
of 1 μM 5-HT regulation of PPAR γ protein level, which 
dropped to 0.41-fold compared with control at the time 
of 72 h (P < 0.01). These results suggest that 5-HT 
suppresses PPAR γ expression in PASMCs.

5-HT inactivates GSK-3β, up-regulates β-catenin 
and reduces PPAR γ via PI3K/Akt pathway

It has been shown that activation of PI3K/Akt 
signaling pathway phosphorylates GSK-3β at Ser 9 
resulting in inactivation of GSK-3β and subsequent 
inhibition of β-catenin degradation in several types of 
non-pulmonary arterial smooth muscle cells [19, 20]. To 
examine whether this mechanism also works in PASMCs 
and mediates 5-HT-induced PPAR γ reduction, PASMCs 
were prior incubated with Ly294002 (25 μM, a selective 
PI3K inhibitor) for 30 min and followed stimulation 
with 1 μM 5-HT, the phosphorylation of Akt and GSK-
3β and the protein levels of β-catenin and PPAR γ were 
determined using Western blotting. Figure 3A and 3B 
show that 1 μM 5-HT stimulation for 5 min notably 
increased the phosphorylation levels of Akt and GSK-3β 
in PASMCs, while pre-treatment of cells with Ly294002 
suppressed 5-HT-induced phosphorylation of Akt and 
GSK-3β. Phosphorylation of Akt declined from 2.06-fold 
increase over control in 5-HT-treated cells to 0.91-fold 
over control in Ly294002 and 5-HT-treated cells (P < 
0.01), and phosphorylation of GSK-3β dropped from 1.99-
fold over control in 5-HT-treated cells to 1.09-fold over 
control in Ly294002 and 5-HT-treated cells (P < 0.01). 
Figure 3C indicates that 1 μM 5-HT stimulation for 24 h 
resulted in a 1.98-fold increase in β-catenin protein level 
compared with control (P < 0.01), while pre-incubation 
of cells with Ly294002 reduced β-catenin protein level 
to 1.23-fold over control in response to 5-HT (P < 0.01 
versus 5-HT-treated cells). Furthermore, the presence of 
Ly294002 dramatically blocked 5-HT-induced PPAR γ 
protein reduction, which increased from 0.5-fold over 
control in 5-HT-treated cells to 0.87-fold over control 
in Ly294002 and 5-HT co-treated cells (Figure 3D, P < 
0.01). These results suggest that 5-HT inactivates GSK-3β, 
up-regulates β-catenin and reduces PPAR γ expression via 
PI3K/Akt pathway.

GSK-3β insufficiency or inhibition of proteasome 
function up-regulates β-catenin and reduces 
PPAR γ in PASMCs

Studies have shown that β-catenin stability and 
consequent its overall amount in cell is finely regulated 
by GSK-3β and proteasome system in mammalian cells 
[21, 22]. To investigate whether the level of β-catenin was 
also regulated by GSK-3β and proteasome function in 
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PASMCs, inactivation/depletion of GSK-3β or proteasome 
inhibitor MG132 was applied in the study. Figure 4A 
indicates that transfection of GSK-3β specific siRNA for 
48 h in PASMCs reduced GSK-3β protein level to 21% 
of control (P < 0.01), while non-targeting siRNA did 
not affect GSK-3β protein level. Figure 4B shows that 
β-catenin mRNA level did not change in PASMCs exposed 
to 1 μM 5-HT for 24 h or transfected with GSK-3β siRNA 
for 48 h or incubated with proteasome inhibitor MG132 
(10 μM) for 24 h compared with control. However, these 
cells exhibited a significant increase in β-catenin protein 
level, which raised to 1.91-fold, 1.95-fold and 1.84-fold 
over control, respectively (Figure 4C, P < 0.01).

To examine whether inactivation/loss of GSK-3β 
or suppression of proteasome function results in PPAR γ 
reduction in PASMCs, cells were incubated with 1 μM 
5-HT for 24 h or transfected with GSK-3β siRNA for 48 h 
or treated with 10 μM MG132 for 24 h, the protein level of 
PPAR γ was determined using Western blotting. Figure 4D 

shows that inactivation or depletion of GSK-3β decreased 
PPAR γ protein level in PASMCs, which declined to 
0.51-fold over control in 5-HT-stimulated cells and to 
0.58-fold over control in GSK-3β siRNA transfected 
cells, respectively (P < 0.01). Suppression of proteasome 
function by MG132 also reduced PPAR γ protein level, 
which decreased to 0.67-fold compared with control (P 
< 0.05). Together, these results suggest that inhibition of 
GSK-3β or proteasome function leads to accumulation of 
β-catenin protein and reduction of PPAR γ protein.

Up-regulation of β-catenin mediates 5-HT-
induced PPAR γ reduction in PASMCs

To verify whether up-regulation of β-catenin 
specifically mediated 5-HT-induced PPAR γ reduction 
in PASMCs, cells were first transfected with β-catenin 
sequence specific siRNA for 24 h and then stimulated with 
1 μM 5-HT for an additional 24 h, PPAR γ protein level 

Figure 1: 5-HT stimulates PASMCs proliferation. (A) PASMCs were stimulated with different concentration of 5-HT ranging 
from 0 to 10000 nM for 24 h, the rate of BrdU incorporation in cells was determined using BrdU ELISA assay Kit (n = 4 each group). (B) 
Cells were exposed to 1 μM 5-HT for the indicated times, BrdU incorporation in cells was measured (n = 4 each group). *P < 0.05 versus 
control; **P < 0.01 versus control.
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was measured using immunoblotting. As shown in Figure 
5A, β-catenin specific siRNA transfection for 48 h reduced 
β-catenin protein level to 22% of control (P < 0.01), while 
non-targeting siRNA did not affect β-catenin protein level. 
Figure 5B indicates that 1 μM 5-HT dramatically reduced 
PPAR γ protein level (P < 0.01 versus control), while loss 
of β-catenin reversed 5-HT-induced PPAR γ reduction, 
which increased from 0.50-fold over control in 5-HT-
treated cells to 0.89-fold over control in 5-HT-treated 
cells with prior knockdown of β-catenin (P < 0.01). These 
results suggest that up-regulation of β-catenin particularly 
mediates 5-HT inhibition of PPAR γ expression in 
PASMCs.

Up-regulation of β-catenin and subsequent 
PPAR γ reduction mediates 5-HT-stimulated 
PASMCs proliferation

To clarify whether accumulation of β-catenin by 
GSK-3β inactivation and subsequent PPAR γ reduction 
are involved in 5-HT-induced PASMCs proliferation, 
cells were pre-incubated with 25 μM Ly294002 for 30 
min or prior transfected with β-catenin siRNA for 24 h 
or pre-treated with 10 μM pioglitazone for 30 min and 
then stimulated with 1 μM 5-HT for an additional 24 
h, the proliferation of cells was determined by BrdU 
incorporation assay. As shown in Figure 6, pre-incubation 
of cells with Ly294002 or prior silencing of β-catenin with 

siRNA abolished 5-HT-induced PASMCs proliferation as 
indicated by BrdU incorporation rate, which was reduced 
from 1.59-fold over control in 5-HT-treated cells to 1.06-
fold over control in Ly294002 and 5-HT-treated cells and 
to 1.10 fold over control in β-catenin siRNA transfected 
and 5-HT-treated cells, respectively (P < 0.01). In 
addition, prior treatment of PASMCs with pioglitazone 
also suppressed 5-HT-induced cell proliferation, BrdU 
incorporation rate declined from a 1.59-fold increase over 
control in 5-HT-treated cells to a 1.16-fold increase over 
control in pioglitazone and 5-HT co-treated cells (P < 
0.01). These results suggest that post-transcriptional up-
regulation of β-catenin and subsequent PPAR γ reduction 
mediates 5-HT-induced PASMCs proliferation.

DISCUSSION

In this study, we have shown that 5-HT causes 
the reduction of PPAR γ expression in primary cultured 
PASMCs, this effect is coupled to the phosphorylation 
of Akt and inactivation of GSK-3β and subsequent post-
transcriptional up-regulation of β-catenin, which further 
suppresses the expression of PPAR γ and leads to PASMCs 
proliferation. Our study provides novel molecular insight 
for 5-HT down-regulation of PPAR γ and stimulation of 
PASMCs proliferation.

Insufficiency of PPAR γ has been shown to be 
associated with the development of a variety of cancer 

Figure 2: 5-HT suppresses PPAR γ expression in PASMCs. (A) PASMCs were treated with different concentration of 5-HT 
ranging from 0 to 10000 nM for 24 h, protein level of PPAR γ was determined using immunoblotting, GAPDH served as loading control 
(n = 4 each group). (B) Cells were incubated with 1 μM 5-HT for the indicated times, protein level of PPAR γ was assayed. GAPDH served 
as loading control (n = 4 each group). *P < 0.05 versus control; **P < 0.01 versus control.
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and other human diseases, while activation of PPAR γ 
suppresses both tumor and normal cell proliferation 
[23-25]. Recent studies have further indicated that 
PPAR γ expression is reduced in pulmonary vascular 
lesions of PH patients and several PH experimental 
models [8, 26, 27]. Activation of PPAR γ by several 
chemical compounds or signaling pathways attenuates 
PH by inhibiting PASMCs proliferation and therefore 
pulmonary vascular remodeling [10-12, 28, 29]. Studies 
have shown that PPAR γ exerts anti-proliferative effects 
on PASMCs through multiple mechanisms, such as 
inhibition of store-operated calcium entry, induction 
of heme oxygenase (HO)-1, stabilization of cyclin-
dependent kinase inhibitors, prevention of the increase 
of MicroRNA-21 and decrease of its target genes [10, 
30-32]. These studies highlight the importance of PPAR 
γ as a central anti-proliferative regulator of vascular 
homeostasis in PH. However, the detailed molecular 

mechanisms underlying PPAR γ reduction occurred in 
PH remain largely unclear.

Wnt/β-catenin pathway plays an essential role in 
cell fate decision [13]. Numerous studies have shown 
that Wnt/β-catenin signaling is implicated in a variety of 
human disorders, including cancer, diabetes, osteoarthritis 
and cardiovascular diseases [33-35]. Recent studies 
have found that activation of this pathway is associated 
with abnormal PASMCs proliferation and vascular 
remodeling in PH [36, 37]. β-catenin is a crucial effect 
molecule in Wnt/β-catenin signaling [13]. Stabilization 
and accumulation of intracellular β-catenin result in its 
nuclear translocation, which impacts expression patterns 
of target genes [14]. Accumulation of β-catenin has been 
found to translocate to the nucleus and suppress PPAR 
γ expression in several types of non-pulmonary arterial 
smooth muscle cells [15-18]. Our present study shows 
that the elevation of β-catenin protein was accompanied 

Figure 3: 5-HT inactivates GSK-3β, up-regulates β-catenin and reduces PPAR γ by PI3K/Akt pathway. PASMCs were 
pre-treated with 25 μM Ly294002 for 30 min and followed stimulation with 1 μM 5-HT for 5 min, the phosphorylation of Akt (A) and 
GSK-3β (B) were determined using immunoblotting. Representative western blot and quantification of bands are shown (n = 4 each group). 
PASMCs were pre-incubated with 25 μM Ly294002 for 30 min before stimulation with 1 μM 5-HT for 24 h, the protein levels of β-catenin 
(C) and PPAR γ (D) were examined by immunoblotting. GAPDH served as loading control (n = 4 each group). *P < 0.01 versus control; 
#P < 0.01 versus 5-HT-treated cells.
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with the reduction of PPAR γ and PASMCs proliferation 
in response to 5-HT. Silencing of β-catenin with siRNA 
abolished 5-HT-induced PPAR γ reduction and therefore 
suppressed PASMCs proliferation. These results suggest 
that PPAR γ is a specific target of β-catenin pathway in 
regulation of PASMCs proliferation.

GSK-3β is a serine/threonine protein kinase 
that regulates cell proliferation and apoptosis through 
multiple intracellular signaling pathways [38, 39]. 
GSK-3β negatively modulates Wnt/β-catenin signaling 
in mammalian cells [40, 41], which is constitutively 
active in resting cells [42] and is inactivated by 
several upstream protein kinases such as Akt, protein 
kinase A (PKA), p90 ribosomal S6 kinase (p90Rsk), 
p70 ribosomal S6 kinase (p70S6K) in response to 
extracellular stimulations [39, 43]. Studies have indicated 
that activation of PI3K/Akt signaling phosphorylates 
GSK-3β at Ser 9 resulting in inactivation of GSK-3β and 

subsequently inhibiting the degradation of β-catenin in 
non-vascular smooth muscle cell types [19, 20]. In this 
study, we found that 5-HT also phosphorylated GSK-3β 
at Ser9 and induced β-catenin up-regulation and PPAR 
γ reduction through PI3K/Akt pathway in PASMCs. We 
further showed that inactivation/deletion of GSK-3β or 
inhibition of proteasome function increased the protein 
level of β-catenin without affecting its mRNA level 
and reduced PPAR γ protein expression in PASMCs. 
Inhibition of PI3K/Akt cascade or knockdown of 
β-catenin reversed 5-HT-induced PPAR γ down-
regulation and PASMCs proliferation, while activation 
of PPAR γ by pioglitazone suppressed 5-HT-induced 
cells proliferation. These results suggest that 5-HT 
inactivates GSK-3β through PI3K/Akt pathway and then 
post-transcriptionally up-regulates β-catenin, which in 
turn suppresses the expression of PPAR γ and leads to 
PASMCs proliferation.

Figure 4: GSK-3β insufficiency or inhibition of proteasome activity up-regulates β-catenin and reduces PPAR γ. (A) 
PASMCs were transfected with GSK-3β sequence-specific siRNA and non-targeting siRNA for 48 h. Equal amount of protein was loaded 
and probed with antibodies against GSK-3β and GAPDH (loading control) (n = 4 each group). (B-D) PASMCs were incubated with 1 
μM 5-HT for 24 h or transfected with GSK-3β siRNA for 48 h or treated with 10 μM MG132 for 24 h, the mRNA level of β-catenin (B) 
was examined by qRT-PCR, GAPDH served as an internal control (n=4 each group); protein levels of β-catenin (C) and PPAR γ (D) were 
determined using immunoblotting, GAPDH served as an internal control (n=4 each group) *P < 0.05 versus control; **P < 0.01 versus 
control.
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Figure 5: Up-regulation of β-catenin mediates 5-HT-induced PPAR γ reduction. (A) PASMCs were transfected with β-catenin 
sequence-specific siRNA and non-targeting siRNA for 48 h. Equal amount of protein was loaded and probed with antibodies against 
β-catenin and GAPDH (loading control) (n = 4 each group). (B) Cells were prior transfected with non-targeting siRNA or β-catenin specific 
siRNA for 24 h before stimulation with 1 μM 5-HT for an additional 24 h. Protein level of PPAR γ was determined using immunoblotting, 
GAPDH served as loading control (n = 4 each group). *P < 0.01 versus control; #P < 0.01 versus 5-HT-treated cells.

Figure 6: Up-regulation of β-catenin and subsequent PPAR γ reduction mediates 5-HT-stimulated PASMCs 
proliferation. PASMCs were pre-incubated with 25 μM Ly294002 for 30 min or prior transfected with β-catenin siRNA for 24 h or pre-
treated with 10 μM pioglitazone for 30 min and then stimulated with 1 μM 5-HT for an additional 24 h, cells proliferation was determined 
by BrdU incorporation assay. (n = 4 each group). *P < 0.01 versus control; #P < 0.01 versus 5-HT-treated cells.



Oncotarget72917www.impactjournals.com/oncotarget

MATERIALS AND METHODS

Cell preparation and culture

Primary PASMCs from main pulmonary arteries 
were prepared from Sprague-Dawley rats (70–80 g) 
according to the method reported by Wu et al [44]. 
All animal care and experiments were performed in 
accordance with the Guide for the Care and Use of 
Laboratory Animals of Xi’an Jiaotong University Animal 
Experiment Center. All protocols used in this study were 
approved by the Laboratory Animal Care Committee of 
Xi’an Jiaotong University. Briefly, pulmonary arteries 
were rapidly isolated from sacrificed rats, washed in 
phosphate buffered saline (PBS, 4 °C), and dipped into 
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 
Grand Isle, NY, USA) containing 10% fetal bovine serum 
(FBS, Sijiqing, HangZhou, China), 100 U/mL penicillin, 
and 100 μg/mL streptomycin. A thin layer of the adventitia 
was gently stripped off with a forceps and the endothelium 
was carefully removed by scratching the intima surface 
with an elbow tweezers. The remaining smooth muscle 
was cut into 1-mm tissue blocks and placed into a culture 
flask and then incubated in a 37 °C, 5% CO2 humidified 
incubator. PASMCs were passaged using 0.25% trypsin 
(Invitrogen, Carlsbad, CA, USA) till reaching 80% 
confluence. All experiments were performed using cells 
between passages 3 and 6. The purity of PASMCs was 
determined by immunostaining with α-smooth muscle 
actin (α-SMA, Sigma, St Louis, MO, USA) as described 
previously. Fluorescence microscope images indicated 
that cells contained more than 90% of PASMCs (data not 
shown here). Before each experiment, cells were incubated 
in 1% FBS-DMEM overnight to minimize serum-
induced effects. 5-HT (Sigma) was used to stimulate cell 
proliferation. Ly294002 (Sigma) was applied to inhibit 
PI3K activity. MG132 (Selleck Chemicals, Houston, 
TX, USA) was used as a selective proteasome inhibitor. 
Pioglitazone (Cayman Chemical Co., Ann Arbor, MI, 
USA) was used to stimulate PPAR γ activation.

siRNA transfection

To silence the expression of GSK-3β or β-catenin 
protein, PASMCs were transfected with sequence-
specific or non-targeting control siRNA (GenePharm, 
Shanghai, China) using Lipofectamine™ 2000 reagent 
(Invitrogen) according to the manufacture’s protocols. 
Briefly, PASMCs were seeded into 6-well plates and 
cultured till reaching 30-40% confluence; 100 nM siRNA 
and 5 μL Lipofectamine were diluted in 250 μL DMEM, 
separately, and incubated for 5 min at room temperature. 
Diluted siRNA was mixed with diluted Lipofectamine 
and incubated at room temperature for 20 min. Then, the 
complex of siRNA and Lipofectamine was added into cells 
and cells were cultured for 48 h at 37 °C, 5% CO2 in a 

humidified incubator. Effects of siRNA transfection were 
analyzed using immunoblotting.

BrdU incorporation assay

To determine PASMCs proliferation, the rate of 
BrdU incorporation was examined using BrdU ELISA 
Kit (Maibio, Shanghai, China) following the established 
protocol. PASMCs were seeded on 96-well plates at 5×103 
cells per well, allowing to adhere for at least 24 h, and 
serum starved overnight (1% FBS in DMEM) before the 
start of experiments. After different treatments, BrdU 
labeling reagent was added to the wells and incubated for 
2 h at 37 °C. Cells were then denatured with FixDenat 
solution for 30 min, and incubated with anti-BrdU mAbs 
conjugated to peroxidase for 90 min at room temperature. 
After incubation, antibody conjugate was removed and 
substrate solution was added for reaction for 10 min. 
Finally, the reaction product was quantified by measuring 
the absorbance at 370 nm using a microplate reader (Bio-
Rad, Richmond, CA, USA). The blank corresponded to 
100 μL of culture medium with or without BrdU.

Real-time PCR

Total RNA was extracted from primary cultured 
PASMCs with Trizol (Invitrogen) following the 
manufacturer’s instructions. Expression of β-catenin 
and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) mRNA was determined using Real-time 
PCR. Complementary DNA (cDNA) was synthesized 
with the cDNA Synthesis Kit (Takara, Tokyo, Japan). 
Real-time PCR was carried out on an IQ™5 Real-time 
PCR Detection System (Bio-Rad) using SYBR premix 
Ex Taq II (Takara) as fluorescent dye. The primers for 
β-catenin (Sangon Biotech, Shanghai, China) were: 
forward 5′-CCACGACTAGTTCAGCTGCTTGTAC-3′ 
and reverse 5′-ACTGCACAAACAGTGGAATGGT
ATT-3′. Primers for GAPDH (Sangon Biotech) were: 
forward 5′-GCTGAGTATGTCGTGGAGT-3′ and 
reverse 5′-GTTCACACCCATCACAAAC-3′. The PCR 
amplification was performed at 95 °C for 1 min, followed 
by 40 cycles of 95 °C for 5 s, 60 °C for 20 s and 72 °C for 
30 s. Expression level of β-catenin was presented as fold 
increase over controls after normalization with GAPDH.

Immunoblotting

The cultured cells were washed twice with 
ice-cold PBS and then lysed in RIPA lysis buffer 
containing 50 mM Tris/HCl (pH 7.4), 1% Nonidet 
P-40, 0.1% sodium dodecyl sulfate (SDS), 150 mM 
NaCl, 0.5% sodium deoxycholate, 1 mM EDTA, 1 
mM phenylmethanesulfonyl fluoride, 1 mM Na3VO4, 
1 mM NaF and proteinase inhibitors. Lysates were 
centrifuged at 13,000 rpm at 4 °C for 15 min, and the 
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supernatant was collected as sample protein. Protein 
was separated on SDS-PAGE gel and transferred to a 
nitrocellulose (NC, Bio-Rad) membrane via semidry 
transfer. The NC membrane was then blocked with 
5% (w/v) nonfat dry milk in PBS containing 0.1% 
(v/v) Tween-20. Polyclonal or monoclonal antibodies 
against phosphor-Akt, total-Akt, phosphor-GSK-3β, 
total-GSK-3β, β-catenin (Cell Signaling Technology, 
Beverly, MA, USA, 1:1000 dilution), PPAR γ 
(Proteintech Group, Chicago, IL, USA, 1:500 dilution) 
as well as GAPDH (Sigma, 1:2000 dilution) were used 
according to the manufacturer’s protocols. Horseradish 
peroxidase-conjugated goat anti-rabbit IgG was used 
as the secondary antibodies (Sigma, 1:5000 dilution). 
Reactions were visualized with SuperSignal West Pico 
Chemiluminescent Substrate (Pierce Biotechnology, 
Rockford, IL, USA) and then exposed to the 
autoradiographic film. Signaling was quantified from 
scanned films using Quality One software (Bio-Rad). 
Band quantification of aimed proteins was standardized 
by GAPDH or related total protein.

Statistics

Statistical analysis was carried out using the SPSS 
13.0 software. All values are presented as mean ± standard 
deviation (S.D.). Data were analyzed using one-way 
analysis of variance (ANOVA) with Tukey post hoc test. 
Probability values of P < 0.05 were considered to represent 
a statistically significant between groups.
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phosphatidylinositol 3-kinase; PH, pulmonary 
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cells; PPAR γ, peroxisome proliferator-activated receptor 
γ; 5-HT, 5-hydroxytryptamine.
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