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Silencing a disintegrin and metalloproteinase‑33 attenuates
the proliferation of vascular smooth muscle cells via PI3K/AKT
pathway: Implications in the pathogenesis of
airway vascular remodeling
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Abstract. Accumulating evidence suggests that pulmo‑
nary expression of a disintegrin and metalloproteinase‑33
(ADAM33) serves a key role in the pathogenesis of airway
remodeling‑related diseases, including asthma. Airway
vascular proliferation has been recognized as a key feature of
airway remodeling. Our previous study showed that ADAM33
is constitutively expressed in airway vascular smooth muscle
cells in patients with asthma, suggesting a potential role of
ADAM33 in regulating airway vascular remodeling. Using
in vitro human aortic smooth muscle cells (HASMCs) and
lentiviral vector carrying short hairpin RNA for ADAM33,
the present study aimed to evaluate the influence of ADAM33
silencing on the proliferation and apoptosis of HASMCs and
the underlying molecular pathways. Cellular proliferation
was observed using the Cell Counting Kit‑8 method. Cellular
apoptosis was evaluated with Annexin V‑PE/7‑AAD staining
and flow cytometry. Reverse transcription‑quantitative PCR
and western blotting were used to evaluate the changes in
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mRNA and protein levels of involved signaling molecules. It
was found that silencing of ADAM33 expression in HASMCs
significantly inhibited proliferation, but induced the apoptosis
of HASMCs. These changes were accompanied by inhibition
of the PI3K/AKT/ERK pathway and Bcl‑2, but an increase
in Bax expression. These results suggested that constitutive
expression of ADAM33 may be important to maintain a prolif‑
erative phenotype in HASMCs. The influences of ADAM33
on proliferation and apoptosis of HASMCs may involve
regulation of PI3K/AKT/ERK and Bax/Bcl‑2 pathways. These
findings suggested an important role of ADAM33 in airway
vascular remodeling and potential therapeutic significance of
ADAM33 inhibition in airway remodeling‑related diseases.
Introduction
Airway remodeling has been established as a key feature of
a number of respiratory diseases, including asthma (1,2).
Pathophysiologically, airway remodeling is characterized
by a series of morphological changes of airway structures,
including epithelium, basement membrane, smooth muscle and
blood vessels (3,4). Among which, changes of airway vascular
function and morphology have been observed as important
components during the process of airway remodeling (5,6). An
early study showed that vascular density and vascular area in
airway submucosa and lamina propria of children with asthma
are significantly increased (7), suggesting a potential important
role of angiogenesis in the development of airway remodeling.
A number of cellular changes have been involved in the patho‑
genesis of airway vascular remodeling. These changes include
proliferation, hypertrophy, apoptosis and migration of endothe‑
lial and vascular smooth muscle cells (VSMCs), as well as the
synthesis and degradation of extracellular matrix (8), among
which phenotypic changes in VSMCs have been considered as
an important feature (9,10). However, the potential molecular
regulator of the change in VSMC phenotype in the pathogen‑
esis of airway vascular remodeling remains to be elucidated.
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A disintegrin and metalloproteinase‑33 (ADAM33) is
a member of the ADAM metalloproteinase family (11),
which have been involved in the pathogenesis of airway
remodeling‑related diseases (12). Genetic polymorphisms of
ADAM33 have been related to vulnerability to asthma (13).
In addition, ADAM33 has been found to be expressed in the
airway smooth muscles and basement membranes of almost
all patients with asthma, but is absent in normal control
subjects (14). Another study reported that the expression of
ADAM33 in lung tissue is varied and is enriched in interstitial
cells (including fibroblasts and smooth muscle cells) (15). The
expression of ADAM33 in patients with asthma is related to
the severity of the disease, the decline in respiratory function
and the extent of airway hypersensitivity, inflammation and
remodeling (16,17). Notably, our previous study in patients
with asthma confirmed the expression of ADAM33 in airway
VSMCs, which could be upregulated by IL‑4 and ‑13 (18).
Therefore, it could be hypothesized that expression of
ADAM33 in airway VSMC may be important in regulating
the proliferative phenotype of VSMCs in airway vascular
remodeling.
Previous studies have shown that the PI3K/AKT path‑
ways (19) and Bcl‑2/Bax proteins (20) are key regulators for
the proliferation and apoptosis of VSMCs. However, whether
the role VSMCs ADAM33 in airway vascular remodeling may
involve the regulation of PI3K/AKT and Bcl‑2/Bax pathways
remains to be elucidated. Since isolation and in vitro culture
of human airway VSMCs are difficult, the present study used
human aortic smooth muscle cells (HASMCs) to evaluate the
influences of ADAM33 silencing on cellular proliferation and
apoptosis. The present study aimed to provide the primary
investigation into the role of ADAM33 expressed in airway
VSMCs and pathogenic airway vascular remodeling.
Materials and methods
Patient characteristics and samples. Lung tissue samples
were collected from five patients between February 2018 and
December 2019 who received pneumonectomy for bronchi‑
ectasis or masses at The First Affiliated Hospital of Xinjiang
Medical University (Urumqi, China). Patients included
three men and two women, three with pulmonary massive
lesions, two with bronchiectasis, aged 46‑70 years old and
all without smoking history. The lung tissues with complete
cross section of bronchus >5 cm away from the pulmonary
lesions were obtained for subsequent analysis. All the proce‑
dures were approved by the Ethics Committee of the First
Affiliated Hospital of Xinjiang Medical University (approval
no. 20180130‑01). All the patients provided signed informed
consent.
Immunohistochemical analysis. The lung tissues were fixed in
10% formalin for 6‑8 h at 22‑24˚C. Briefly, after the specimens
were washed with running water, they were dehydrated with a
gradient series of alcohol (75% ethanol, 95% ethanol I, 95%
ethanol II, absolute ethanol) in an oven at 60˚C for 20 min at
each step. Then, the specimens were transparentized in xylene
for 20 min at each step. Finally, the samples were immersed in a
wax soaking tank for 3 h. After cooling and solidification, they
were trimmed to make wax blocks. Then paraffin‑embedded

sections were then prepared at 4‑µm thickness and used for
immunohistochemical analysis. After rehydration using a
gradient alcohol solution, sections of lung tissues were blocked
with 5% hydrogen peroxide for endogenous peroxidase and
then underwent antigen repairmen (6 min, twice). Then, the
sections were blocked with 5% BSA (Sangon Biotech Co.,
Ltd.) at room temperature for 20 min. After incubation with
primary antibody for ADAM33 (1:100; cat. no. DF9166;
Affinity Biosciences) at 4˚C overnight, the slides were
incubated with horseradish peroxidase‑conjugated goat
anti‑rabbit IgG secondary antibody (1:200; cat. no. SP‑9001;
OriGene Technologies, Inc.) at 37˚C for 30 min. Finally, the
slides were stained with diaminobenzidine (DAB; OriGene
Technologies, Inc.) for 5‑30 sec and observed under a micro‑
scope (Olympus BX41TF; Olympus Corporation). Pulmonary
tissues with expression of ADAM33 were stained as brown or
brownish‑yellow granules.
Cell culture. HASMCs were purchased from Procell Life
Science & Technology Co., Ltd., and cultured with complete
medium for HASMCs (cat. no. CM‑H081; Procell Life
Science & Technology Co., Ltd.). Briefly, HASMCs were taken
out from liquid nitrogen and the thawed cells were cultured in
a cell incubator at 37˚C, saturated humidity and 5% CO2.
Immunofluorescence. After adjusting the cell concentration
to 1x105 cells/ml, the cells were moved to slides and cultured
for 24 h until the cell adhered. The cells were fixed with 4%
paraformaldehyde for 20 min, incubated with 0.5% Txition‑100
for 20 min and blocked with 1% BSA (Sangon Biotech Co.,
Ltd.) for 30 min at room temperature. Subsequently, cells were
incubated with 80 µl anti‑α‑actin (smooth muscle) antibody
(1:100; cat. no. ab124964; Abcam) for 2 h at 37˚C, followed
by incubation with 80 µl goat anti‑rabbit IgG antibody (H&L,
Alexa Fluor® 488; 1:500; cat. no. ab150081; Abcam) at 37˚C
in the dark for 1 h, and 80 µl DAPI (1 µg/ml; cat. no. D1306;
Thermo Fisher Scientific, Inc.) at room temperature in the dark
for 5 min. After washing with PBS three times, the slides were
sealed with 50% glycerin and observed using laser confocal
microscopy (magnification, x400; Leica Microsystems GmbH).
Construction of lentiviral vector for ADAM33‑shRNA and
viral transfection. Previous studies have shown that ADAM33
is expressed in rats and mice (21,22) and its mRNA sequence
has homology with human, as evidenced by information on the
ADAM33 gene in the NCBI database (Fig. 1; https://www.ncbi.
nlm.nih.gov/gene/80332/ortholog/?scope=32524). Lentiviral
vectors carrying the short‑hairpin (sh)RNA for silencing of
ADAM33 targeting three different sequences of ADAM33
[lentiviral vector (LV)‑ADAM33‑shRNA1, LV‑ADAM33shRNA2 and LV‑ADAM33‑shRNA3]) and the negative control
(NC) vectors with blanking sequence (LV‑NC) were purchased
from Hanbio Biotechnology Co., Ltd. The optimal transfection
condition was confirmed with LV‑NC when the transfection was
performed with a Multiplicity of Infection (MOI) of 1x107 TU/ml,
administration of HitransG P solution (Shanghai GeneChem
Co., Ltd.) and maintained for 72 h. The mRNA sequences for
ADAM33 used in the present study were: shRNA1, GCCACT
ACCAAGGGCGAGTAA; shRNA2, CAGCAGGAATGCCAG
CTATTA; and shRNA3, GACTCTACCGTTCACCTAGAT.
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Figure 1. National Center for Biotechnology Information database shows the homology of ADAM33 in both rats, mice and humans. ADAM33, a disintegrin
and metalloproteinase‑33; aa, amino acids.

Cell proliferation test. The HASMCs were assigned to
the following treatments: i) Blank control with no further
treatment (control group); ii) negative control treated with
LV‑NC; and iii) ADAM33 silencing groups treated with
LV‑ADAM33‑shRNA1. After digesting cells with trypsin,
HASMCs with a confluence rate of 90% were prepared into a
single cell suspension of 5x104 cells/ml in complete medium.
The cells were inoculated into 96 well plates (100 µl/ well,
i.e. 5x103 cells/well) and cultured in 5% CO2 at 37˚C for 24 h.
Cell Counting Kit‑8 (CCK‑8) solution (100 µl of 10%; Beijing
Transgen Biotech Co., Ltd.) was added into each well. After
incubation for 1 h, the optical density (OD) values at 450 nm
of the adherent cell layer from each group were determined by
enzyme‑labeled instrument.
Cell apoptosis examination. The culture medium of cells from
each group was moved into a centrifuge tube, washed with
PBS twice, digested with trypsin and centrifuged at 173 x g
for 5 min at room temperature. After washing with pre‑cooled
PBS, the supernatant was discarded and made into a single cell
suspension. Then, 1X Binding Buffer (100 µl) was added to
suspend the cells. According to the manufacturer's instructions
of the Annexin V‑PE/7‑AAD Apoptosis Kit (cat. no. AP104;
MultiSciences Biotech Co., Ltd.), 5 µl Annexin V‑PE and
5 µl 7‑AAD was added into each tube, and incubated in the
dark at 4˚C for 15 min. Following which, 100 µl 1X Binding
Buffer was added to resuspend the cells, and then cells
were passed through a 200‑mesh sieve. Flow cytometry
(BD LSRFortessa™; BD Biosciences) was then performed
to determine the cellular apoptotic status. BD FACSDiva™
Software (version 8.0.2; BD Biosciences) was used to analyze
the data. Both early apoptotic cells and late apoptotic cells
were counted. The apoptosis rate was calculated using the
following formula: (Q2 + Q4) cells/total cells.
Cell cycle analysis. The cells of each experimental group were
collected and resuspended with 500 µl pre‑cooled PBS. The
cell suspension was added into 3.5 ml pre‑cooled 80% ethanol
and fixed at 4˚C overnight. After centrifugation at 692 x g
for 5 min, the cells were precipitated and the supernatant
was discarded. After washing with pre‑cooled PBS, 500 µl

PI/RNase Stabilizing Buffer (cat. no. 550825; BD Pharmingen;
BD Biosciences) was added to resuspend the cells, and then the
single cell suspension was made by passing the sample through
a 200‑mesh nylon screen. Samples were incubated at 4˚C for
30 min. Flow cytometry (BD LSRFortessa™; BD Biosciences)
was used to detect red fluorescence and light scattering at
488 nm. The cell DNA content and light scattering analysis
were carried out using Modfit LT3.1 analysis software (Verity
Software House, Inc.).
Reverse transcription‑quantitative (RT‑q) PCR. Total RNA
from HASMCs in each group was extracted using TRIzol®
(Thermo Fisher Scientific, Inc.). Then, cDNA was synthesized
from total RNA using 5X All‑In‑One RT MasterMix with
AccuRT Genomic DNA Removal Kit (cat. no. G492; Applied
Biological Materials, Inc.), according to the manufacturer's
instructions. The mRNA expression levels were detected via
qPCR. qPCR was performed with the SYBR premix Ex Taq
(Takara Bio, Inc.) using a Bio‑Rad CFX96 detection system
(Bio‑Rad Laboratories, Inc.) according to the manufacturer's
instructions. The thermocycling conditions were as follows:
Predenaturation at 95˚C for 2 min, denaturation at 95˚C for
30 sec for a total of 40 cycles, and annealing/extension at 60˚C
for 30 sec for a total of 40 cycles. The sequences of primers
used for RT‑qPCR to determine the expression levels of
ADAM33, PI3K, AKT, ERK, Bcl‑2, Bax and β‑actin were are in
Table Ⅰ. The quantitative results were evaluated using the 2‑∆∆Cq
method (23) and the mRNA expression levels of the above genes
were normalized against the mRNA expression level of β‑actin.
Western blotting. The experimental cells were collected and
100 µl RIPA lysis buffer (cat. no. AR0105; Wuhan Boster
Biological Technology, Ltd.) was added. Then, the superna‑
tant was collected by centrifugation at 14,000 x g at 4˚C for
60 min. The protein concentration was determined using the
BCA method (cat. no. DQ111‑01; Beijing Transgen Biotech
Co., Ltd.) according to the manufacturer's instructions. Then,
30 µg protein sample was loaded per lane and resolved via
10% SDS‑PAGE. Subsequently, the separated protein was
transferred to a PVDF membrane, which was then blocked
using 5% skimmed milk powder at room temperature for
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Table Ⅰ. Primers for reverse transcription‑quantitative PCR.

Gene

Primer sequences (5'→3')
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Forward
Reverse

ADAM33	ATAGGCGTGGTGGCTCAT
TGCGGTGTCTTGCTGTG
PI3K	AAGAAGTTGAACGAGTGGTTGG
GCCCTGTTTACTGCTCTCCC	
AKT
TCCTCCTCAAGAATGATGGCA	
GTGCGTTCGATGACAGTGGT
ERK
TCTGGAGCAGTATTACGACCC	CTGGCTGGAATCTAGCAGTCT
Bcl‑2
GGTGGGGTCATGTGTGTGG	CGGTTCAGGTACTCAGTCATCC	
Bax	CCCGAGAGGTCTTTTTCCGAG	CCAGCCCATGATGGTTCTGAT
β‑actin	CATGTACGTTGCTATCCAGGC	CTCCTTAATGTCACGCACGAT

Product size (bp)

Tm (˚C)

112 bp
192 bp
181 bp
134 bp
89 bp
155 bp
250 bp

60
60
60
60
60
60
60

ADAM33, a disintegrin and metalloproteinase‑33; Tm, melting temperature.

1 h. The membrane was then rinsed with TBS with 0.1%
Tween‑20 (TBST; three times, 5 min/time). TBST was
used to dilute primary antibodies against β ‑actin (1:3,000;
cat. no. D110001; Sangon Biotech Co., Ltd.), PI3K (1:1,000;
cat. no. ab191606; Abcam), Akt (1:1,000; cat. no. 4691T; Cell
Signaling Technology, Inc.), phosphorylated (p)‑Akt (Ser473;
1:1,000; cat. no. 9271T; Cell Signaling Technology, Inc.),
ERK1/2 (1:1,000; cat. no. 9102S; Cell Signaling Technology,
Inc.) and p‑ERK (Thr202/Tyr204; 1:1,000; cat. no. 9101S; Cell
Signaling Technology, Inc.). The membranes were incubated at
4˚C overnight and rinsed with TBST (three times, 5 min/time).
Then, after incubation with diluted goat anti‑rabbit IgG H&L
(HRP‑conjugated; 1:5,000; cat. no. ab205718; Abcam) at room
temperature for 2 h, membranes were washed with TBST
again (three times, 5 min/time). The samples were detected
and imaged by a ChemiScope 3000 Mini chemiluminescence
instrument (Shanghai Qinxiang Scientific Instrument Co.,
Ltd.). Densitometry was performed by the supporting software
(ChemiAnalysis; Shanghai Qinxiang Scientific Instrument
Co., Ltd.).
Statistical analysis. Continuous data are expressed as
means ± standard deviation from three independent repeats.
Normally distributed data were compared with one‑way
ANOVA among multiple groups followed by LSD post
hoc test. If the data did not conform to normality, they
were converted to normal distribution between subsequent
analyses. If the variance was not uniform, the Tamhane
method (24) was used for comparison among multiple groups.
SPSS 19.0 software (IBM Corp.) was used for statistical
analysis. P<0.05 was considered to indicate a statistically
significant difference.
Results
Expression of ADAM33 in human airway VSMCs. Results of
immunohistochemical analysis showed that ADAM33 was
mainly expressed in epithelial cells, smooth muscle cells,
endothelial cells and interstitial inflammatory cells in the
lung tissue of asthmatic patients (Fig. 2A). As indicated by
the arrows, ADAM33 positive staining could also be seen in
airway VSMCs (Fig. 2B).

Figure 2. Immunohistochemical staining of ADAM33 in lung tissue of a
patient with asthma. (A) Representative images showed that ADAM33 was
mainly expressed in epithelial cells, smooth muscle cells, endothelial cells
and interstitial inflammatory cells in the lung tissue of asthmatic patients.
Scale bar, 200 µm. (B) Representative images showed that ADAM33 was
also expressed in airway VSMCs in the lung tissue of asthmatic patients.
Arrows indicate ADAM33 stained in brown in airway VSMCs in the lung
tissue of asthmatic patients. Scale bar, 100 µm. ADAM33, a disintegrin and
metalloproteinase‑33; VSMCs, vascular smooth muscle cells.

Identification of HASMCs by immunofluorescence analysis
of α‑actin. In the present study, HASMCs were identified by
immunofluorescence analysis of α‑actin. As shown in Fig. 3,
α‑actin (smooth muscle) protein is located in the cytoskeleton,
cytoplasm and cytoplasm, which is consistent with the charac‑
teristics of smooth muscle cells.
Efficiency of LV‑ADAM33‑shRNA in silencing ADAM33
in HASMCs. The influence of LV‑ADAM33‑shRNA on
mRNA and protein expression of ADAM33 in HASMCs are
shown in Fig. 4. Results of RT‑qPCR showed that compared
with the control group with no treatment, treatment with
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Figure 3. Identification of HASMCs by immunofluorescence analysis of α‑actin. α‑actin (smooth muscle) protein was located in the cytoskeleton, cytoplasm
and cytoplasm, which is consistent with the characteristics of smooth muscle cells. Scale bar, 25 µm. HASMCs, human aortic smooth muscle cells.

Figure 4. Validation of lentivirus silencing effect of ADAM33 in HASMCs. (A) Comparison of ADAM33 mRNA levels among HASMCs in groups of
blank control (no treatment), LV‑NC and ADAM33 silencing with LV‑ADAM33‑shRNA 1‑3 with reverse transcription‑quantitative PCR. (B) Comparison
of ADAM33 protein levels among HASMCs in groups of blank control (no treatment), LV‑NC and ADAM33 silencing with LV‑ADAM33‑shRNA with
western blotting. (C) Semi‑quantitative analysis for the ADAM33 protein levels among HASMCs in blank control, LV‑NC and LV‑ADAM33‑shRNA
groups. *P<0.05. ADAM33, a disintegrin and metalloproteinase‑33; HASMCs, human aortic smooth muscle cells; LV, lentiviral vector; NC, negative control;
shRNA, short‑hairpin RNA.

LV‑NC did not significantly affect the mRNA expression of
ADAM33 in HASMCs (P=0.616; Fig. 4A). Compared with
the HASMCs transfected with LV‑NC, HASMCs transfected
with LV‑ADAM33‑shRNA1, LV‑ADAM33‑shRNA2 and
LV‑ADAM33‑shRNA3 had significantly reduced mRNA
levels of ADAM33 (P=0.000, P=0.006 and P=0.007; Fig. 4A).
Among them, LV‑ADAM33‑shRNA1 was associated with

most notable inhibitory effect on ADAM33 in HASMCs.
Therefore, LV‑ADAM33‑shRNA1 was selected for subsequent
studies. Further analyses with western blotting showed that
LV‑ADAM33‑shRNA1 transfection significantly reduced the
protein level of ADAM33 in HASMCs compared with the
blank control group and negative control group with LV‑NC
(P=0.001 and P=0.000; Fig. 4B and C).
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Figure 5. Influence of ADAM33 silencing on the proliferation of HASMCs. (A) The proliferation status of HASMCs in the blank control, LV‑NC and
LV‑ADAM33‑shRNA groups under an optical microscope (magnification, x100). (B) Quantitative evaluation of the ODs for cellular proliferation in HASMCs
in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups. The proliferative ability of HASMCs was evaluated. OD value was measured at 450 nm.
*
P<0.05. ADAM33, a disintegrin and metalloproteinase‑33; HASMCs, human aortic smooth muscle cells; LV, lentiviral vector; NC, negative control;
shRNA, short‑hairpin RNA; OD, optical density.

Influence of ADAM33 silencing on proliferation of HASMCs.
The effects of ADAM33 silencing with LV‑ADAM33‑shRNA
transfection on the proliferation of HASMCs were analyzed
with the CCK‑8 proliferation method. Under the microscope,
HASMCs in the blank control group and negative control group
were elongated and spindle shaped, arranged in bundles and
covered the whole field of vision. However, in HASMCs with
ADAM33 silencing by LV‑ADAM33‑shRNA, the cells clusters
were dispersed and the density of the cellular distribution was
notably reduced, suggesting that the proliferation of HASMCs
was limited (Fig. 5A). Quantitative analyses showed that the OD
value for cell growth of HASMCs after ADAM33 silencing was
significantly reduced compared with those in the blank control
and negative control groups (both P=0.000; Fig. 5B).
Influence of ADAM33 silencing on apoptosis and cell cycle
distribution of HASMCs. Subsequently, the influence of
ADAM33 silencing on apoptosis and cell cycle distribu‑
tion in HASMCs was evaluated by flow cytometry. It was
found that the apoptotic rates of HASMCs were similar
between the blank control group and negative control group
(P= 0.356; Fig. 6A and B). However, ADAM33 silencing by
LV‑ADAM33‑shRNA transfection significantly increased
the rate of apoptotic cells (9.333±0.321 vs. 4.800±0.625%
and 5.633±0.208%; P= 0.001 and P= 0.005; Fig. 6A and B)
compared with HASMCs in the blank control group and
negative control group. In addition, it was also found that the
percentage of G0/G1 phase cells in the negative control group
was higher than that in the blank control group (P= 0.007;
Fig. 6C and D). Compared with HASMCs in the blank control
group and negative control group, the percentage of cells in
the G 0/G1 phase in the ADAM33 gene silencing group was

significantly higher (P= 0.000 and P= 0.000; Fig. 6C), while
the percentage of cells in S phase was lower (P=0.006 and
P= 0.005; Fig. 6C) and there was no significant difference in
the percentage of cells in G2/M phase (P=0.523 and P=0.091;
Fig. 6C). The results showed that ADAM33 gene silencing
could inhibit the cell cycle transition from G 0/G1 to S phase
and promote cell apoptosis.
Influence of ADAM33 silencing on PI3K/AKT/ERK pathway
singling molecules. To further understand the underlying
molecular mechanisms of ADAM33 silencing on the prolifera‑
tion of HASMCs, the changes of signaling molecules involved
in PI3K/AKT/ERK pathway were evaluated following
ADAM33 silencing. Results showed that ADAM33 silencing
significantly reduced the mRNA level of PI3K (P=0.002
and P=0.003), while changes of mRNA levels of AKT and
ERK were not significant compared with HASMCs in the
blank control group and negative control group (P=0.259 and
P= 0.100; P= 0.134 and P= 0.470; Fig. 7A‑C). Furthermore,
western blotting analyses showed that ADAM33 silencing
significantly reduced the protein level of PI3K compared with
HASMCs in the blank control group and negative control group
(P=0.000 and P=0.000; Fig. 7D and E). In addition, although
protein levels of total AKT and ERK1/2 were not signifi‑
cantly changed, ADAM33 silencing significantly reduced the
protein levels of p‑AKT and p‑ERK (P= 0.011 and P= 0.011;
P= 0.035 and P= 0.019; Fig. 7F‑I). The ratios of p‑AKT/AKT
and p‑ERK/ERK1/2 were reduced (P= 0.013 and P= 0.020;
P= 0.044 and P= 0.011; Fig. 7J and K). Taken together, these
results suggested that ADAM33 silencing may attenuate the
proliferation of HASMCs via inhibiting the PI3K/AKT/ERK
pathways.
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Figure 6. Influence of ADAM33 silencing on apoptosis of HASMCs. (A) Flow cytometry plots of HASMC apoptosis in the blank control, LV‑NC and
LV‑ADAM33‑shRNA groups. The cells in the Q2 and Q4 quadrants are apoptotic HASMCs. (B) Quantitative analysis of the apoptosis rate of HASMCs
in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups. (C) Quantitative analysis of the differences of cell cycle distributions of HASMCs in each
group. (D) Flow cytometry of HASMC cell cycle distribution changes in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups. *P<0.05. ADAM33, a
disintegrin and metalloproteinase‑33; HASMCs, human aortic smooth muscle cells; LV, lentiviral vector; NC, negative control; shRNA, short‑hairpin RNA.

Influence of ADAM33 silencing on Bcl‑2 and Bax apoptotic
molecules. To elucidate the underlying mechanisms for the
role of ADAM33 silencing on the apoptosis of HASMCs,
the changes in Bcl‑2 and Bax expression levels following
ADAM33 silencing was evaluated. Results showed that
ADAM33 silencing in HASMCs was associated with reduced
mRNA expression of Bcl‑2, but increased mRNA expression
of Bax compared with HASMCs in the blank control group and
negative control groups (P= 0.014 and P= 0.039; P= 0.013 and
P= 0.032; Fig. 8A and B). Furthermore, results from western
blotting also showed that ADAM33 silencing reduced the
protein expression of Bcl‑2, but increased the protein expres‑
sion of Bax (P= 0.007 and P= 0.004; P= 0.001 and P= 0.002;
Fig. 8C‑E). Taken together, these results demonstrated that
ADAM33 silencing may upregulate HASMCs apoptosis via
regulation of Bax/Bcl‑2 apoptotic‑related protein expression.
Discussion
The present study, using in vitro HASMCs and lentiviral
vectors carrying shRNA for ADAM3, found that constitutive

expression of ADAM33 in VSMCs is important to maintain
a proliferative phenotype of VSMCs, probably via regulation
of the PI3K/AKT/ERK pathways. In addition, silencing of
ADAM33 inhibited the proliferation and induced the apop‑
tosis of HASMCs, which was accompanied by the inhibition
of PI3K/AKT/ERK pathways and regulation of the expression
levels of Bcl‑2 and Bax proteins towards a pro‑apoptotic
ratio. These findings, together with the findings of previous
studies (25,26) and immunohistochemical result in this present
study, which showed constitutive expression of ADAM33 in
airway VSMCs in patients with asthma, suggested an impor‑
tant role of ADAM33 in airway vascular remodeling. These
findings also suggested potential therapeutic significance of
ADAM33 inhibition in airway remodeling‑related diseases.
In the field of asthma research, ADAM33 is an important
susceptibility gene, as revealed by whole genome scanning (27).
Accordingly, further clarification of its function is important
in translational medical research. Previous studies by our team
have shown that cytokines of T cells, including IFN‑γ, IL‑4
and IL‑13, may act on the airway wall vascular smooth muscle
cells and affect airway wall vascular remodeling by regulating
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Figure 7. Influence of ADAM33 silencing on the PI3K/AKT/ERK pathway singling molecules. Reverse transcription‑quantitative PCR for the mRNA levels of
(A) PI3K, (B) AKT and (C) ERK of HASMCs in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups. (D) Representative images of western blotting for
the protein levels of PI3K, AKT, p‑AKT, ERK1/2 and p‑ERK of HASMCs in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups. Semi‑quantitative
analysis of the protein levels of (E) PI3K, (F) AKT, (G) p‑AKT, (H) ERK1/2 and (I) p‑ERK of HASMCs in the blank control, LV‑NC and LV‑ADAM33‑shRNA
groups evaluated by western blotting. Ratio of (J) p‑AKT/AKT and (K) p‑ERK/ERK1‑2 of HASMCs in the blank control, LV‑NC and LV‑ADAM33‑shRNA
groups. *P<0.05. ADAM33, a disintegrin and metalloproteinase‑33; HASMCs, human aortic smooth muscle cells; LV, lentiviral vector; NC, negative control;
shRNA, short‑hairpin RNA; p‑, phosphorylated.

ADAM33 expression (18,28). The present study was designed
for further understanding the molecular mechanism (signaling
pathway) of abnormal ADAM33 gene expression on airway
vascular remodeling. During the present study, a large amount
of biopsy tissues of human airway VSMCs would be needed
for cell isolation and culture and these technical difficul‑
ties greatly challenged the use of cells derived from biopsy.
Therefore, HASMCs were selected.
Composed of 22 exons and 8 encoding regions, the biolog‑
ical functions of ADAM33 mainly involve protein hydrolysis,

molecular modification, molecular release, intercellular and
cellular matrix interaction, intracellular signal transduc‑
tion and intercellular communication (29). Expression of
ADAM33 in pulmonary tissues of patients with asthma has
been confirmed (14,26). Subsequent studies have evaluated
the role of ADAM33 in airway remodeling. A previous study
in a human bronchial epithelial cell line showed that TGFβ1
is associated with enhanced expression of ADAM33, which
subsequently induced epithelial‑mesenchymal transition of
airway epithelial cells that participate in airway remodeling
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Figure 8. Influence of ADAM33 silencing on Bcl‑2 and Bax apoptotic molecules. Reverse transcription‑quantitative PCR for the mRNA levels of (A) Bcl‑2
and (B) Bax of HASMCs in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups. (C) Representative images of western blotting of the protein levels
of Bcl‑2 and Bax of HASMCs in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups. Semi‑quantitative analysis of the protein levels of (D) Bcl‑2
and (E) Bax of HASMCs in the blank control, LV‑NC and LV‑ADAM33‑shRNA groups evaluated by western blotting. *P<0.05. ADAM33, a disintegrin and
metalloproteinase‑33; HASMCs, human aortic smooth muscle cells; LV, lentiviral vector; NC, negative control; shRNA, short‑hairpin RNA.

in asthma (30). Notably, an early study showed that TGFβ1
suppresses the expression of ADAM33 mRNA in normal or
asthmatic fibroblasts (31). By using an ovalbumin‑induced
asthma model in rats, silencing of ADAM33 has been
shown to decrease the proliferation and increase the apop‑
tosis of airway smooth muscle cells (ASMCs), suggesting
that ADAM33 represents a potential investigative focus
target aiding allergic asthma (22). Another study showed
that vascular endothelial growth factor enhances ADAM33
expression and cell proliferation of ASMCs by activating
the VEGFR2/ERK1/2 signaling pathway, which might be
involved in the pathogenesis of airway remodeling (32). A
subsequent study showed that 1,25‑dihydroxyvitamin D3 can
inhibit VEGF‑induced ASMCs proliferation by suppressing
VEGFR2 and ERK1/2 activation and downregulating
ADAM33 (33). In addition, ADAM33 overexpression has
been shown to alter the mechanical behavior of ASMCs
in vitro, promoting a hypercontractile phenotype transition

of ASMCs (34). A recent in vitro study in human embryonic
lung Mrc‑5 fibroblasts sensitized with Dermatophagoides
farinae 1 showed that IFN‑ γ may participate in airway
remodeling in asthma by regulating the expression of
ADAM33 (35). It is evident that previous studies evaluating
the role of ADAM33 in airway remodeling have focused
on its role in bronchial epithelial cells, ASMCs and lung
fibroblasts. It remains to be elucidated whether ADAM33 is
expressed in airway VSMCs and whether it serves a role in
the pathogenesis of airway remodeling. The present study
confirmed that ADAM33 was expressed in VSMCs. Further
in vitro experiments showed that silencing the constitutive
expression of ADAM33 in HASMCs could significantly
inhibit the proliferation of HASMCs and induced HASMC
apoptosis. In view of the importance of vascular prolif‑
eration in the pathogenesis of airway remodeling‑related
diseases (5,7), the findings of the present study suggested that
expression of ADAM33 in airway VSMCs may participate
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Figure 9. Graphical summary of the potential signaling pathways involved in the role of constitutive expression of ADAM33 in VSMCs for maintaining a
proliferative phenotype of airway VSMCs. ADAM33, a disintegrin and metalloproteinase‑33; VSMCs, vascular smooth muscle cells; p‑, phosphorylated.

in the process of airway remodeling in the pathogenesis of
asthma via stimulation of airway VSMC proliferation.
Activation of the PI3K/AKT signaling pathway has been
extensively involved in the regulation of cell growth, prolif‑
eration and differentiation via phosphorylation of a variety
of downstream enzymes, kinases and transcription factors of
the pathway (36). A previous study showed that PI3K/AKT
signaling mediated hyperinsulinemia‑induced proliferation
and collagen release of human ASMCs, therefore promoting
airway remodeling in asthma (37). Another study showed
that inhibition of the expression of p‑PI3K and p‑AKT
was associated with attenuated angiogenesis and vascular
remodeling and alleviated symptoms in a mouse model of
asthma (38). The present study showed that silencing of
ADAM33 in HASMCs was associated with inhibited cellular
proliferation, which was accompanied by the inhibition of
the PI3K/AKT/ERK pathways. These findings suggested
that ADAM33 may stimulate proliferation of airway VSMCs
via activation of the PI3K/AKT/ERK pathways. Bcl‑2 and
Bax proteins are universally expressed apoptosis regulatory
proteins among various cells, which exert anti‑apoptotic and
pro‑apoptotic activities, respectively (39). The present study
found that silencing of ADAM33 in HASMCs was associated
with induced cellular apoptosis, accompanied by the upregu‑
lation of Bax and downregulation of Bcl‑2. These findings
further indicated that constitutive expression of ADAM33
may inhibit the apoptosis of airway VSMCs via regulation of
Bcl‑2/Bax expression. Previous studies have also suggested
the potential interactions between PI3K/AKT/ERK pathway
and Bcl‑2 and Bax apoptotic molecules (40,41). An early
study in cultured airway SMCs showed that leptin can signif‑
icantly inhibit apoptosis in airway SMCs apoptosis, at least
partially via the activation of PI3K/AKT signaling pathway
and subsequent upregulation of Bcl‑2 and downregulation of

Bax, towards an anti‑apoptotic direction (40). Another study
in VSMCs showed that overexpression of phosphatase and
tensin homolog could inhibit the PI3K/AKT/ERK pathway,
accompanied with upregulation of Bax and downregulation
of Bcl‑2, towards a pro‑apoptotic direction (41). These find‑
ings, together with those of the present study, suggest that
inhibition of PI3K/AKT/ERK pathway may lead to apoptosis
in SMCs by upregulation of Bax and downregulation of
Bcl‑2, towards a pro‑apoptotic direction. Taken together, by
integrating the results of the aforementioned findings, it could
be hypothesized that constitutive expression of ADAM33 in
VSMCs may maintain a proliferative phenotype of VSMCs
via regulation of the PI3K/AKT/ERK pathways. Accordingly,
silencing of ADAM33 inhibited proliferation and induced
the apoptosis of HASMCs via inhibition of PI3K/AKT/ERK
pathways and subsequent regulation of Bcl‑2 and Bax protein
expression towards a pro‑apoptotic ratio (Fig. 9). As we have
previously shown constitutive expression of ADAM33 in
airway VSMCs in patients with asthma, these findings may
suggest the potential therapeutic significance of ADAM33
inhibition in airway remodeling‑related diseases. It has to be
mentioned that the findings of the present study are based
on observations in HASMCs rather than in isolated airway
VSMCs due to technical difficulties. These findings should be
validated in future studies in airway VSMCs. Furthermore,
although silencing ADAM33 appeared promising to inhibit
the proliferation of HASMCs, the influences on prolifera‑
tion of VSMCs, as well as in the process of airway vascular
remodeling, should be investigated using preclinical asthma
models.
In conclusion, the present study demonstrated that
constitutive expression of ADAM33 may be important to
maintain a proliferative phenotype in HASMCs. The influ‑
ences of ADAM33 on the proliferation and apoptosis of
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HASMCs may involve the regulation of PI3K/AKT/ERK and
Bax/Bcl‑2 pathways. These findings suggested an important
role of ADAM33 in airway vascular remodeling and a poten‑
tial therapeutic significance of ADAM33 inhibition in airway
remodeling‑related diseases.
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