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Abstract: Aims: To investigate the effects of caspase-3 silencing on the proliferation and apoptosis of rat bone 
marrow mesenchymal stem cells (MSCs) under hypoxia. Methods: Rat bone marrow MSCs were transfected with a 
recombinant shRNA lentivirus targeting caspase-3 expression. Protein expression of caspase-3 was measured by 
western blotting. Cell proliferation was measured with MTS, and the cell cycle was analyzed by flow cytometry. The 
apoptosis rate was measured at various time points under hypoxia. Apoptotic morphology was assessed by Hoechst 
33258 staining. mRNA levels of caspase-3, Bcl-2, and Bax were measured by real-time PCR. Results: Western blot-
ting showed that the rat MSCs were stably transfected with the shRNA targeting caspase-3 by a significant reduction 
of caspase-3 expression. Silencing of caspase-3 expression resulted in a significant increase of MSC proliferation (P 
< 0.05), an increase of cells in S-phase (52.66 ± 0.30%), and a significant decrease of apoptotic MSCs (P < 0.05). 
These effects exhibited a slow increase during hypoxic culture. Furthermore, caspase-3 silencing significantly down-
regulated mRNA expression of caspase-3 (P < 0.01) and Bax (P < 0.01), and up-regulated Bcl-2 mRNA expression 
(p < 0.01), thereby increasing the ratio of Bcl-2/Bax (P < 0.05). Conclusion: Caspase-3 silencing modulates the cell 
cycle of MSCs, promotes cell proliferation, and enhances the anti-apoptotic capacity of MSCs under hypoxia in vitro. 
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Introduction 

Bone marrow mesenchymal stem cells (MSCs) 
are ideal seed cells for transplantation therapy 
of myocardial infarction [7-9] because of their 
abundant availability [1], low immunogenicity 
[2], immunosuppressive effects [3], multi-
potency [2, 4], and paracrine effects [5, 6]. 
However, the hypoxic and ischemic microenvi-
ronment in the transplantation region results in 
massive apoptosis after MSC transplantation, 
followed by limited proliferation and survival, 
which is the major bottleneck for clinical appli-
cation [10]. Apoptosis is programmed cell 
death controlled by tightly regulated genes. 
Caspase-3 is a key enzyme in the signaling 
pathway of apoptosis [11]. By inhibiting the 
expression of caspase-3 in MSCs, it would be 
possible to decrease MSC apoptosis in the 
infarction area to extend their survival time. In 
a preliminary study, we designed and evaluated 
three pairs of siRNAs targeting caspase-3 to be 

introduced into MSCs by transient transfection 
to effectively inhibit caspase-3 expression. In 
the present study, we constructed a recombi-
nant lentiviral vector containing the optimal 
shRNA targeting caspase-3 to transfect MSCs 
and investigate the effects of caspase-3 silenc-
ing on their proliferation and cell cycle. We also 
cultured MSCs in serum-free medium under 
hypoxia to mimic the in vitro hypoxic/ischemic 
microenvironment and measure their anti-
apoptotic capability and expression of apopto-
sis genes. This study will provide new insights to 
increase the therapeutic effects of MSCs on 
myocardial infarction. 

Materials and methods

Reagents and apparatus

The study protocol was approved by the 
Research Ethics Board at Sun Yat-sen Memorial 
Hospital, Sun Yat-sen University. The major 
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reagents were fetal bovine serum (FBS; 
Hyclone, USA), DMEM/F12 (Hyclone, USA), 
mouse anti-rat CD29 antibody (BioLegend, 
USA), mouse anti-rat CD45 antibody (eBiosci-
ence, USA), mouse anti-rat CD90 antibody 
(BioLegend), GV115 lentiviral vector (Shanghai 
Genechem, China), rabbit anti-rat caspase-3 
monoclonal antibody (Anbo, USA), anaerobic 
culture agent (MGC, Japan), oxygen indicator 
(MGC), MTS kit (Promega, USA), cell cycle kit 
(KeyGEN Biotech, Nanjing), SYBR Green PCR 
Master Mix (TOYOBO, Japan), Trizol (Invitrogen, 
USA), Annexin V-APC/PI apoptosis kit (Keygen, 
Netherlands), and Hoechst 33258 dye 
(Beyotime Institute of Biotechnology, China). 
The major apparatus included an inverted 
phase contrast microscope (Olympus, Japan), 
inverted fluorescence microscope (Olympus), 
constant temperature incubator (Thermo 
Fisher, USA), enzyme-linked immunosorbent 
assay (ELISA) reader (Thermo Fisher), quantita-
tive PCR reader (ABI, USA), and flow cytometer 
(BD, USA). 

Culture and identification of MSCs

Three-week-old Sprague-Dawley rats of either 
sex (100~120 g) were provided by the 
Experimental Animal Centre, North Campus of 
Sun Yat-Sen University. Under anesthesia, the 
animals were sacrificed by cervical dislocation 
and soaked in 75% ethanol for 5 min. The bilat-
eral femora and tibias were dissected with 
removal of the epiphysis. The bone marrow cav-
ity was repeatedly flushed with culture medium 
to collect a cell suspension that was centri-
fuged (1500 r/min for 10 min) and resuspend-
ed in DMEM/F12 supplemented with 10% FBS. 
The cells were seeded at a density of 1 × 107 
cells/mL and cultured at 37°C with 5% CO2. The 
medium was changed at 48 h after seeding 
and then every 3 days until the cells reached 
80-90% confluence. Then, the cultured cells 

were digested with 0.25% trypsin and pas-
saged at 1:3. MSCs were purified by medium 
changes and passaging, and identified by mea-
suring the expression of CD29, CD45, and 
CD90 at passage 2 by flow cytometry. 

Construction of the lentiviral vector and trans-
fection

Based on preliminary results, we selected a tar-
geting sequence with the optimal interfering 
effect against caspase-3 expression (5’-GCC- 
GACTTCCTGTATGCTTAC-3’) and designed two 
complementary shRNAs: 5’-CCGGGCCGACT 
C C TGTATGC T TAC C TC G AGGTA AGC ATAC - 
AGGAAGTCGGCTTTTTG-3’; 5’-AATTCAAAAAGC- 
CGACTTCCTGTATGCTTACCTCGAGGTAAGC- 
ATACAGGAAGTCGGC-3’. The shRNAs were 
annealed and ligated to the linearized GV115 
vector to transform DH5α competent cells. The 
plasmid was extracted and verified by enzymat-
ic digestion and sequencing. Then, 293T cells 
were used to package the lentivirus. At 30-50% 
confluence, MSCs were infected with the lenti-
virus. Cells infected with a lentivirus carrying an 
empty vector were used as a control. Fluo- 
rescence expression was measured after 3-4 
days. The experiment included transfection, 
empty vector, and blank control groups. 

Measurement of caspase-3 protein expression 
by western blot analysis

The protein concentration of MSC lysates was 
measured using the bicinchoninic acid method. 
The samples were then subjected to 10% SDS-
polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene fluoride membrane. 
The membrane was blocked with a 5% skim 
milk solution and probed with rabbit anti-rat pri-
mary antibodies (anti-caspase-3, 1:1000; anti-
GAPDH, 1:1000) at 37°C for 2 h. The mem-
brane was rinsed three times with TBST for 5 
min each wash and then incubated with a sec-
ondary goat anti-rabbit IgG (1:5000) at 37°C 
for 1 h. The membrane was rinsed as described 
and developed with DAB for semi-quantitative 
analysis of the protein bands by QuantityOne 
software. 

Cell proliferation detection with MTS

The three groups of cells at the logarithmic 
growth phase were resuspended to a density of 
1 × 105 cells/mL, seeded at 100 μL/well, and 
then incubated at 37°C with 5% CO2. The cells 

Table 1. Primer sequences
Primer Sequences
Caspase-3-F: 5’-AATTCAAGGGACGGGTCATG-3’
Caspase-3-R: 5’-TGACACAATACACGGGATCTG-3’
Bcl-2-F: 5’-ATCCAGGATAACGGAGGCTG-3’
Bcl-2-R: 5’-CAGGTATGCACCCAGAGTGA-3’
Bax-F: 5’-GGCGAATTGGAGATGAACTG-3’
Bax-R: 5’-TGCCATCAGCAAACATGTCA-3’
β-actin-F: 5’-AGGGAAATCGTGCGTGACAT-3’
β-actin-R: 5’-GAACCGCTCATTGCCGATAG-3’
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were then harvested at 24, 48, 72, 96, and 
120 h, and combined with MTS at a ratio of 
1:10. After 4 h, the optical density (OD) at 490 
nm was measured with the ELISA reader. The 
cell proliferation rate = (A490 valueA0)/A0 × 
100%, where A0 is the A490 value at day 1. 

Cell cycle analysis by flow cytometry

The cells were collected, rinsed twice with pre-
cooled PBS, and fixed at 4°C overnight in pre-
cooled 70% ethanol. Then, the cells were rinsed 
with PBS and incubated in PBS containing 50 
µg/mL brominated acrylic ingot, 100 µg/mL 
RNase A, and 0.2% Triton X-100 at 4°C in the 
dark for 30 min. A total of 20,000-30,000 cells 
were measured by standard flow cytometry pro-
cedures, and the data were analyzed to deter-
mine the cell cycle distribution by ModFit 
software.

Hypoxic cell culture

The cells were rinsed with PBS and resuspend-
ed in serum-free DMEM/F12. Then, the cells 
were placed in an incubator with an anaerobic 
gas generation agent and oxygen indicator at 
37°C with 5% CO2. 

Measurement of the apoptosis rate by flow 
cytometry

Cells were collected at 0, 6, 12, 24, and 48 h 
after hypoxic culture, rinsed with PBS, and 
resuspended at a density of 5 × 105/mL. Then, 
the cells were combined with 1.25 μL Annexin 

V-APC and incubated in the dark at room tem-
perature for 15 min. The cells were then mixed 
with 10 μL of a propidium iodide (PI) solution 
and incubated at room temperature for 5 min. 
Finally, the cells were analyzed by flow 
cytometry.  

Apoptosis measurement with Hoechst staining

Cells cultured under hypoxia for 48 h were re-
seeded in 12-well plates and cultured to conflu-
ence. The cells were then fixed with 4% formal-
dehyde for 10 min, washed with PBS, and 
air-dried. Then, a 1 µg/mL Hoechst 33258 
working solution was applied to the cells, fol-
lowed by incubation at room temperature for 
10 min. The cells were then rinsed, mounted 
with anti-fade mounting medium, and observed 
by fluorescence microscopy.

Detection of caspase-3, Bcl1-2 and bax mRNA 
expression by real-time PCR

Cells cultured under hypoxia for 48 h were col-
lected to extract total RNA using Trizol. cDNA 
was synthesized from the total RNA by reverse 
transcription. A fluorescence quantitative PCR 
system with SYBR Green dye was used for real-
time PCR. β-actin was used as a reference 
gene. The primers are listed in Table 1. The 
reaction conditions were preheating at 95°C for 
5 min, followed by 40 cycles of denaturation at 
95°C for 15 s, annealing at 60°C for 15 s, and 
extension at 73°C for 32 s. 

Statistical analysis

The data were expressed as the means ± SD. 
SPSS 13.0 was used for inter-group compari-
sons with one-way analysis of variance and 
post-hoc comparisons. A value of P < 0.05 was 
considered significant.

Results

Cell culture and identification

After the first medium change, large cells were 
adherent and some cells had a short rod-like 
shape. At 3-4 days, the adherent cells increased 
in number to form colonies. At 9-10 days, the 
cells formed a flake-like confluent layer and 
were arranged in order along the long axis of 
the soma as a spiral shape (Figure 1). 
Immunophenotyping showed that the positive 
rates of CD29 and CD90 were 93.31% and 

Figure 1. Morphology of MSCs. Passage 3 MSCs 
were morphologically consistent and showed a long 
spindle shape, a radial or spiral configuration, and 
growth as colonies (phase contrast microscopy, 
×40).
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93.45%, respectively, while the positive rate of 
CD45 (a marker of hematopoietic cells) was 
5.69% (Figure 2), suggesting that the harvest-
ed cells were MSCs.

Construction of the shRNA lentiviral vector and 
transfection

The 7.5 kb vector did not contain an XhoI 
restriction enzyme site, whereas the inserted 
shRNA contained such a site. Therefore, only 
the vector with the insert could be cut by XhoI. 
Figure 3 shows the successful cloning of the 
shRNA insert that was confirmed by sequ- 
encing.

MSCs showed green fluorescence under a fluo-
rescence microscope at 3-4 days after infec-

The proliferation rate was calculated by mea-
suring OD values at various time points. Except 
for day 1, the proliferation rates of the transfec-
tion group at all other time points were signifi-
cantly higher than those of the control group (F 
= 14.332, 11.825, 93.073, and 54.163, all P < 
0.05; Figure 6). There was no significant differ-
ence between empty vector and blank control 
groups (P > 0.05). These results suggest that 
the lentivirus itself had no effect on the prolif-
eration of MSCs and there was specific en- 
hancement of growth by caspase-3 silencing. 

Cell cycle analysis

As shown in Table 2, the percentage of cells at 
S-phase in the transfection group was signifi-
cantly increased compared with that in empty 

Figure 2. Identification of MSCs. Immunophenotyping showed the positive 
rates of CD29, CD90, and CD45.

tion with the lentivirus carry-
ing the enhanced green 
fluorescent protein gene (Fi- 
gure 4). During culture, the 
fluorescence intensity gradu-
ally increased, and the cells 
were well stacked without 
changes in morphology. When 
the transfection efficiency 
reached 80-90%, the cells 
were used for subsequent 
experiments. 

Expression of caspase-3 
protein

In densitometric analysis, the 
expression of caspase-3 pro-
tein was 0.19 ± 0.07, 0.49 ± 
0.16, and 0.48 ± 0.14 in trans-
fection, empty vector, and 
blank control groups, respec-
tively (F = 5.262, P = 0.048). 
Compared with empty vector 
and blank control groups, cas-
pase-3 protein expression in 
the transfection group was 
decreased by 61% and 60%, 
respectively. This result sug-
gested that the recombinant 
plasmid GV115-shRNA-cas- 
pase-3 was successfully ex- 
pressed in MSCs and signifi-
cantly inhibited caspase-3 
expression (Figure 5).

Cell proliferation
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vector and blank control groups (F = 1836.707, 
P < 0.01), while there was a significant decrease 
of the percentage of cells at G0/G1 and G1/G2 
phases (F = 234.182 and 25.908, respectively; 
P < 0.05). No significant difference was obser- 
ved between control groups (P > 0.05; Table 2 
and Figure 7). MSCs were mainly undergoing 
S-phase after caspase-3 silencing. 

Apoptosis rate at various time points under 
hypoxia

The apoptosis rates measured by Annexin 
V-APC/PI double staining at 0, 6, 12, 24, and 
48 h of hypoxia are shown in Figures 8 and 9. 
The apoptosis rate of all groups gradually 
increased under hypoxia. However, the increase 
of apoptosis in the transfection group was 
lower than that in the control group at the vari-

ous time points (F = 80.228, 42.876, 206.870, 
730.213, and 521.220, respectively, P < 0.01). 
This result suggested that caspase-3 silencing 
enhances the tolerance of MSCs to a hypoxic 
environment. 

Apoptosis detection by Hoechst 33258 stain-
ing 

After staining with Hoechst 33258, nuclei 
exhibited blue fluorescence under a fluores-
cence microscope, whereas the nuclei of apop-
totic cells showed agglomerated nuclear chro-
matins and condensation (Figure 10). At 400× 
magnification, six different fields in each group 
were selected to calculate the number of apop-
totic cells. The results indicated that the apop-
tosis rate of the transfection group under regu-
lar culture conditions was 15.00 ± 1.73% com- 
pared with that in the empty vector group 
(25.67 ± 3.05%) and blank control group (23.67 
± 1.16%; F = 21.171, P = 0.002). There was no 
significant difference between the two control 
groups (P > 0.05). The apoptosis rate under hy- 
poxic conditions after 48 h in the transfection 
group was 29.67 ± 2.08% compared with that 
in the empty vector group (42.33 ± 6.43%) and 
blank control group (45.00 ± 6.56%; F = 6.812, 
P = 0.029). There was no significant difference 
between the two control groups (P > 0.05).

mRNA expression of caspase-3, Bcl-2, and bax

Under normoxic conditions, the expression of 
caspase-3 mRNA in transfection, empty vector, 
and blank control groups was 0.39 ± 0.04, 
1.66 ± 0.18, and 1.92 ± 0.18, respectively. 

Figure 3. Enzymatic digestion and shRNA sequencing. Successful cloning of the shRNA insert was confirmed by 
sequencing.

Figure 4. Transfection of MSCs. MSCs expressed 
EGFP after transfection (fluorescence microscopy, 
×400).
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Expression of Bcl-2 mRNA in transfection, 
empty vector, and blank control groups was 
2.57 ± 0.12, 2.25 ± 0.13 and 2.16 ± 0.21, 
respectively. Bax mRNA expression in transfec-
tion, empty vector, and blank control groups 

were 5.83 ± 0.38, 1.97 ± 0.18, and 1.74 ± 
0.17, respectively. After caspase-3 silencing, 
mRNA expression of caspase-3 was down-regu-
lated (F = 362.496, P < 0.01), Bcl-2 mRNA 
expression was up-regulated (F = 5.993, P = 

Figure 5. Expression of caspase-3 protein. The results are expressed as the means ± SD (n = 3). *P < 0.05 com-
pared with MSCs or MSCs-vector.

Figure 6. Cell proliferation curves. The results are expressed as the means ± 
SD (n = 3). *P < 0.05 compared with MSCs or MSCs-vector.

was 1.33 ± 0.17, 1.66 ± 0.14, 
and 1.68 ± 0.13, respectively. 
The ratio of Bcl-2/Bax mRNA 
levels in transfection, empty 
vector, and blank control 
groups was 1.83 ± 0.24, 1.35 
± 0.18 and 1.29 ± 0.17, 
respectively. After caspase-3 
silencing, mRNA expression of 
caspase-3 was down-regulat-
ed (F = 93.585, P < 0.01), 
Bcl-2 expression was up-regu-
lated (F = 5.560, P = 0.043), 
and Bax expression was down-
regulated (F = 5.415, P = 
0.045), which increased the 
Bcl-2/Bax ratio (F = 6.322, P = 
0.03). 

Under hypoxic conditions for 
48 h, caspase-3 mRNA expre- 
ssion in transfection, empty 
vector, and blank control 
groups was 1.31 ± 0.12, 7.98 
± 0.22, and 7.46 ± 0.53, respe- 
ctively; Bcl-2 mRNA expres-
sion was 6.74 ± 0.10, 6.28 ± 
0.10, and 6.37 ± 0.27 respec-
tively; Bax mRNA expression 
was 1.08 ± 0.20, 3.44 ± 0.13, 
and 3.72 ± 0.25, respectively; 
Bcl-2/Bax mRNA level ratios 

Table 2. Cell cycle distribution (%)

Group
Cell cycle

G0/G1 S G1/G2
MSCs 55.39 ± 0.45 31.07 ± 0.44 12.16 ± 2.70
MSCs-vector 56.29 ± 0.61 34.58 ± 0.62 10.51 ± 2.34
MSCs-shRNA 46.50 ± 0.74* 52.66 ± 0.30* 0.84 ± 0.48*
Means ± SD; n = 3, *P < 0.05 compared with MSCs or MSCs-vector.
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0.037), Bax expression was down-regulated (F 
= 163.297, P < 0.01), and there was an increase 
of the Bcl-2/Bax ratio (F = 229.777, P < 0.01). 
The results are shown in Figure 11.

Discussion

Although clinical evidence indicates that injec-
tion of autologous MSCs improves the clinical 
signs of myocardial infarction, increases myo-
cardial perfusion, enhances left ventricle func-

Figure 7. Cell cycle analysis. The percentage of cells at S-phase in the MSCs-shRNA group was significantly in-
creased compared with that of MSCs and MSCs-vector.

Figure 8. Scatter diagram of MSC apoptosis. The apoptosis rates measured by annexin V-APC/PI double staining at 
0, 6, 12, 24, and 48 h of hypoxia.

Figure 9. Apoptotic rates at various time points under 
hypoxia and serum deprivation (%). The results are 

expressed as the means ± SD (n = 3). *P < 0.05 
compared with MSCs or MSCs-vector.
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tion, and decreases the incidence rate of heart 
failure [12, 13], the current therapeutic effects 
are unsatisfactory. The myocardial microenvi-
ronment affects the survival probability of 
transplanted MSCs. The extracellular matrix 
and bioactive molecules not only provide sup-
port and protection for MSCs, but also play 
important roles in modulation of MSC prolifera-
tion, differentiation and migration. After myo-
cardial infarction, local hypoxic ischemia, 
inflammatory reactions, and reperfusion injury 
present transplanted MSCs with a complex and 
severe microenvironment [14, 15]. The lack of 

survival signals in the extracellular matrix and 
production of cytotoxic factors results in a lim-
ited proliferative capacity and massive apopto-
sis of transplanted MSCs [16, 17]. Simulta- 
neously, myocardial mechanical stimulation 
also has certain effects on the proliferation and 
survival of MSCs [18]. 

Cell apoptosis involves complicated signaling 
pathways. Caspase-3 is downstream of the 
ordered cascade reaction of apoptosis, and is 
activated at the end of endogenous and exoge-
nous pathways [19]. Bcl-2 family genes are also 

Figure 10. Apoptosis of MSCs. Chromatin condensed, nuclei shrunk, and there was a decrease in the size of apop-
totic cells．A: Normal condition; B: Hypoxia and serum deprivation for 48 h (×400).

Figure 11. mRNA expression level of apoptosis-related genes. A: Normal condition; B: Hypoxia and serum depriva-
tion for 48 h. The results are expressed as the means ± SD (n = 3). *P < 0.05 compared with MSCs or MSCs-vector. 
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involved in apoptosis, including pro-apoptotic 
genes (Bax and Bag) and anti-apoptotic genes 
(Bcl-xl and Bcl-2) [20]. Any factor that disrupts 
the balance of expression between pro-apop-
totic and anti-apoptotic genes or their related 
proteins will increase the sensitivity of cells to 
external apoptotic stimuli [21]. Bcl-2 and Bax 
are the most widely studied genes related to 
apoptosis, and the ratio of Bcl-2/Bax deter-
mines the fate of cells [22]. 

In the present study, we constructed a shRNA 
expression vector against caspase-3, the key 
executor of apoptosis, and transfected MSCs 
through a lentivirus to effectively interfere with 
the expression of target genes at mRNA and 
protein levels. The lentiviral expression system 
infects dividing and non-dividing cells, has low 
immunogenicity, can hold large exogenous 
genes, and is therefore one of the most com-
monly used viral vectors [23, 24]. Here, we 
found that the proliferation rate of MSCs was 
significantly increased by caspase-3 silencing, 
probably because of cell cycle modulation, 
resulting in more cells entering S-phase and 
less apoptotic cells. Some studies have induced 
apoptosis of target cells by decreasing the oxy-
gen concentration in culture conditions, and 
found that hypoxia can induce obvious apopto-
sis but only after long-term exposure to hypox-
ia. However, a lack of serum is the major cause 
of MSC apoptosis under hypoxic conditions [25, 
26]. We applied serum-free and hypoxic culture 
of MSCs, which better mimics the microenvi-
ronment of myocardial infarction [27, 28], and 
found agglomerated nuclear chromatins and 
condensed nuclei, a reduction of the cellular 
volume, and loss of membrane integrity. These 
observations are consistent with previous stud-
ies [27, 29]. The apoptosis rate in the transfec-
tion group was lower than that in the control 
group and decreased further over time, sug-
gesting that caspase-3 silencing increases the 
survival of MSCs in a severe microenvironment. 
The reason for this observation may be related 
to the up-regulation of Bcl-2, down-regulation of 
Bax, and subsequent increase of the Bcl-2/Bax 
ratio, except for the down-regulation of target 
genes. 

The present study examined apoptosis at 48 h 
and did not explore the long-term survival of 
MSCs. The microenvironment of myocardial 
infarctions is complex and modeling hypoxic 
ischemia in vitro cannot effectively illustrate an 
increase of survival of transplanted MSCs in 

the infarction area. Based on the present study, 
we will transplant MSCs into rats to further 
investigate the survival rate of MSCs with cas-
pase-3 silencing in myocardial infarction areas 
and the effects on paracrine, ventricle remodel-
ing, and heart functions. 
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