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Abstract  
Transplantation of human bone marrow mesenchymal stem cells (hMSCs) stands as a potent stroke ther-
apy, but its exact mechanism remains unknown. This study investigated the anti-apoptotic mechanisms by 
which hMSCs exert neuroprotective effects on cerebral ischemia. Primary mixed cultures of rat neurons 
and astrocytes were cultured and exposed to oxygen-glucose deprivation. A two-hour period of “reper-
fusion” in standard medium and normoxic conditions was allowed and immediately followed by hMSCs 
and/or Bcl-2 antibody treatment. Cell viability of primary rat neurons and astrocytes was determined 
by 3-(4,5-dimethylthianol-2-yl)-2,5 diphenyl tetrazolium bromide and trypan blue exclusion methods. 
hMSC survival and differentiation were characterized by immunocytochemistry, while the concentration 
of Bcl-2 in the supernatant was measured by enzyme-linked immunosorbent assay to reveal the secreto-
ry anti-apoptotic function of hMSCs. Cultured hMSCs expressed embryonic-like stem cell phenotypic 
markers CXCR4, Oct4, SSEA4, and Nanog, as well as immature neural phenotypic marker Nestin. Primary 
rat neurons and astrocytes were protected from oxygen-glucose deprivation by hMSCs, which was an-
tagonized by the Bcl-2 antibody. However, Bcl-2 levels in the supernatants did not differ between hMSC- 
and non-treated cells exposed to oxygen-glucose deprivation. Neuroprotective effects of hMSCs against 
cerebral ischemia were partially mediated by the anti-apoptotic mechanisms. However, further studies are 
warranted to fully elucidate this pathway.
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Introduction 
Stroke is associated with neuronal dysfunction due to dam-
aged brain parenchyma after the interruption of cerebral 
blood circulation (Feigin et al., 2009; Kamal et al., 2009).  
Necrotic cell death in the ischemic core occurs in the early 
acute phase (hours) (Mehta et al., 2007), while apoptotic 
cell death takes place in the late stage (days, weeks, and even 
months) of stroke (Mehta et al., 2007). The most commonly 
used pharmacological agent in the acute phase of stroke is 
tissue plasminogen activator (National Institute of Neuro-
logical Disorders and Stroke, 1995), but only 2% of acute 
stroke patients benefit from this treatment (Asahi et al., 
2000). Rescuing apoptotic cells in the chronic phase may re-
duce stroke deficits (Sairanen et al., 2006). 

Stem cell transplantation stands as an efficacious stroke 
therapy. Mesenchymal stem cells (MSCs) can migrate 
throughout the brain and differentiate into neural-like cells 
(Dharmasaroja, 2009), expressing markers for astrocytes 
and neurons, and secreting therapeutic proteins (Chen et al., 
2001a; Zhao et al., 2002). Intravenous injection of MSCs at 
1 or 7 days after stroke markedly improves functional out-

comes compared with non-treated rats (Chen et al., 2001a). 
Moreover, intracerebral injection of neurotrophic factor 
modified MSCs, such as the MSC-transfected fibroblast 
growth factor-2 gene with HSV-1 vector, enhances the cells’ 
neuroprotective effects against stroke (Ikeda et al., 2005). 
Translation of these laboratory findings to the clinic appears 
promising (Borlongan, 2009; Dharmasaroja, 2009). 

The mechanisms underlying cell therapy remain not 
fully understood. MSCs may differentiate into neural cells 
and endothelial cells both in vitro and in vivo (Nakano 
et al., 2001; Kim et al., 2002). Additionally, MSCs induce 
neurogenesis and angiogenesis (Chen et al., 2001a, 2003), 
upregulate anti-inflammatory while downregulating pro-in-
flammatory cytokines in the brain (Kim et al., 2009; Liu et 
al., 2009), and may inhibit cell apoptosis (Chen et al., 2001a, 
2003). These represent potential pathways mediating MSC 
neuroprotection in stroke.

Post-ischemic anti-apoptosis may involve Bcl-2, a member 
of the Bcl-2 gene family, which acts as a transcription factor 
in mediating endogenous neuroprotection against stroke 
(Kitagawa et al., 1998). Upregulation of Bcl-2 and Bcl-xl im-
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proves neuroprotection against sublethal forebrain ischemia 
(Wu et al., 2003). A number of neuroprotective drugs exert 
their effects by partly mediating Bcl-2 (Cui et al., 2009). Hu-
man embryonic neural stem cell transplantation improves 
neurological function possibly by increasing the number of 
Bcl-2 positive cells in the penumbra at 7 days post-stroke 
(Zhang et al., 2009). Injection of Bcl-2 expressing plasmid 
into the lateral ventricle of the stroke rat brain increases 
neurogenesis while dampening apoptosis of newborn neu-
rons (Zhang et al., 2006). Similarly, transplantation of em-
bryonic stem cells overexpressing the human anti-apoptotic 
gene Bcl-2 into the stroke rat cortex promotes functional 
benefits (Wei et al., 2005). 

The purpose of this study was to ascertain whether the an-
ti-apoptotic factor Bcl-2 mediated neuroprotective effects of 
human bone marrow mesenchymal stem cells (hMSCs) on rat 
neurons and astrocytes exposed to an in vitro model of stroke.

Materials and Methods
Cell culture
Primary mixed cultures of neurons and astrocytes derived 
from a rat striatum were obtained from BrainBits (E18 
Sprague-Dawley (SD) rat striatum; BrainBits LLC, Spring-
field, IL, USA) and maintained in culture following the sup-
plier’s protocol and similar to our previous study (Kaneko 
et al., 2014). Immediately after thawing, cells (4 × 104 cells/
well) were routinely seeded and grown in a 96-well plate 
coated with poly-lysine in Dulbecco’s Modified Eagle Medi-
um (DMEM) (Gibco, Carlsbad, CA, USA) containing 4.5 g/
L D-glucose, L-glutamine, 25 mM 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES), and 10% fetal bovine 
serum (Sigma, St. Louis, MO, USA) for 5 days in a humidified 
atmosphere containing 5% CO2 in air at 37°C. Moreover, we 
confirmed that these cells were appropriate for the oxygen 
glucose deprivation (OGD) injury model and the ratio of 
neurons to astrocytes was ~1:1, as revealed by the expression 
of glutamate receptors (determined immunocytochemically 
by using vesicular glutamate transporter-1) in 50% of the 
neuronal and astrocytic cell population (Kaneko et al., 2014).

Oxygen-glucose deprivation
Mixed cultures of neurons and astrocytes were exposed to 
the OGD injury model as described previously (Matsuka-
wa et al., 2009) with few modifications. Briefly, the culture 
medium was replaced by a glucose-free Dulbecco’s phos-
phate buffered saline (DPBS/Modified, Hyclone, Logan, UT, 
USA) with calcium and magnesium. Cultured cells were 
placed in a humidified chamber, and then equilibrated with 
a continuous flow of 92% N2 and 8% O2 gas for 15 minutes. 
After equilibrium was achieved, the chamber was sealed and 
placed into the incubator at 37°C for 90 minutes. After this 
period, OGD was terminated by replacing the high glucose 
DMEM with the standard 95% O2 and 5% CO2 incubator 
(Thermo Fisher, Waltham, MA, USA). A two-hour period of 
“reperfusion” in standard medium and normoxic conditions 
was allowed, then hMSCs and/or Bcl-2 antibody (Bcl-2 (C-2), 
mouse monoclonal IgG1, Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) treatment was initiated. The dose of hM-
SCs was 4 × 104 cells/well. The dose of Bcl-2 antibody was 
58, 117, or 235 ng/mL. Both hMSC and Bcl-2 doses were 
based on pilot studies demonstrating their potencies. Cryo-
preserved human bone marrow CD34+ cells (hBM34+) were 
purchased from AllCells (Alameda, CA, USA). The exposure 
time of hMSCs and/or Bcl-2 antibody with the neuronal-gli-
al culture lasted for either 2 or 3 hours. The supernatants 
and the hMSCs were separated from the mixed culture at 
the end of the 2- or 3-hour exposure. Overall, a 90-minute 
OGD injury, 2-hour reperfusion, and 2- or 3-hour exposure 
time of the neuronal-glial culture to hMSCs and Bcl-2 anti-
bodies were performed. Thereafter, cell viability was assessed 
by 3-(4,5-dimethylthianol-2-yl)-2,5 diphenyl tetrazolium 
bromide (MTT) assay and trypan blue exclusion methods. 
Control cell cultures (those not deprived of oxygen and glu-
cose) were incorporated into the experiment.

MTT assay
The colorimetric MTT reduction assay (Borlongan et al., 
2010) was conducted by following the instructions for use of 
Promega Corporation products (Cell Titer 96, Non-Radio-
active Cell Proliferation Assay, Promega Corporation, Madi-
son, WI, USA). This method assessed mitochondrial activity 
and thus cell viability by measuring the ability of cultured 
cells to convert yellow MTT to purple formazan dye. The 
supernatant and the hMSCs were separated from the mixed 
culture at the end of the 3-hour exposure time. Approxi-
mately 100 μL DMEM without phenol red was added, then 
20 μL of the dye solution was added to each well, and the 
mixture was incubated on the plate at 37°C for 3 hours in a 
humidified, 5% CO2 atmosphere. After incubation, 100 μL of 
the solubilization solution/stop mix was added to each well, 
and the plate was allowed to stand overnight in the humid-
ified, 5% CO2 incubator at 37°C. The absorbance was quan-
tified spectrophotometrically at a wavelength of 570 nm and 
with a reference wavelength of 900 nm in the BioTek Syner-
gy HT 96-well microplate reader (BioTek Instruments, Inc., 
Winooski, VT, USA). Data were expressed as the percentage 
of viable cells in OGD-exposed plates compared with con-
trol normoxic plates.

Trypan blue exclusion method
Cell death was analyzed by the trypan blue exclusion method 
(Kaneko et al., 2014). Four wells were used for each condi-
tion, and each experiment was repeated at least three times. 
Briefly, 0.4% Trypan blue (Gibco) was added to the cells for 
30 seconds and an estimation of cell viability was conducted 
using randomly selected and photographically captured vi-
sual fields (120,000 μm2). In addition, we randomly selected 
two fields in each photograph (n = 8 in each group).

Immunocytochemical detection of hMSCs phenotype
hMSCs were cultured using commercially available media 
systems. The cells were thawed, and the freeze-thaw process 
demonstrated a high level of viability, close to 100%. Cells 
were thawed in a 37°C water bath, transferred to DMEM 
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with FBS, centrifuged at 120 × g for 10 minutes, and re-sus-
pended in the media. Thereafter, they were seeded in culture 
slides (CultureSlides, BD FalconTM, BD BioCoatTM, Bed-
ford, MA, USA) at 1 × 104 cells/well under the temperature 
of 37°C in a humidified atmosphere containing 5% CO2. The 
medium was changed every 4 days. After cells attained 70–
80% confluence, they were analyzed by immunocytochemis-
try assays in order to detect phenotypic characteristics. The 
cells were rinsed three times with phosphate buffered saline 
(PBS) and then fixed in 4% paraformaldehyde (PFA) for 30 
minutes at room temperature. In order to understand the 
status of hMSCs, neural stem cell-specific (Nestin, mouse 
monoclonal IgG1, 1:200; Millipore Corporation, Temecula, 
CA, USA), putative stem cell (CXCR4, rabbit polyclonal 
IgG, 1:200, Abcam, Cambridge, MA, USA), differentiated, 
and embryonic stem cell markers (Oct4, rabbit polyclonal 
IgG, 1:200, Abcam; SSEA4, mouse monoclonal IgG3, 1:150, 
Abcam; Nanog, mouse monoclonal IgG1,1:200, Abcam) 
were employed. After blocking the reaction with 10% nor-
mal goat serum (Vector, CA, USA), cells were incubated 
overnight (not less than 18 hours) at 4°C with each primary 
antibody, separately. After several rinses in PBS, cells were 
incubated for 90 minutes at room temperature in goat an-
ti-mouse IgG Alexa Fluor 594 conjugate (1:500; Invitrogen, 
Carlsbad, CA, USA) or goat anti-rabbit IgG Alexa Fluor 594 
conjugate (1:500; Invitrogen). Then, cells were processed 
for DAPI (1:1000; Sigma, St. Louis, MO, USA) staining. The 
cells were then washed three times in PBS and embedded 
with mounting medium (Biomeda, Foster City, CA, USA). 
Immunofluorescent images were visualized using Zeiss Ax-
ioImager (Thornwood, NY, USA). In addition, control stud-
ies have included the exclusion of the primary antibody and 
substituted with a 10% normal goat serum condition. No 
immunoreactivity was observed in these controls. Assess-
ment was performed blindly by an independent investigator.

Enzyme-linked immunosorbent assay for Bcl-2
The levels of Bcl-2 were assessed in triplicates from the col-
lected supernatants using a standard sandwich antibody 
ELISA system (Abcam) according to the manufacturer’s 
protocol. For the measurement of Bcl-2, mouse anti-hu-
man Bcl-2 antibody (R & D Systems, Inc., Minneapolis, 
MN, USA) was used as a capture antibody and biotinylated 
mouse anti-human Bcl-2 antibody (R & D Systems) was 
used as a detection antibody. Bcl-2 levels were quantified 
spectrophotometrically at a wavelength of 450 nm with 900 
nm used as the reference wavelength. The BioTek Synergy 
HT 96-well microplate reader (BioTek Instruments, Inc.) 
was used to measure optical densities. 

Statistical analysis
All data were expressed as means ± standard deviation (SD). 
Statistical differences were analyzed using one-way analysis 
of variance, followed by post hoc testing using Fisher’s pro-
tected least significant difference using SPSS 13.0 software 
(SPSS, Chicago, IL, USA). A P-value of 0.05 or less was used 
to indicate statistical significance. 

Results
hMSCs display typical embryonic stem cell-like features
Immunocytochemical assays of hMSCs revealed that they 
expressed embryonic-like stem cell phenotypic markers 
(Oct4, SSEA4, and Nanog) (Figure 1A). More than 90% of 
the cells were positive for the markers of Oct4 and SSEA4. 
The images showed that the expressed hMSCs were charac-
terized by specific nuclear staining for Oct4 and Nanog, and 
the cytoplasmic/axonal labeling for SSEA4. Furthermore, 
these hMSCs were also CXCR4 positive (Figure 1B), a stem 
cell chemotaxis marker, and approximately 40% were Nes-
tin-positive (Figure 1C), an immature neuronal phenotypic 
marker.

hMSC protection on injured rat cells is blocked by Bcl-2 
antibody
Following a 90-minute OGD injury, 2-hour reperfusion, and 
2- or 3-hour exposure time of the neuronal-glial culture to 
hMSCs and Bcl-2 antibodies, the colorimetric trypan blue 
and MTT assays showed a significant loss of rat cells, which 
was partially hindered by the addition of hMSCs (Figure 
2). We found that in the vehicle rat cells treated only with 
Bcl-2 antibody (high dose, 235 ng/mL), cell viability was 
not different from the OGD group (data not shown), which 
showed that the Bcl-2 antibody alone did not affect the rat 
cell viability. When cell survival rates were compared be-
tween the hMSCs alone and the co-treatment with Bcl-2 
antibody, the results showed that hMSCs (4 × 104 cells/well, 
1:1 with the number of the rat cells per well) provided neu-
roprotection in the rat cells after OGD and reperfusion, but 
with increasing doses of the Bcl-2 antibody, this hMSC-me-
diated neuroprotection was blocked (Figure 3). Interest-
ingly, low dose Bcl-2 antibody (58 ng/mL) enhanced hMSC 
neuroprotection against OGD and reperfusion (Figure 3). 

Co-treatment with Bcl-2 antibody does not change the 
effect of hMSCs on Bcl-2 level
The levels of the Bcl-2 protein in culture medium were mea-
sured using a standard sandwich antibody ELISA system. Bcl-
2 protein levels substantially increased with OGD treatment, 
which suggested the cells’ self-protective properties after 
injury. Under the 450 nm wavelength, the optical density of 
the sample from the OGD treatment was 0.382 ± 0.036. The 
level of secreted Bcl-2 protein increased from 11.81 pg/mL to 
83.65 pg/mL in cells treated with OGD. Furthermore, Bcl-2 
secretion in OGD + hMSCs-treated cells for 3 hours was less 
than in the group not treated with hMSCs. This discrepancy 
from other reports may be due to varying time points of 
hMSC treatment. We found that Bcl-2 secretion in OGD + 
hMSCs-treated for 2 hours did not differ from OGD treat-
ment alone (Figure 4A). Moreover, co-treatment with the 
Bcl-2 antibody did not alter Bcl-2 protein expression levels 
in the supernatants (Figure 4B). 

Discussion
The present study demonstrated that hMSCs, which ex-
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Figure 2 Cell death (Trypan Blue assay) and cell survival (MTT assay) in OGD model for cerebral ischemia involving primary mixed cultures 
of rat neurons and astrocytes. 
(A) Images of cultures expressing dead cells (blue) in media. Scale bars: 50 µm. (B) Cultures without OGD treatment showed ~7% of cells died. 
Cell death increased significantly (P < 0.01) in a 90-minute OGD treatment followed by a 2-hour reperfusion (standard medium and normoxic 
conditions) period. When treated with hMSCs, OGD model plus reperfusion showed a decrease in cell death (P < 0.01). All experiments were 
conducted in triplicates. (C) Cells that did not receive OGD showed ~100% survival rate. However, cells showed a significant decrease after receiv-
ing a 90-minute OGD treatment followed by a 2-hour reperfusion (standard medium and normoxic conditions) period (P < 0.01). When treated 
with hMSCs, OGD model plus reperfusion showed an increased survival rate (P < 0.01). Data are expressed as the mean ± SD. **P < 0.01 (one-
way analysis of variance followed by post hoc Fisher’s protected least significant difference). All experiments were conducted in triplicate. hMSCs: 
Human bone marrow mesenchymal stem cells; OGD: oxygen glucose deprivation; MTT: 3-(4,5-dimethylthianol-2-yl)-2,5 diphenyl tetrazolium 
bromide. 

pressed both embryonic like-stem cell and neuronal phe-
notypic markers, increased neuroprotection in rat cells 
following a 90-minute OGD with a 2-hour “reperfusion”. 
Additionally, the Bcl-2 antibody, depending on the dose, 

Figure 1 Immunocytochemical assays revealing human bone marrow mesenchymal stem cells (hMSCs) display typical embryonic stem cell-like 
features. 
(A) hMSCs express embryonic-like stem cell phenotypic markers (Oct4, SSEA4, and Nanog). (B) hMSCs were positive for CXCR4, a stem cell 
chemotaxis marker. (C) hMSCs expressed Nestin, an immature neuronal phenotypic marker. All studies were conducted in triplicates. Red: Nestin, 
CXCR4, Oct4, SSEA4, Nanog; Blue: DAPI. The nuclei of the cells were stained with DAPI at 10× and 20× magnification in A–C. Scale bars: 50 μm. 
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impeded hMSC-associated neuroprotection. 
Characterizing the phenotype of the stem cells is crucial 

for quality control and assurance that the cell population is 
well-defined. The array of phenotypic markers implemented 
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Figure 3 Cell death (Trypan Blue assay) and cell survival (MTT assay) in OGD model for cerebral ischemia involving primary mixed cultures 
of rat neurons and astrocytes.
(A) Images of rat neuron and astrocyte cultures expressing dead cells (blue) in media with different treatment regimens. Scale bars = 50 µm. (B) There 
was a significant (P < 0.01) decrease in cell death between the control and hMSCs groups. In contrast, the hMSCs + Bcl-2 antibody (235 ng/mL) group 
showed a significant (P < 0.05) increase in cell death compared to the hMSCs + Bcl-2 antibody (58 ng/mL) group. The dose of Bcl-2 antibody was 
58, 117, or 235 ng/mL. All experiments were conducted in triplicates. (C) A graphical representation showing the significance between different 
treatment regimens. Cell survival significantly (P < 0.01) increased when treated with hMSCs and hMSCs + Bcl-2 antibody (58 ng/mL). However, 
when increased amounts of Bcl-2 antibody was administered, a significant (P < 0.01) decrease can be seen in the 117 ng/mL and 235 ng/mL groups. 
Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 (one-way analysis of variance followed by post hoc Fisher’s protected least significant 
difference. All experiments were conducted in triplicate. hMSCs: Human bone marrow mesenchymal stem cells; OGD: oxygen glucose deprivation; 
MTT: 3-(4,5-dimethylthianol-2-yl)-2,5 diphenyl tetrazolium bromide.

Figure 4 The effect of varying treatment durations on hMSCs and 
Bcl-2 levels in culture medium. 
(A) Each group underwent OGD + hMSCs treatment with different 
treatment durations. (B) Bcl-2 levels were measured with a standard 
sandwich antibody ELISA kit. Co-cultured treatment of the primary 
neuronal-glial culture with hMSCs or Bcl-2 antibodies did not seem to 
change the Bcl-2 protein levels. Data are expressed as the mean ± SD. 
All experiments were conducted in triplicate. hMSCs: Human bone 
marrow mesenchymal stem cells; OGD: oxygen glucose deprivation; 
ELISA: enzyme-linked immuno sorbent assay.

Figure 5 Diagram illustrating how hMSCs provide neuroprotective 
effects against ischemic stroke. 
hMSCs exert anti-apoptotic effects via apoptosis-regulating pathways 
involving Bcl-2 that mitigates cerebral ischemia-induced apoptosis 
and provides neuroprotection against ischemic stroke. hMSCs: Human 
bone marrow mesenchymal stem cells.

in the present study can track the survival, migration, and 
differentiation of the cells after transplantation (Borlongan, 
2009). Phenotypic expression assays revealed that the hM-
SCs expressed CXCR4, Oct4, SSEA4, Nanog, and Nestin, 
indicating that the population of hMSCs employed embry-
onic as well as neuronal characteristics. The phenotype of all 
derived stem cells should be checked in both in vivo and in 
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vitro experiments (Bużańska et al., 2002; Zigova et al., 2002). 
Our previous findings showed that menstrual blood may be 
an important source of autologous stem cells (Borlongan 
et al., 2010). These menstrual blood derived cells express 
embryonic like-stem cell phenotypic markers (Oct4, SSEA, 
Nanog) and neuronal phenotypic markers (Nestin, MAP2) 
(Borlongan et al., 2010). In contrast, identification of a sim-
ilar cell population reveals the expression of embryonic and 
other intracellular cell surface markers such as Oct-4, SSEA-
4, and c-kit, along with CD90, CD105, and CD166 (Patel 
and Silva, 2008). 

Stem cells protect brain tissue from ischemic damage in 
vivo and in vitro (Chen et al., 2001a; Zhao et al., 2002; Ikeda 
et al., 2005; Borlongan, 2009; Dharmasaroja et al., 2009). 
The present study used the OGD model in vitro to assess the 
neuroprotective capabilities of hMSCs. Specifically, re-ox-
ygenation of the cultured rat cells after OGD was used to 
mimic the ischemic conditions in vivo (Stasser and Fisher, 
1995; Sáez-Valero et al., 2003). The OGD plus “reperfusion” 
in vitro model of ischemia is effective mainly through the 
apoptotic mechanism used to induce brain cell death (Wang 
et al., 2010). Using this model, the present findings support 
the protective effects of hMSCs on primary mixed rat cells 
of neurons and astrocytes injured by a 90-minute OGD fol-
lowed by a 2-hour re-oxygenation. 

Apoptosis, a prominent pathway of neuronal death in 
ischemic stroke, represents an important therapeutic target 
in the field of stroke therapy (Smrcka et al., 2003; Kawaguchi 
et al., 2004; Culmsee et al., 2005). Apoptotic processes occur 
differently in various regions of the ischemic zone (Didenko 
et al., 2002). In conditions of severe energy depletion, the re-
actions of cellular disassembly and packaging into apoptotic 
bodies are accomplished without either caspase-3 expression 
or the activation of caspase-3-dependent deoxyribonuclease. 
Apoptosis occurs in the surrounding penumbra region over 
a period of days to weeks. The possibility of rescuing these 
dying cells thus offers an attractive window for therapeu-
tic intervention. Many neuroprotective strategies lie in the 
prevention of apoptosis for neurodegenerative diseases in-
cluding stroke (Rau et al., 2003; Smrcka et al., 2003; Loveka-
mp-Swan et al., 2007). Transplantation of human embryonic 
neural stem cells into the cortical penumbra 24 hours after 
focal cerebral ischemia significantly reduces the number 
of TUNEL- and Bax-positive cells at 7 days post-grafting 
(Zhang et al., 2009). Moreover, MSC transplantation reduc-
es the number of TUNEL+ cells and shows anti-apoptotic 
effects (Kim et al., 2008). Intravenous delivery of MSCs re-
duces infarct size and ameliorates functional deficits in rat 
cerebral ischemia models (Nomura et al., 2005). Animals 
treated with hMSCs in the ischemic boundary zone exhibit 
significantly fewer TUNEL-positive cells 7 days after isch-
emia (Liu et al., 2006), suggesting one of the mechanisms 
underlying the therapeutic effects of hMSCs (Chen et al., 
2003). Bcl-2 has been reported as a transcription factor me-
diating the endogenous neuroprotective and anti-apoptotic 
mechanisms against stroke (Kitagawa et al., 1998). Our 
results showed that the Bcl-2 antibody, at a specific dose, 

blocked the hMSC-induced neuroprotection, which advanc-
es these previous findings by highlighting that the reduction 
of apoptosis elicited by stem cell transplantation involves the 
Bcl-2 pathway, and emphasizing this pathway as a therapeu-
tic target for stroke and other neurodegenerative maladies.

Ischemic preconditioning, the process of self-protection 
initiated during OGD, has neuroprotective benefits for the 
injured tissues or cells. The present study found that the low 
dose of the Bcl-2 antibody enhanced the protective effect, 
even though it diminished the neuroprotective abilities of 
hMSCs at the medium to high doses. The possible relevance 
of these findings to the preconditioning mechanism rep-
resents a future direction that should be explored. To this 
end, multiple possible therapeutic pathways exist for cell 
therapy treatments of ischemic brain injury, including the 
possibility that the therapeutic cells may release factors that 
support the induction of brain remodeling and survival of 
at-risk cells (The STEPS Participants, 2009). This compelled 
us to explore whether the neuroprotective effect of hM-
SCs was related to the change in Bcl-2 protein levels in the 
supernatant. MSCs secrete growth factors, which are con-
sidered key to the benefits provided by transplanted MSCs 
in the ischemic brain (Chen et al., 2002; Ikeda et al., 2005). 
We hypothesized that increments of Bcl-2 protein secretion 
might exert protective effects against OGD, especially during 
the early phase in which there was likely a short increment 
of Bcl-2 secretion after OGD. However, we did not find any 
changes in Bcl-2 secretion in the supernatants despite add-
ing various doses of the Bcl-2 antibody to the co-cultured 
rat cells, revealing that co-treatment with the Bcl-2 antibody 
did not alter the effect of hMSCs on Bcl-2 protein levels. 
Additional studies are warranted to elucidate the precise 
anti-apoptotic mechanism surrounding the observed neuro-
protection.

The anti-apoptotic effect of stem cells serves as a major 
neuroprotective process for stroke therapy (Park et al., 2017; 
Liu et al., 2018; Yang et al., 2018). Such anti-apoptotic effects 
of hMSCs after acute ischemic stroke (Calio et al., 2014; Park 
et al., 2017; Zhang et al., 2018) entail multiple mechanisms 
such as secretion of growth factors and exosomes (Ghazavi 
et al., 2017; Cunningham et al., 2018), prevention of dys-
functional matrix metalloproteinases (MMP) (Chelluboina 
et al., 2017), stimulation of cell survival signaling pathways 
including phosphorylation of STAT3 and Akt (Schiebe et al., 
2012), deactivation of cell death signals like caspase-3 (Sto-
nesifer et al., 2017), and release of extracellular vesicles to in-
crease blood flow (Bian et al., 2013). Probing the established 
PI3K/Akt apoptosis pathway supports its important role in 
the stroke neuroprotection afforded by stem cells (Schiebe et 
al., 2012; Huang et al., 2014; Liu et al., 2018). Moreover, in-
hibition of the Bcl-2 gene blocks the anti-apoptotic effects of 
stem cells (Calio et al., 2014; Yang et al., 2018). The present 
study further revealed, via pharmacological modulation, that 
the Bcl-2 signaling pathway, likely in tandem with the PI3K/
Akt, closely participates in the anti-apoptotic action of stem 
cells against stroke.

In summary, hMSCs exert neuroprotection against stroke 
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in vitro at least in part via an anti-apoptotic mechanism 
(Figure 5). Because stem cell therapy targets the secondary 
cell death that occurs several hours to days after stroke, a 
large number of patients may benefit from this therapy. Fur-
ther studies are needed to assess the long-term safety and 
efficacy of hMSC transplant therapy in animal models of 
stroke. 
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