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Abstract: The irreversible loss of cardiomyocytes remains a key problem to resolve, which forms the cellular basis
of cardiac dysfunction. MSCs transplantation brings out a promising potential for myocardial renovation with less
limitations. However, this cell transplantation therapy is limited by its poor viability after transplantation. Apoptosis
is thought to be the major factor that affects the efficiency of MSCs transplantation. Therefore, exploring the pro-
cess of apoptosis and the underlying mechanisms of MSCs in the ‘harmful’ microenvironment is significant for the
sake of improving the efficiency of MSCs transplantation therapy. A hypoxia/reoxygenation (H/R) model of MSCs
had been established. TUNEL, Hoechst staining and MTT were used for the evaluation of morphological changes,
cell viability and apoptosis. Mitochondrial transmembrane potential was detected by JC-1 using the fluorescence
microscopy system. The protein expression of cytochrome ¢, p-ERK, p-AKT, Bcl-2, Bax, p-JNK, HIF-1a and VEGF was
assessed for the analysis of protein changes using the Western blot. In our study, H/R insult lead to apoptosis and
cell viability lost in a time-dependent manner in MSCs. Multiple pathways were involved in the apoptosis of MSCs,
including cytochrome c released from mitochondria to cytosol, mitochondrial transmembrane potential lost. In addi-
tion, p-ERK and p-AKT were downregulated, while Bcl-2, p-JNK and VEGF were upregulated. H/R induced the apopto-
sis in MSCs is through multiple pathways. These multiple pathways will be helpful for understanding and explaining
the process and mechanism of apoptosis in MSCs.
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Introduction vascular endothelial cells and cardiomyocytes

such that they can improve the heart function

Myocardial ischemia disease is known as a
major Killer in the world. Despite therapeutic
progress of cardiovascular diseases, the irre-
versible loss of cardiomyocytes remains a key
problem to resolve, which forms the cellular
basis of cardiac dysfunction. Several kinds of
stem cells have been demonstrated their
potential effects to the cardiomycytes replace-
ment, including induced pluripotent stem cells,
adipose-derived stem cells, and so on [1-3].
However, there are some limitations in these
cell transplantation therapies, such as ethi-
cal concerns, tumorigenesis, histocompatibility
and inadequate tissue supplement. Bone mar-
row mesenchymal stem cells (MSCs) transplan-
tation brings out a promising potential for car-
diac repair with less limitations. Some groups
have reported that MSCs can differentiate into

[4]. In addition to promoting angiogenesis and
limiting adverse structural remodeling in the
infarcted heart, the transplantation of MSCs
also alters the ion channel expression and miti-
gates the electrophysiological remodeling [5].
Meanwhile, MSCs could improve cardiac con-
duction by upregulation of connexin 43 through
the paracrine signaling [6]. Although the MSCs
transplantation therapy was regarded as a new
frontier in regenerative medicine in cardiology
[7], it was limited by the poor viability of MSCs
after transplantation. As reported, only mild to
moderate improvement of heart function was
observed in the majority of studies, and even
no improvement in some clinical trials [8]. In
mice model, the majority of the transplanted
MSCs were readily lost during the following 4
days after the transplantation [9]. This circum-
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stance reflected that the harmful, proapoptotic
microenvironment in the infarcted heart was
involved in the dysfunction or loss of MSCs.
Apoptosis is thought to be a major factor which
affects the transplantation efficiency of MSCs
[10]. The influencing factors for the apoptosis
of MSCs in the peri-infarct region, in a large
part, during to the endogenous and microenvi-
ronmental factors, such as poor blood supply,
ischemia-reperfusion injury and inflammatory
response [11].

Therefore, exploring the mechanism of MSCs
apoptosis in peri-infarct myocardium is impor-
tant for the interruption of the pathologic pro-
cess and further improvement of the efficiency
of cell therapy. Hypoxia and survival growth fac-
tor withdrawal caused apoptosis via the cas-
pase-dependent manner in transplanted MSCs
[12]. However, the molecular mechanisms of
MSCs have not been fully elucidated at pres-
ent, as there are plenty of apoptosis-induced
factors in the microenviroment of myocardium.
In General, two pathways of apoptosis have
been delineated in other cell lines (i.e., sensory
hair cell) [13]. The mitochondrial pathway
involved the release of proteins, such as cyto-
chrome c from the mitochondria to cytosol [14].
Cytochrome c release was usually in associa-
tion with regulation of mitochondrial membrane
proteins, such as the Bcl-2 family [15]. Cyto-
chrome ¢ bound Apaf-1 in the cytosol, leading
to the oligomerization and activation of cas-
pase family. Another is the extrinsic pathway,
including FAS and its receptor. However, a study
showed that Fas pathway seemed not to be
involved in the apoptosis of MSCs, as agonistic
Fas mAb treatment failed to induce apoptosis
of MSCs [16].

Meanwhile, we presume that other pathways
may play an important role in apoptosis of
MSCs, such as extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK),
Akt, Hypoxia-inducible factor (HIF) and vascular
endothelial growth factor (VEGF), especially in
a hypoxia condition. ERK is a chain of proteins
in cell that communicates a signal from a recep-
tor on the surface to the DNA in the nucleus of
cell. The ERK signaling pathway is widely
involved in various cellular functions, including
growth, differentiation, inflammation and apop-
tosis. In addition, ERK can be activated by
hypoxia and may be involved in the response to
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hypoxia [17]. HIF is activated when a cell is
short of oxygen. HIF stimulates the release of
VEGF [18]. Recently, much attention has been
paid on the role of Akt as a kind of survival sig-
nal [19]. Akt, known as Protein Kinase B (PKB),
is a serine/threonine-specific protein kinase
that plays a key role in multiple cellular pro-
cesses such as glucose metabolism, apopto-
sis, cell proliferation, transcription and cell
migration [20].

To date, studies of MSCs have focused on the
restoration of heart function and the potential
of cell differentiation and migration. How the
microenvironment of myocardial infarction
induced apoptosis in MSCs and the processes
of cell response after MSCs transplantation are
not fully illustrated. As ischemia/reperfusion
has been a widespread phenomenon in clinic
with therapeutic progress, in this study, we
used hypoxia/reoxygenation (H/R) and survival
growth factor withdrawal to imitate the micro-
enviroment of myocardial ischemic-reperfusion
and detect the processes of MSCs response
and its underlying mechanism.

Materials and methods
Isolation and proliferation of MSCs

Isolation and proliferation of MSCs were per-
formed according to previously described meth-
ods [21]. In brief, we humanely killed male 80g
Sprague-Dawley rats and harvested bone mar-
row by flushing their femoral and tibial cavities
with phosphate-buffered saline (PBS). Bone
marrow cells were prepared by gradient cen-
trifugation at 900 g for 30 minutes on Percoll
(GE Healthcare, Sweden) of a density of 1.073
g/ml and cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, USA) supple-
mented with 10% fetal bovine serum and anti-
biotics. A small number of cells developed visi-
ble symmetric colonies by days 5 to 7. The
adherent, spindle-shaped MSCs population
expanded to > 5 x 107 cells within 3 passages.
Cells were determined by fluorescence activat-
ing cell sorting (FACS, Beckman Coulter, USA)
analysis before the experiments, using directly
conjugated antibodies against anti-rat CD44,
anti-CD45 and anti-CD9O0 (PE, Caltag, USA). All
cells in the study were cultured to 3 passages.
All animals in this study received humane care
and the study was approved by Zhejiang univer-
sity ethics committee.
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Hypoxia/reoxygenation protocol

To imitate ischemia/reperfusioninjury of MSCs,
we used hypoxia/reoxygenation (H/R) treat-
ment on MSCs with 6 hours of hypoxia (< 0.5%
0,) in a hypoxic GENbox Jar (Billumps-Ro-
thenberg, Del Mar, CA), followed by 12 hours of
reoxygenation (21% O,). The oxygen level in the
chamber was monitored with an oxygen analyz-
er. Before H/R, cells were washed with PBS and
placed in serum free DMEM. To investigate
whether H/R has long-term effects on MSCs,
we tested the apoptosis induced by 24 hours
hypoxia and 24 hours reoxygenation (H/R 24 h)
in the MSCs.

TUNEL procedure

Terminal deoxynucleotidyl transferase-mediat-
ed dUTP-fluorescein nick end labeling (TUNEL,
Roche Diagnostic, USA) was performed with a
detection kit according to the manufacturer’s
instructions. Briefly, after the cells were treated
with H/R, the cells were fixed with 4% parafor-
maldehyde at room temperature for 60 minutes
and subsequently permeabilized with 0.1%
Triton X 100 for 30 minutes. After the cells were
incubated with TUNEL reaction mixture for 60
minutes at 37°C in a humid chamber, the cells
were incubated in Converter-peroxidase (POD)
for 30 minutes at 37°C, and then added a
diaminobenzidine (DAB) POD substrate .The
percentage of TUNEL-positive cells in relation
tothe total number of cells was determined by
counting at least 200 cells in 3 different fields.

Assessment of morphological changes

Chromosomal condensation was assessed
using the chromatin dye Hoechst 33342
(Sigma-Aldrich, USA). Cells were fixed for 30
minutes in PBS containing 1% glutaraldehyde.
After being fixed, the cells were washed and
then exposed to 5 ug/ml Hoechst 33342 for 30
minutes at room temperature. All samples were
observed using a fluorescence microscope.
Apoptotic cells were characterized by morpho-
logical changes including nuclei thickening and
cell shrinkage.

Cell viability assay

MSCs were seeded in 96-well plates at a den-
sity of 5 x 10* cells/well. After synchronization
by serum-free medium treatment for 24 hours,
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the cells were treated with H/R. Then the cells
were added with 500 yg/ml 3-(4, 5-dimethyl-
thiazol-2-yl) 2, 5-diphenyl tetrazolium bromide
(MTT, Sigma-Aldrich, USA) each well and cul-
tured for 3 hours in a CO, incubator. Cells hav-
ing functional mitochondrial succinate dehydro-
genase could convert MTT to formazan which
generated a blue color when dissolved in
dimethyl sulfoxide. After plates were shaken to
dissolve the purple formazan producer, the
intensity was measured with a microplate read-
er at absorption wavelength of 570 nm.

Mitochondrial transmembrane potential

Mitochondrial transmembrane potential was
assessed using the lipophilic cationic probe 5,
5, 6, 6'-Tetrachloro-1, 1, 3, 3'-tetraethyl-imida-
carbocyanine iodide (JC-1, BioVision, USA), a
sensitive fluorescent dye. The red emission of
the dye was attributable to a potential-depen-
dentaggregation in the mitochondria, reflecting
AWm. Green fluorescence reflected the mono-
meric form of JC-1, appearing in the cytosol
after mitochondrial membrane depolarization.
Treated MSCs were loaded with 10 yM JC-1 for
15 minutes by incubation at 37°C and were
monitored by the ZESIS fluorescence micros-
copy system.

Isolation of mitochondria and cytosol

The preparation of mitochondrial and cytosolic
fractions was achieved using a mitochondria/
cytosolfractionation kit (BioVision, USA) accord-
ing to the manufacturer’s protocol. Briefly, cells
were collectedand then resuspended in 1 ml of
1x cytosol extraction buffer, and homogenized
in an ice-cold tissue grinder for 60 passes. The
resultant supernatants were further centri-
fuged. Supernatants were used as the cytosolic
fraction, while the pellets, which were then
resuspended in 100 uyl of the mitochondrial
extraction buffer, used as the mitochondrial
fraction.

Western blot analysis

For detection of the protein expression, dis-
posed cells were washed and scraped into 50
ul lysis buffer. After being quantified by BCA
reagent, equivalent proteins for each sample
were resuspended in 10 pl of electrophoresis
sample buffer and subjected to SDS-PAGE in
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Figure 1. H/R induced apoptosis of MSCs. A. DNA strand breaks assessed by TUNEL staining of MSCs. Shown are
photograph of MSCs of normal MSCs, H/R and 24 h H/R. Brown nucleus indicates TUNEL-positive (apoptotic) cell.
B. Morphological changes assessed by Hoechst 33342.Shown are photograph of MSCs of normal MSCs, H/R and
24 h H/R. Chromatin condensation together with decrease in cell size indicates TUNEL-positive (apoptotic) cell. C.
Quantification of apoptotic MSCs by TUNEL staining. D. Quantitative analysis of cell viability by MTT. *P < 0.05 vs.
normal cell, 8P < 0.05 vs. H/R group. Data shown are means * SE representative of 5 independent experiments.

12-15% acrylamide minigels. Proteins were
then transferred to PVDF membrane in a trans-
fer buffer. After blocking with 5% skim milk,
PVDF membrane was washed in TBS contain-
ing 0.1% Tween 20 and incubated with a pro-
tein-specific antibody at room temperature fol-
lowed by a secondary antibody. Primary an-
tibodies were used as follows: antibodies spe-
cific to Bcl-2, Bax, Akt, p-Akt (Cell Signaling
Technology, USA), HIF-1a (R&D Systems, USA),
VEGF, B-actin, ERK, p-ERK and p-JNK (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). After
the secondary antibody incubation, the mem-
branes were rinsed and the bound antibodies
were detected using enhanced chemilumines-
cence (ECL, Santa Cruz Biotechnology, USA) fol-
lowed by autoradiography. Image pro plus 5
software was used to semiquantify protein in
every lane.

Statistical analysis

Statistical analysis was performed with one-
way anova followed by Bonferroni multiple-
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comparison test. The results were considered
to be significant at a value of P < 0.05.

Results

H/R induced apoptosis, morphological chang-
es and decreases cells viability

After the MSCs transplantation, multiple ‘harm-
ful’ factors could lead to apoptosis. Among
these, the major factors were the deprivation of
nutrients, oxygen fluctuation and inflammation.
To study the effects of these stimuli, MSCs
were exposed to culture conditions represent-
ed by H/R and the nutrients deprivation was
analyzed by TUNEL and morphological chang-
es-Hoechst 33342. Three generation of MSCs
were stained by TUNEL method, about 3% of
normal MSCs were positive (Figure 1A). When
MSCs cultured in serum-free media and insult-
ed by hypoxia for 6 hours and reoxygenation for
12 hours, the number of TUNEL-positive MSCs
was significantly increased (~ 48.2%, “P < 0.05
vs. normal cell) (Figure 1A). To further investi-
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normal

Figure 2. H/R induced mitochondrial membrane potential of MSCs, mitochondrial membrane potential (AWm) of
MSCs exposed to H/R was determined using the potential-sensitive fluorescent probe JC-1. Each panel shows an
overlay of 2 images; orange-yellow color denotes colocalization of red (aggregate) and green (monomer) fluores-
cence signals. Normal MSCs exhibited punctate red staining indicative of coupled mitochondriawith a normal AWm.
MSCs after H/R developed a diffuse green staining pattern, representative of reduced AWm. Results are representa-

tive of 1 experiment from a total of 3 experiments performed.

gate long-term effects of H/R on MSCs, we
tested the apoptosis induced by 24 h hypoxia
and 24 h reoxygenation, the apoptotic index
further increased (83% + 5.6%, §P < 0.05 vs.
H/R; Figure 1A). As shown in Figure 1B, most
cells from the normal group had big and regular
nuclei, with only a few showing apoptotic nuclei
with condensed chromatin. In the cells exposed
to H/R, there was clear evidence of chromatin
condensation together with decrease in cell
size, which was the characteristic of apoptosis.
H/R also decreased the viability of the MSCs in
a time-dependent manner (*P < 0.05 vs. nor-
mal cells; Figure 1D).

Influence of H/R on mitochondrial membrane
potential (AWm)

To determine the influence of H/R on mitochon-
drial dysfunction in MSCs, we assessed AUm
by using the potential-sensitive fluorescent
probe JC-1. Normal MSCs exhibited punctate
red staining indicative of coupled mitochondria
with a normal AWm (Figure 2). After insulted by
H/R, MSCs developed a diffuse green staining
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pattern, which was a representative of reduced
AWm (Figure 2).

Effects of H/R on translocation of cytochrome
c

Cytochrome ¢ was an important protein which
was released from mitochondria to cytosol.
Once cytochrome ¢ was released, it bound with
apoptotic protease activating factor-1 and ATP,
which created a protein complex known as an
apoptosome. In this study, cytochrome ¢ was
translocated from mitochondria to cytosol
when MSCs were subjected to H/R (= 1.4-fold
vs normal cells, P < 0.05 vs. normal cells)
(Figure 3). Combined with AWm changes, we
presumed that apoptosis of MSCs induced by
H/R through the mitochondrial pathway.

Effects of H/R on expression of Bcl-2 and Bax

To investigate the changes of apoptosis regula-
tory proteins about the mitochondria pathway,
the expressions of Bcl-2 and Bax were studied.
We firstly examined the expression of Bcl-2 pro-
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teins in MSCs which were exposed to H/R. As
shown in Figure 4A, Bcl-2 expression was
upregulated at H/R by 4.5-fold vs. normal cells
(P < 0.05 vs. normal cell). At the same time, Bax
expression was upregulated at H/R by 1.9-fold
vs. normal cells (P < 0.05 vs. normal cell)
(Figure 4). This result reflected that Bcl-2 and
Bax may participate in the regulation of mito-
chondrial pathway in MSCs.

Effects of H/R on p-ERK-1/2 and p-JNK in
MSCs

To further determine the effects of H/R on
MSCs, we tested ERK and JNK activity using an
antibody specific to phosphorylated (activated)
form of ERK and JNK. As shown in Figure 5,
ERK phosphorylation decreased in MSCs after
H/R by 0.8 fold compared with normal cells (P <
0.05 vs. normal cell) (Figure 5). JNK had been
reported as an oxidant sensitive kinase. Thus,
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Figure 3. Effect of H/R on cytochrome c trans-
localization. A. MSCs were insulted by H/R as
indicated. Mitochondrial and cytosolic fractions
were separated as described in “Methods”, and
12 ug of the mitochondrial fraction and the cyto-
solic fraction was loaded onto an SDS-polyacryl-
amide gel, and cytochrome C was detected by
Western blotting. Equal loading of proteins was
confirmed by reprobing blots with antibodies
against B-actin. B. Quantitation of cytochrome
¢ expression in mitochondrial fraction of MSCs.
*P < 0.05 vs. normal group. C. Quantitation of
cytochrome ¢ expression in cytosol fraction of
MSCs. *P < 0.05 vs. normal group, A representa-
tive blot of 4 independent experiments is shown.
The graphs are the cumulative results of the 4
independent experiments.
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we assessed whether the H/R induced apopto-
sis in MSCs through JNK pathway. As shown in
Figure 6, JNK phosphorylation increased after
H/R in MSCs by 1.4 fold compared with normal
cells (P < 0.05 vs. normal cell). This data sug-
gested that ERK and JNK phosphorylation were
involved in apoptosis in MSCs (Figure 6).

Effects of H/R on Akt expression in MSCs

Akt was a serine/threonine-specific protein
kinase that played a key role in multiple cellular
processes such as glucose metabolism, apop-
tosis, cell proliferation, transcription and cell
migration. To further determine the underlying
mechanism of the effects of H/R on MSCs, we
tested the Akt expression, a molecule involved
in the transduction of anti-apoptotic signals.
The results showed that the p-Akt content
decreased in the MSCs after H/R treatment by
0.39 + 0.14 fold versus normal cells (P < 0.05,
H/R vs normal cells; Figure 7).
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Figure 4. Effects of H/R on Bcl-2 and Bax
normal H/R expression in MSCs. A. MSCs were insulted
by H/R as indicated. 30 pg whole cell lysates
were loaded onto an SDS-polyacrylamide
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againstB-actin. B. Quantitation of Bcl-2 and
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0.05 vs. normal group. A representative blot
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Figure 5. Effects of H/R on extracellular signal-regulated protein kinase (ERK-1/2) in MSCs. A. MSCs were insulted
by H/R stimulation. Phosphorylation of ERK1/2 was determined by Western blot analysis, using antibody specific
to activated ERK-1/2. B. Quantitation of ERK1/2 activity in MSCs *P < 0.05 vs. normal group. A representative blot
of 4 independent experiments is shown. The graphs are the cumulative results of the 4 independent experiments.

Effects of H/R on HIF-1a and VEGF expres- which were the survival factors in some cell
sions in MSCs lines. To further determine the underlying

mechanism of the effects of H/R on MSCs, we
HIF and VEGF might be involved in apoptosis in next tested the HIF-1a and VEGF expressions.
MSCs when MSCs were in response to hypoxia, Interestingly, after 6 h hypoxia and 12 h reoxy-
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Figure 6. Effects of H/R on p-JUK expression in MSCs. A. MSCs were insulted by H/R stimulation. The expression of
p-JUK was determined by Western blot analysis, using antibody specific to p-JUK. B. Quantitation of p-JUK expression
in MSCs. *P < 0.05 vs. normal group. A representative blot of 4 independent experiments is shown. The graphs are

the cumulative results of the 4 independent experiments.
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Figure 7. Effects of H/R on p-AKT expression in MSCs. A. MSCs were insulted by H/R stimulation. The expression of
p-AKT was determined by Western blot analysis, using antibody specific to p-AKT. B. Quantitation of p-AKT expres-
sion in MSCs. *P < 0.05 vs normal group. A representative blot of 4 independent experiments is shown. The graphs
are the cumulative results of the 4 independent experiments.

genation, the expression of HIF-1a did not sig-
nificantly change in the MSCs subjected to H/R
(Figure 8A). While the VEGF content in our
model was increased in the MSCs after H/R by
1.89 + 0.15-fold versus normal cells (P < 0.05,
HR vs. normal cells). This data suggested that
VEGF in MSCs expression was upregulated in
the H/R-induced apoptosis (Figure 8B).

Discussion

MSCs could differentiate into cardiomyocytes,
increase capillary density, secrete some cyto-
kines and restore heart function. Moreover,
MSCs are readily accessible with no immuno-
logical complications [22]. Hence, MSCs trans-
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plantation is a promising therapy in ischemia
heart disease and heart failure. However, the
poor survival rate and low transplantation effi-
ciency of the donor cells in the infarcted myo-
cardium become the challenge of the therapeu-
tic efficacy [10]. The majority of transplanted
cells underwent apoptosis in the ischemic
heart because of poor blood supply, ischemia/
reperfusion and inflammation. We think that
studies on how MSCs respond to proapoptotic
microenviroment and its possible mechanisms
are helpful for the transplantation therapy.
Previous studies had showed that survival
growth factor withdrawal and hypoxia caused
transplanted MSCs apoptosis that resulted in
the caspase-dependent manner, which was
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Figure 8. Effects of H/R on HIF-1a and VEGF expression in MSCs. A. MSCs were insulted by H/R stimulation. HIF-1a
was determined by Western blot analysis, using antibody specific to HIF-1a. B. VEGF was determined by Western
blot analysis, using antibody specific to VEGF. C. Quantitation of VEGF expression in MSCs. *P < 0.05 vs. normal
group. A representative blot of 4 independent experiments is shown. The graphs are the cumulative results of the

4 independent experiments.

regulated by translocation of Bax. However, the
response process was so complicated that we
need further studies to explore the process and
mechanism. Up to now, whether other path-
ways involved in apoptosis of MSCs have not
been identified. On the other hand, ischemia/
reperfusion was a widespread phenomenon in
heart disease and affected patients prognosis
in clinic. Therefore, in this study, we used H/R
and survival growth factor withdrawal to mimic
ischemia/reperfusion for exploring the cha-
racteristics and mechanisms of the MSCs
apoptosis.

Our experiments showed that when MSCs
insulted by H/R, apoptosis arose in a time-
dependent manner, as detected by TUNEL. In
the same time, as Hoechst 33342 stain showed
chromatin condensation and decrease in cell
size, which were the characteristics of apopto-
sis in MSCs. The proapoptosic effects of H/R
were confirmed by MTT. In addition, when MSCs
put in a H/R microenviroment, cell viability
reduced rapidly in a time-dependent manner.
MTT data was in accordance with the TUNEL
and Hoechst 33342 analyses.

Next, we detected the possible pathways of
apoptosis in our model. The intrinsic pathway of
apoptosis was involved in integrity of the mito-
chondrial membrane regulated by the activity
of the Bcl-2 family proteins. Mitochondrion is
not only an energy production organelle but
also an important apoptosis regulator. Firstly,
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MSCs developed a diffuse green staining pat-
tern, representative of reduced AWm, when
insulted by H/R. The release of proapoptotic
factors from mitochondria into cytoplasm, such
as cytochrome ¢, promoted the activation of
caspase family in some cell lines [14]. For the
underlying mechanism of apoptosis in MSCs,
we detected cytochrome c¢ translocation from
mitochondria into cytoplasm. The results
showed that H/R led to cytochrome c released
from mitochondria to cytoplasm in MSCs. The
Bcl-2 protein played a critical role in the regula-
tion of mitochondrial dysfunction and apopto-
sis, which could stabilize MPT, thereby inhibit-
ing the release of the proapoptotic factors. In
this study, when MSCs were put in the H/R
microenvironment, Bcl-2 and Bax expressions
both increased. We presumed that MSCs might
elevate Bcl-2 for self-care in H/R. These chang-
es were in accordance with previous studies in
human endothelial cells and cardiomyocytes
[4, 23]. As mentioned above, the mitochondria
pathway was involved in apoptosis in MSCs
induced by H/R.

For further illustration of the apoptosis path-
ways, we detected ERK and JNK expressions.
The ERK and JNK signaling pathways are widely
involved in various cellular functions, including
growth, differentiation, inflammation and apop-
tosis. ERK and JNK could be activated by
hypoxia and might play an important role in
response to hypoxia [24, 25]. In the present
study, we observed a remarkable decrease of

Int J Clin Exp Med 2014;7(12):4686-4697



Apoptosis of bone marrow MSCs and hypoxia

phosphorylated ERK level under H/R condi-
tions. However, when insulted by H/R, the
expression of phosphorylated JNK level
increased. We presumed that phosphorylated
ERK and JNK played different roles in apoptosis
of MSCs. Results from our study suggested
that ERK and JNK phosphorylation were
involved in the proapoptosisc effects of H/R.
ERK and JNK regulation seemed to be a corre-
lation apoptosis with oxidative stress and
inflammation in some cell lines [26].

Recently, much attention has been paid on the
role of Pl 3-kinase as a kind of survival signals.
However, the function of Akt in apoptosis
seemed to depend on cell types. For example,
an inhibition of Pl 3-kinase which was not
involved in cerebellar granule neurons main-
tained in serum and K'rich medium [27].
Meantime, the overexpression of Akt was suffi-
cient to inhibit MSCs apoptosis [28]. Akt-
overexpressing MSCs implantation significantly
preserved cardiac function in an ischemic/
reperfusion model of pigs [29, 30]. In our study,
a remarkable decrease of phosphorylated Akt
level responded to H/R conditions. The results
suggested that Akt pathway was involved in
MSCs apoptosis process.

VEGF production might be induced in MSCs
through injury by H/R, especially in hypoxia
stage. When a cell is deficient in oxygen, it pro-
duces HIF, a transcription factor. HIF stimulates
the release of VEGF [31, 32]. However, in our
study, HIF-1a showed no difference in MSCs
after 6 h hypoxia and 12 h reoxygenation
between normal group and H/R group. We pre-
sumed that HIF-1a degraded in reoxygenation
stage, as VEGF increased in H/R group in our
model. VEGF was an angiogenic peptide which
was released in response to hypoxia [33]. The
angiogenic action of VEGF involved an anti-
apoptotic effect that promoted cell survival
[34].

It should be indicated that the possible cross-
talk among these pathways, such as Bcl-2 over-
expression, could enhance VEGF secretion.
VEGF increased the expression of Bcl-2 in turn,
Bcl-2 had been shown to induce VEGF expres-
sion in different cell lines [35, 36]. Akt and ERK
pathways activated by VEGF play opposite roles
in neuronal apoptosis [36].

Some limitations of this study should also be
acknowledged. We did not use corresponding
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blockers to confirm each pathway, although
defining the functional importance of every
pathway will be a complex work. To our knowl-
edge, the pathways of mitochondria, ERK, JNK,
Akt and VEGF all played an important role in the
process of apoptosis in MSCs. In further study,
we will try to seek for harmless and useful
agents to intervene in MSCs apoptosis prog-
ress for transplantation in vivo.

In conclusion, the results suggested that H/R
insult led to apoptosis and cell viability lost in a
time dependent manner. Multiple pathways
were involved in apoptosis in MSCs, including
cytochrome ¢ released from mitochondria to
cytosol, AWm loss, p-ERK and p-Akt downregu-
lation, Bcl-2, p-JUN and VEGF upregulation.
These multiple pathways will be greatly helpful
in understanding and explaining MSCs apopto-
sis process and assessing the possible target
for intervene in MSCs apoptosis. Further stud-
ies should be performed on the intervention in
MSCs apoptosis by using corresponding
agents. In addition, more attentions should be
paid to the screening for more powerful and
less harmful agents in cell transplantation.
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