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Abstract: The vascular smooth muscle cell (VSMC) phenotypic switch is considered to be the key pathophysiologi-
cal change in various cardiovascular diseases, such as aortic dissection, atherosclerosis, and hypertension. The 
results in this study showed that TGF-β1 promotes the proliferation, migration and morphological changes of VSMC.
TGF-β1 promoted the expressions of PI3K, P-PI3K, AKT, P-AKT, ID2, and OPN protein and suppressed the expres-
sions of α-SMA and SM22α protein; the opposite results were observed for TGF-β1 inhibitor group, AKT inhibitor 
group and Combined inhibitors group. After the stimulation of TGF-β1 signaling, the mRNA levels of PI3K, AKT, 
ID2, and OPN were the highest, while the mRNA levels of α-SMA and SM22α were the lowest; the opposite results 
were found in the same groups above. These results suggested the PI3K/AKT/ID2 signaling pathway is involved in 
TGF-β1-mediated human aortic VSMC phenotypic switching, that is from a contractile to synthetic phenotype, and 
Combined inhibitors was more effective in inhibiting the phenotypic switch than a single inhibitor. The Combined 
inhibitors experiments may provide new avenues for the prevention and treatment of thoracic aortic dissection (TAD) 
that are based on the pathological effects of phenotypic switching.
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Introduction

Vascular smooth muscle cells (VSMCs) are 
major components of the media of aorta and 
exhibit two different phenotypes, i.e., a contrac-
tile phenotype and a synthetic phenotype. Con- 
tractile phenotype has a weak ability of prolif-
eration and migration, and exhibit a spindle 
elongated morphology. Moreover, the cell has a 
limited ability to synthesize extracellular matrix. 
Contractile phenotype primarily participates in 
controlling the diameter of blood vessels, regu-
lating organ blood flow and maintaining a sta-
ble blood pressure. In the normal and mature 
blood vessel wall, VCMCs are predominantly 
made up of the contractile phenotype [1-4]. 
Synthetic phenotype has a stronger prolifera-
tion and migration ability, and the cell has a 
hypertrophic appearance and exhibit “hill and 
valley” growth. Its ability to synthesize extracel-
lular matrix (e.g., collagen, elastin, and proteo-
glycans) is strong and plays an important role in 
maintaining the integrity, compliance and com-
pression capability of the normal aorta wall [4, 
5].

The marker molecules that are specific for con-
tractile VSMC include smooth muscle α-actin 
(α-SMA) and smooth muscle 22α (SM22α), and 
those for synthetic VSMC include Osteopontin 
(OPN) [5-7]. The VSMC switch to the synthetic 
phenotype leads to the increased expressions 
of markers for this phenotype. When cardiovas-
cular diseases, such as atherosclerosis, hyper-
tension, and diabetic vascular disease, cause 
vascular injury, contractile VSMC may switch to 
synthetic VSMC. This phenotypic switch can 
repair the injured vessel wall through the migra-
tion, proliferation and synthesis of extracellu- 
lar matrix, having a profound impact on injury 
repair [5, 6, 8, 9]. Recently, it was found that  
the release of various growth factors (TGF-β1, 
PDGF-BB, etc.) and the activation of down-
stream signaling are involved in this phenotypic 
switch [4, 5, 8, 10].

The transforming growth factor-β (TGF-β) super-
family is a class of secreted polypeptides. TGF-β 
plays an important role in the regulation of cell 
growth, differentiation, and apoptosis, and par-
ticipates in the occurrence of cardiovascular 
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and fibrous proliferative diseases [11-13]. TGF- 
β functions by activating downstream signaling 
pathways, which are divided into two catego-
ries: Smad-dependent classic signaling path-
ways and Smad-independent signaling path-
ways, such as PI3K/AKT, p38, and ERK [10, 14, 
15]. Of these, Smad-independent signaling pa- 
thways may play a regulatory role independent-
ly or in cooperation with Smad-dependent sig-
naling pathways [11, 16-20]. PI3K/AKT is con-
sidered an important signaling pathway that re- 
gulates the VSMC phenotype, which is impor-
tant not only in vascular biology [21] but also in 
diabetes and obesity. The regulatory effect of 
PI3K/AKT on VSMC phenotype may be mediat-
ed by regulating unidentified downstream tran-
scription factors [4]. Lasorella A et al. [22] 
found that ID2, as a transcriptional regulatory 
factor, plays an important regulatory role in 
muscle cell growth, proliferation and differenti-
ation. George S et al. [23] stated that an impor-
tant feature of the VSMC phenotypic switch is 
the enhancement in cell migration and prolifer-
ation and that ID2 is very likely to be an impor-
tant regulatory factor in this switch. Although 
the above evidence suggests that ID2 may be 
involved in VSMC phenotypic switch, its specific 
role and the connection to PI3K/AKT signaling 
remain unclear.

We hypothesized that TGF-β1 can stimulate ID2 
expressions by activating the PI3K/AKT signal-
ing pathway, resulting in VSMCs switch from 
contractile to synthetic phenotype. The signifi-
cant changes in this process include the follow-
ing: 1) morphological changes of the cells, i.e., 
from spindle elongated to hypertrophic mor-
phology and exhibit “hill and valley” growth; 2) 
changes in the levels of protein and mRNA 
markers of the respective types (i.e., a decrease 
in the protein/mRNA expressions of the con-
tractile marker proteins α-SMA and SM22α, 
and an increase protein/mRNA expressions of 
the synthetic marker protein OPN); and 3) en- 
hanced proliferation and migration.

Materials and methods

Reagents and instruments

The main reagents and instruments of this 
study included the following: human aortic 
VSMCs (T/G HA-VSMCs, ATCC, US); high-glu-
cose DMEM, trypsin, penicillin-streptomycin, 
PBS (all from Hyclone, US); fetal bovine serum 

(FBS, Zhejiang Tianhang Biological Technolo- 
gy Stock Co., Ltd., China); recombinant human 
TGF-β1 (PeproTech, US); SB525334 and MK- 
2206-2HCL (Selleck, US); an inverted micro-
scope (OLYMPUS CK2-TR, Japan); a biological 
safety cabinet (Haier HR40-IIA2, China); a CO2 
incubator (SANYO MCO-175, Japan); a micro-
plate reader (Rayto RT-6500, US); a real-time 
PCR system (ABI7900, US); and a fluorescence 
microscope (OLYMPUS BX51, Japan).

Cell culture and intervention

Cell culture: T/G HA-VSMCs were cultured at 
37°C and 5% CO2 in high-glucose DMEM medi-
um containing 20% FBS and a penicillin-strep-
tomycin mixture (1:100, containing 10000 U/
mL penicillin and 10 mg/mL streptomycin). 
When the cells reached 90% confluence, they 
were passaged by digestion with 0.25% trypsin 
containing EDTA.

Intervention: Thirty thousand cells (1.5 mL) per 
well were seeded in 6-well plates and cultured 
using the complete medium containing 10% 
FBS for 24 hours. The cells were then washed 
once with an equal volume of PBS to remove 
the residual serum. After serum-starvation for 
24 hours, the cells were washed once with PBS 
and divided into five groups according to the 
experimental design: ① Blank control group; ② 
TGF-β1 group; ③ TGF-β1 inhibitor group; ④ AKT 
inhibitor group; ⑤ Combined inhibitors group. 
DMEM was added in groups ① and ②, while 
groups ③, ④, and ⑤ were pre-treated in an 
incubator for 1 h with SB525334 (10 ng/mL), 
MK2206-2HCL (5 ng/mL), or SB525334+MK- 
2206-2HCL, respectively. The inhibitors were 
removed by washing once with PBS, and TGF-β1 
(5 ng/mL) was added to groups ② to ⑤, then 
all these groups were incubated for 24 h.

Cell counting kit-8 assay (CCK-8)

When the cells reached 90% confluence, they 
were then counted using a hemocytometer. 
After the cell concentration was adjusted to 
2×105 cells/mL, these cells were added to 60 
wells (100 µL per well) in the center of a 96-well 
plate, while an equal volume of PBS was added 
to the remaining surrounding wells. After label-
ing, the cell culture plate was placed in the 
incubator for 24 hours. This step was followed 
by serum-starvation with the same volume of 
serum-free medium for 24 hours, and the cells 
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were then washed once with PBS. The cells 
were grouped and treated according to the 
above-described treatments (100 µL was ad- 
ded to each well). Twelve replicates were per-
formed for each of the five treatment groups, 
and the cells were cultured for 24 h after treat-
ment. A 10% CCK-8 solution was prepared by 
adding 1.2 mL of CCK-8 into 12 mL of DMEM. 
Treated cells were washed with PBS, and 100 
µL of 10% CCK-8 was added to each well. After 
incubation for 3 h, the absorbance (OD) at 450 
nm was measured using a microplate reader.

Transwell migration assays

The cells were counted using a hemocytome- 
ter, and the concentration was adjusted to 
7.5×104 cells/ml. In a Transwell plate, 800 µl of 
DMEM, TGF-β1 (5 ng/ml) (added to four wells), 
SB525334 (10 ng/ml), MK2206-2HCl (5 ng/
ml), or Combined inhibitors solution were re- 
spectively added to each of eight wells. A Tr- 
answell chamber was placed in each well (only 
one TGF-β1 well received a chamber at this 
point), and 200 µL of the above cell suspension 
was added to each Transwell chamber to react 
for 1 h. The Transwell chambers in the SB- 
525334, MK2206-2HCl, and Combined inhibi-
tors solution wells were transferred to three of 
the wells with TGF-β1. After labeling, the cells 
were cultured for 24 h and then washed once 
with PBS. The un-migrated cells on the upper 
chamber surface were wiped with a cotton ball. 
The migrated cells were fixed with 4% parafor-
maldehyde for 30 min, stained with crystal vio-
let for 20 min, and washed three times with 
PBS. The residual dye on both surfaces of the 
chamber was washed. After air-drying, the filter 
membrane was cut with a blade and observed 
under a microscope on a microslide. Cell count-
ing was conducted for three randomly selected 
fields.

Coomassie blue staining

The cells were seeded on 6-well plates that 
were pre-set with coverslips, and the culturing 
and intervention protocols were the same as 
described in section above. After treatment, 
the coverslip with the cells were taken from the 
6-well plate and washed twice with PBS. The 
cells were pre-fixed with 2% paraformaldehyde 
for 5 s, and washed once with PBS. And next 
were treatment with 1% Triton X-100 for 30 min 
and washed three times with PBS. The cells on 
the coverslip were then fixed with 4% parafor-

maldehyde at room temperature for 20 min and 
stained with 0.2% Coomassie blue for 30 min. 
Lastly, the cells were washed three times with 
distilled water, allowed to air dry, and cleared in 
xylene. The obtained coverslip was mounted 
with neutral balsam and observed under a fluo-
rescence microscope. All of the images were 
saved and analyzed.

Western blotting

The cells of five groups were washed with PBS 
and transferred to five Eppendorf tubes. After 
centrifugation at 12000 rpm, the supernatant 
was discarded. The appropriate amount RIPA 
lysis buffer was added to extract the proteins 
from the cells. The protein concentration was 
measured, and 50 µg of total protein from each 
sample was added to 10% PAGE electrophore-
sis gels that were prepared according to the 
molecular weight of the protein of interest. The 
electrophoresis separation was stopped after 
the target proteins were fully separated based 
on the pre-stained marker. The target bands 
were cut from the gel using the pre-stained 
marker as a reference and washed with dis-
tilled water. The PVDF membrane and filter 
paper were cut in the same size of the PAGE 
gel. The PVDF membrane was soaked with 
methanol for a few seconds and then soaked in 
the transfer buffer together with the filter paper. 
The protein transfer sandwich was assembled 
in the following order: black panel - fiber pad - 
filter paper - gel - PVDF membrane - filter paper 
- fiber pad - white panel. After closing the clamp 
of the cassette, the protein transfer sandwich 
was placed into the transmembrane tank, with 
the black panel facing the black cathode. The 
transmembrane conditions were as follows: 
PI3K with P-PI3K - 00 mA for 120 min, plus 300 
mA for 15 min; AKT, P-AKT and OPN - 200 mA 
for 120 min; α-SMA - 200 mA for 80 min; ID2 
and sm22α - 200 mA for 60 min. The obtained 
PVDF membrane was blocked by soaking in 
TBST containing 5% nonfat dry milk, with shak-
ing at room temperature for 2 h. After the cor-
responding primary antibodies were diluted in 
the blocking buffer, the PVDF membrane was 
soaked in the primary antibody solution and 
incubated at 4°C overnight. The corresponding 
dilutions were as follows: PI3K - 1:1000, P-PI3K 
- 1:1000, AKT - 1:1000, P-AKT - 1:2000, α-SMA 
- 1:300, OPN - 1:500, ID2 and sm22α - 1:1000. 
The PVDF membrane was thoroughly washed 
with TBST for 5-6 times, with 5 min/wash. The 
corresponding HRP-labeled secondary antibo- 
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dy was diluted with the blocking buffer to a dilu-
tion of 1:50,000. The PVDF membrane was 
then soaked in the secondary antibody solu-
tion, followed by incubation at room tempera-
ture with shaking for 2 h. The PVDF membrane 
was then thoroughly washed with TBST for 5-6 
times. An appropriate amount of ECL substrate 
solution was added dropwise onto each mem-
brane and incubated for several minutes. After 
the fluorescence bands were visible, the excess 
substrate solution was absorbed using filter 
paper. The membrane was then covered with 
plastic wrap, processed with an X-ray film, de- 
veloped and fixed.

Quantitative real-time polymerase chain reac-
tion (RT-PCR)

1 mL of Trizol was added to the well of each 
group, and 200 µL of chloroform was added. 
After mixing by gently inverting several times, 
the samples were placed at room temperature 

oup was used for the reverse transcription, and 
the cDNA obtained from the reverse transcrip-
tion served as a template for RT-PCR to amplify 
the target gene. β-Actin served as the internal 
control. The reverse transcription reaction con-
ditions were as follows: 42°C for 60 min, fol-
lowed by 95°C for 5 min. The reaction condi-
tions for β-actin were 94°C for 4 min, 94°C for 
30 s, 56°C for 30 s, 72°C for 25 s, 72°C for 4 
min, and 4°C for 4 min, with 30 cycle counts. 
Then, real time-PCR was performed for β-actin 
and the target cDNA in 10-fold diluted reaction. 
The reaction conditions were as follows: 50°C 
for 2 min, 95°C for 10 min, 95°C for 30 s, and 
60°C for 30 s, with 40 cycle counts. The PCR 
products were subjected to agarose electro-
phoresis. After processing with a gel imaging 
system, the grayscale was obtained by scan-
ning, and the expressions levels was deter-
mined using integrated optical density (IOD). 
The ratio of the target gene and β-actin was 
analyzed, and the relative expression levels of 

Table 1. The sequences of the primers and the length of the corresponding PCR products
Gene Forward 5’→3’ Reverse 5’→3’ Productsize (bp)
PI3K TGCTGTTCGGTGCTTGGA CATCCCACATGCACGACA 250
AKT TGGGCAAGGGCACTTTCGG CGGGACAGGTGGAAGAACAGC 256
ID2 CCCCAGAACAAGAAGGTGA ATCCGTGTTGAGGGTGGT 168
OPN TGATGCTACAGACGAGGAC ACTATCAATCACATCGGAAT 244
α-SMA TCATGGTCGGTATGGGTCAG CGTTGTAGAAGGTGTGGTGC 150
SM22α TGGCAGTGACCAAGAATGAT GGTCGTCCGTAGCCTGTC 181
β-Actin CACGATGGAGGGGCCGGACTCATC TAAAGACCTCTATGCCAACACAGT 240

Figure 1. Comparison of the OD value in the different groups with CCK-
8 test (The resulting data were represented as 

_
x±SD, *P<0.01 vs. Blank 

control group).

for 5 min and then centrifuged 
at 12000 rpm at 4°C for 15 
min. The aqueous supernata- 
nt (approximately 400 µL) was 
transferred into a new 1.5-ml 
Eppendorf tube, and 400 µL of 
isopropanol was added. After 
mixing, the tube was placed at 
room temperature for 10 min. 
This step was followed by cen-
trifugation at 12000 rpm at 
4°C for 10 min, and the super-
natant was removed. The pre-
cipitated pellet was washed 
with cold 70% ethanol three 
times, air-dried for 5-10 min, 
and then dissolved in 20 µL of 
DEPC water. The concentration 
of RNA was determined with a 
spectrophotometer. The same 
amount of RNA from each gr- 



TGF-β1 induces VSMC phenotype switch

2768	 Am J Transl Res 2015;7(12):2764-2774

the target genes were calculated using the 2-ΔΔt 
method (Table 1).

Statistical analysis

Statistical analysis was performed with SPSS 
20.0 (SPSS Inc, USA). Data are presented as a 
mean ± standard deviation (

_
x±SD). Compa- 

risons among groups were assessed with one-
way analysis of variance (ANOVA) followed by 
Student-Newman-Keuls test. A value of P<0.05 
was considered statistically significant.

Results

TGF-β1 stimulates proliferations in human 
aortic VSMCs 

CCK-8 test showed that the OD value of TGF-β1 
group was increased, while the OD values in 
AKT inhibitor group and Combined inhibitors 
group were decreased compared with Blank 
control group; these differences were statisti-
cally significant (P<0.01). The OD values sh- 
owed no significant difference between TGF-β1 
inhibitor group and Blank control group nor 
were there differences between AKT inhibitor 
group and Combined inhibitor group (Figure 1). 
These results indicated that treatment with 
TGF-β1 for 24 hours significantly promoted pro-
liferations of HA-VSMCs, whereas AKT inhibitor 
and Combined inhibitors significantly inhibited 
proliferations, while there were no significant 
differences between these two groups. The 

group (P>0.05) (Figure 2). These results indi-
cated that TGF-β1 significantly promoted the 
migration of HA-VSMCs, while the TGF-β1 inhibi-
tor, AKT inhibitor and combined inhibitors sig-
nificantly inhibited cell migrations; there were 
no significant differences between these three 
inhibitor groups.

TGF-β1 induces morphological changes in hu-
man aortic VSMCs

In the above five groups of cells, the TGF-β1 
group exhibited more hypertrophic appearanc-
es in three randomly selected observation 
fields (×400), with a larger proportion compa- 
red with the other four groups. These cells 
exhibited “hill and valley” growth. The other fo- 
ur groups had fewer hypertrophic cells, primar-
ily exhibiting a spindle elongated morphology; 
the smallest proportion of hypertrophic cells 
were found in Combined inhibitors group (Fi- 
gure 3). These results indicated that TGF-β1 
promoted the morphological changes of HA- 
VSMCs from a spindle elongated morphology  
to a hypertrophic appearance and exhibit “hill 
and valley” growth, while the cells in Combined 
inhibitors group essentially maintained a spin-
dle elongated morphology, showing no signifi-
cant morphological changes. At high magnifica-
tion, some gemistocytic cells were also ob- 
served in Blank control group, so it is possible 
that a certain degree of spontaneous pheno-
typic switching occurred.

Figure 2. Comparison of the number of migrating cells in the different groups 
with transwell migration assay. (The resulting data were represented as 

_
x

±SD, *P<0.01 vs. Blank control group).

TGF-β1 inhibitor could not ef- 
fectively promote or inhibit cell 
proliferations.

TGF-β1 stimulates migrations 
in human aortic VSMCs

The number of the migrating 
cells of TGF-β1 group was in- 
creased, while the numbers of 
migrating cells in AKT inhibitor 
group and combined inhibitors 
group were decreased. Com- 
pared with Blank control gro- 
up, these differences were st- 
atistically significant (P<0.05). 
The numbers of migrating ce- 
lls showed no significant dif-
ferences between TGF-β1 inhi- 
bitor group, AKT inhibitor gr- 
oup and Combined inhibitors 
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TGF-β1 induces PI3K, P-PI3K, AKT, P-AKT, and 
ID2 expressions in human aortic VSMCs

The PI3K, P-PI3K, AKT, P-AKT, and ID2 levels in 
TGF-β1 group was increased, while their levels 
in other three inhibitor groups were decreased 
and Combined inhibitors groups was the low-
est. Compared with Blank control group, these 
differences were statistically significant (P< 
0.01), while the PI3K and P-PI3K levels in AKT 
inhibitor group showed no statistically signi- 
ficant differences with Blank control group 
(Figure 4). These results suggested that TGF-β1 
stimulated PI3K, P-PI3K, AKT, P-AKT, and ID2 
expressions, while Combined inhibitors signifi-
cantly suppress their expressions compared 
with single inhabitor.

TGF-β1 induces synthetic marker expression 
(OPN) and suppresses contractile marker 
expressions (α-SMA, SM22α) in human aortic 
VSMCs

The OPN levels in TGF-β1 group was increased, 
while the α-SMA, SM22α levels was decreased, 
while these three markers’ levels in TGF-β1 
inhibitor group, AKT inhibitor group and Com- 
bined inhibitors group were opposite. Compared 
with Blank control group, these differences 
were statistically significant (P<0.01) (Figure 4). 
These results suggested that TGF-β1 induces 
synthetic marker expressions and suppress 
contractile marker expressions while inhibitor 

groups have an opposite effect. The effect of 
Combined inhibitors was the strongest except 
SM22α, whose effect on SM22α was no signifi-
cant difference with other single inhibitors.

Effect of TGF-β1 on the expressions of PI3K, 
AKT and ID2 mRNA in human aortic VSMCs

The PI3K, AKT, and ID2 mRNA levels in the TGF-
β1 group was increased, while the levels of PI3K 
mRNA in TGF-β1 inhibitor group and Combined 
inhibitors group were decreased, the levels of 
AKT and ID2 mRNA in all three inhibitor groups 
were decreased. Compared with Blank control 
group, these differences of PI3K mRNA levels 
were statistically significant except AKT inhibi-
tor group (P<0.01), and differences of AKT 
mRNA levels were statistically significant (P< 
0.05) while differences between TGF-β1 inhibi-
tor group and Blank control group was relatively 
weak (P=0.046), and differences of ID2 mRNA 
levels were statistically significant (P<0.01) 
(Figure 5). The PI3K mRNA levels in AKT inhibi-
tor group showed no statistically significant dif-
ference with Blank control group. These results 
suggested that TGF-β1 stimulated expressions 
of PI3K, AKT, and ID2 mRNA, while TGF-β1 inhib-
itor and combined inhibitors suppressed ex- 
pressions of PI3K mRNA and all three inhibitor 
can suppressed expressions of AKT, ID2 mRNA. 
The suppression effect of combined inhibitors 
was the strongest, while AKT inhibitor had no 
effect on expressions of PI3K mRNA.

Figure 3. Cell morphology by Coo-
massie blue staining (×400). A. 
Blank control group; B. TGF-β1 gro- 
up; C. TGF-β1 inhibitor group (SB- 
525334); D. AKT inhibitor gro- 
up (MK2206-2HCL); E. Combin- 
ed inhibitors group (SB525334+ 
MK2206-2HCL).
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TGF-β1 suppresses the expressions of α-SMA, 
SM22α mRNA and induces OPN mRNA expres-
sions in human aortic VSMCs

The α-SMA and SM22α mRNA levels in TGF-β1 
group were decreased, while their levels in all 
three inhibitor groups were increased. The OPN 
mRNA levels in TGF-β1 group were increased, 
while its levels in all three inhibitor groups were 

decreased. Compared with Blank control group, 
these differences of α-SMA, SM22α mRNA lev-
els were statistically significant (P<0.05), and 
these differences of OPN mRNA levels were 
statistically significant (P≤0.01) (Figure 5). Th- 
ese results suggested that TGF-β1 suppressed 
the expressions of α-SMA and SM22α mRNA 
and stimulated the expressions of OPN mRNA, 
while TGF-β1 inhibitor, AKT inhibitor and com-

Figure 4. The relative expressions levels of various proteins in the different groups with western blot detection (The 
resulting datas were represented as 

_
x±SD, *P<0.01 vs. Blank control group; #P<0.01 vs. TGF-β1 inhibitor group 

and AKT inhibitor group).
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bined inhibitors stimulated the expressions of 
α-SMA and SM22α mRNA and suppressed OPN 
mRNA expressions. Combined inhibitor signifi-
cantly stimulated α-SMA, SM22α mRNA expres-
sions and suppressed OPN mRNA expressions 
compared with single inhibitor.

Discussion

Most mature and healthy VSMCs are of the con-
tractile phenotype, exhibiting relatively high co- 
ntractile capability and low proliferation. Ho- 
wever, different physiological and pathological 
stimuli may cause the VSMC phenotypic switch, 
leading to proliferation, migration and synthe-
sis of excessive extracellular matrix [24]. These 
effects result in pathological changes to tis-
sues and organs. It is currently known that the 
morphological changes of TAD are primarily in 
the media of the vessel wall and that VSMCs 

form the main structure of the media of aorta. 
Under normal circumstances, contractile VSM- 
Cs can maintain the vascular tone and homeo-
stasis of the blood vessel wall. However, in TAD, 
the number and proportion of synthetic VSMCs 
are significantly increased, leading to reduced 
aortic elasticity and a propensity to rupture [14, 
25, 26]. These findings suggest that the pheno-
typic switch may be an important factor in the 
occurrence of TAD.

Studies have shown that TGF-β1 is an important 
factor that leads to the VSMC phenotypic 
switch. Various signaling pathways are involved 
in TGF-β1-induced switching, including Smad-
dependent and Smad-independent signaling 
pathways. The role of Smad-independent sig-
nals, such as PI3K/AKT, in this process has 
received increasing attention in recent years. 
PI3K is an intracellular signaling protein with 

Figure 5. The relative expressions levels of various mRNAs in the different groups with RT-PCR (The resulting datas 
were represented as 

_
x±SD, *P<0.01 vs. Blank control group; **0.01≤P<0.05 vs. Blank control group; # P<0.01 vs. 

TGF-β1 inhibitor group and AKT inhibitor group; ## 0.01<P<0.02 vs. TGF-β1 inhibitor group and AKT inhibitor group).
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catalytic activities and can regulate the level of 
AKT phosphorylation to initiate the PI3K/AKT 
signaling pathway [27, 28]. By transducing sti- 
mulatory extracellular signals to the nucleus, 
the PI3K/AKT signaling pathway can trigger a 
series of biological reactions, including cell  
proliferation, differentiation and apoptosis and 
plays an important regulatory role in these pro-
cesses. Recent studies have shown that the 
PI3K/AKT signaling pathway is related to the 
contractile function of vascular smooth musc- 
le, contributing to VSMC dysfunction, vasocon-
striction and vascular remodeling [21, 29]. Re- 
cently, it was reported that PI3K/AKT is involved 
in regulating the VSMC phenotypic switch, act-
ing through an unidentified downstream tran-
scription factor [4]. Recent data showed that 
ID2, ZEB1 and other transcription factors play 
an important role in the phenotype transforma-
tion of smooth muscle cells [23]. Moreover, our 
previous study (data not shown) found that the 
expressions of ID2 was significantly up-regulat-
ed in the aortic wall of patients with TAD com-
pared to unaffected individuals and the VSMCs 
of aortic wall in patients with TAD showed clear 
signs of phenotypic switching. These data sug-
gest that ID2 is involved in the phenotypic 
switch. In addition, in our previous study, differ-
ent concentrations of human TGF-β1 were used 
to stimulate human aortic VSMCs, and the re- 
sults showed that the treatment of 5 ng/mL 
TGF-β1 for 24 hours led to the highest levels of 
proliferation and migration (unpublished data).

Based on our previous studies, we hypothe-
sized that ID2 was the key downstream factor 
involved in mediating these effects. After the 
inhibitor pretreatment, the VSMCs were stimu-
lated using that TGF-β1 concentrations and in- 
cubation time described above. Subsequently, 
the expressions levels of the downstream tar-
get proteins and mRNA were determined, and 
VSMC morphology, proliferation and migration 
were assayed. It was found that PI3K and AKT 
were activated through their phosphorylated 
form. The application of human TGF-β1 and 
TGF-β1 inhibitor up- and down-regulatedthe ex- 
pression of PI3K protein and its mRNA, respec-
tively. This result indicates that PI3K is down-
stream of TGF-β1 in this context and directly 
regulates the levels of other proteins and 
genes. Following the application of human TGF-
β1 and of AKT inhibitor, the expressions of ID2 
protein and mRNA was up-regulated and down-

regulated, respectively. These results indicate 
that ID2 is maybe a direct downstream protein 
of PI3K/AKT signaling pathway. We also found 
that the protein levels of the downstream pro-
teins PI3K, P-PI3K, AKT, P-AKT, ID2, and OPN 
were highest in the TGF-β1 group, while the pro-
tein levels of α-SMA and SM22α were the low-
est. In addition, the mRNA levels observed ab- 
ove were consistent with their proteins levels. 
Moreover, the VSMCs showed higher prolifera-
tion, increased migration, and exhibited a hy- 
pertrophic appearance and exhibit “hill and val-
ley” growth. These data indicate the occurre- 
nce of phenotypic switching that was regulated 
by upstream protein signaling pathways and 
support the hypothesis that ID2 is an important 
transcriptional regulatory factor in this process. 
Moreover, these results explain how PI3K/AKT 
signaling is involved in TGF-β1-induced human 
aortic VSMCs phenotypic switching. In Com- 
bined inhibitors group, the changes observed in 
protein and mRNA levels were in the opposite 
direction of the alteration observed in TGF-β1 
group, and no clear phenotypic switch was 
detected. This observation indicates that Com- 
bined inhibitors treatment blocked phenotypic 
switching. Consistent with the findings of Liu 
[30], the activation of PI3K/AKT pathway is 
characterized by increased levels of the phos-
phorylated versions of these proteins, and 
inhibitors of this pathway can inhibit the inter-
action between PI3K and AKT. In the present 
study, TGF-β1 inhibitor decreased the levels of 
both P-PI3K and P-AKT, while AKT inhibition 
only decreased P-AKT levels, confirming that 
TGF-β1 is an important upstream regulatory fac-
tor of the PI3K/AKT pathway. Therefore We 
speculated that TGF-β1 activates PI3K via phos-
phorylation, leading to the activation of AKT 
phosphorylation. As a result, intracellular levels 
of ID2 are increased, reducing the expressions 
of the contractile VSMC marker proteins α-SMA 
and SM22α and increasing levels of the syn-
thetic marker protein OPN. These changes in 
protein levels mark the occurrence of the switch 
from a contractile to synthetic phenotypic. Th- 
ese data indicate that PI3K/AKT/ID2 signaling 
is involved in TGF-β1-induced human aortic 
VSMCs phenotypic switch at the protein level. 
The RT-PCR results were consistent with the 
above changes in protein levels, verifying the 
above conclusion at a genetic level. Application 
with either TGF-β1 or AKT inhibitor blocked the 
phenotypic switch, and there was no significant 
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difference with respect to their inhibition of 
phenotype marker proteins, although combi- 
ned inhibitors treatment was more effective 
than single inhibitor in blocking the phenoty- 
pic switch. These data indicate that Combined 
inhibitors treatment significantly blocked the 
TGF-β1-induced PI3K/AKT/ID2 signaling path-
way, and thereby the phenotypic switching of 
human aortic VSMCs. We observed a certain 
degree of phenotypic switching to synthetic 
cells in un-treated VSMCs by analyzing cell mor-
phology, proliferation, migration, as well as pro-
tein and mRNA expressions levels. We specu-
late that spontaneous phenotypic switching 
may occur in VSMCs under normal growth con-
ditions. However, few cells exhibited phenotyp-
ic switch, and the extent of the switch was 
minor, having no significant influence on the 
results. The secretion of extracellular matrix 
increased based on the characteristics of syn-
thetic VSMCs. This study did not measure the 
levels of collagen, elastin or other matrix pro-
teins; therefore, we could not determine wheth-
er the VSMCs secreted high levels of extracel-
lular matrix proteins after the phenotypic swi- 
tch. This question will need further investiga-
tion. Because the VSMC phenotypic switch is 
closely connected to the development of TAD 
and other cardiovascular diseases, analyzing 
the VSMC phenotype in terms of the pathogen-
ic potential of these cells will be important for 
the prevention and treatment of several cardio-
vascular conditions.

In summary, this study showed that the PI3K/
AKT/ID2 signaling pathway may be involved in 
TGF-β1-induced human aortic VSMCs pheno-
typic switch. In addition, it was observed that 
the inhibitors of this signaling pathway blocked 
phenotypic switch. It was also found that treat-
ment with combined inhibitors was more effi-
cient than a single inhibitor in suppressing the 
phenotypic switch. These results indicated that 
the use of combined inhibitors may be worthy 
of further study in the development of target- 
ed drugs for regulating the VSMC phenotypic 
switch. The prevention the phenotypic switch 
may provide new advances in combating TAD, 
and this possibility requires further investi- 
gation.
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