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ABSTRACT
Myocardial infarction is a leading cause ofmortality andmorbidity worldwide. Occlusion of a coronary artery produces ischemia andmyocardial
necrosis that leads to left ventricular (LV) remodeling, dysfunction, and heart failure. Stem cell therapymay decrease infarct size and improve LV
function; the hypoxic environment, however, following a myocardial infarction may result in apoptosis, which in turn decreases survival of
transplanted stem cells. Therefore, the effects of preconditioned mesenchymal stem cells (MSC) with hyperoxia (100% oxygen), Z‐VAD‐FMK
pan‐caspase inhibitor (CI), or both in a hypoxic environment in order to mimic conditions seen in cardiac tissue post‐myocardial infarction were
studied in vitro. MSCs preconditioned with hyperoxia or CI significantly decreased apoptosis as suggested by TUNEL assay and Annexin V
analysis using fluorescence assisted cell sorting. These effects were more profound when both, hyperoxia and CI, were used. Additionally, gene
and protein expression of caspases 1, 3, 6, 7, and 9 were down‐regulated significantly in MSCs preconditioned with hyperoxia, CI, or both, while
the survival markers Akt1, NF‐kB, and Bcl‐2 were significantly increased in preconditioned MSCs. These changes ultimately resulted in a
significant increase in MSC proliferation in hypoxic environment as determined by BrdU assays compared to MSCs without preconditioning.
These effects may prove to be of great clinical significance when transplanting stem cells into the hypoxic myocardium of post‐myocardial
infarction patients in order to attenuate LV remodeling and improve LV function. J. Cell. Biochem. 114: 2612–2623, 2013.
� 2013 Wiley Periodicals, Inc.
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Myocardial infarction is a major cause of mortality and
morbidity worldwide. Approximately 7.9 million patients in

the United States in 2008 had sustained a myocardial infarction
[Roger et al., 2012]. Myocardial infarction mostly results from an
occlusion of a coronary artery due to acute atherosclerotic plaque
rupture followed by platelet aggregation and thrombosis within the
vessel. Ischemia downstream from an occluded artery results in
cardiomyocyte ischemia, necrosis, and apoptosis. Myocardial damage
may lead to left ventricular (LV) dysfunction, remodeling, and heart
failure [Itoh et al., 1995; Schoen and Mitchell, 2005; Boudoulas and
Hatzopoulos, 2009]. Currently, there is no effective therapy to reverse
the course of this process. Thus, the possibility to restore or rejuvenate
damaged myocardial tissue using cell therapy is an exciting concept
[Miyahara et al., 2006; Strauer and Steinhoff, 2011].

Within the last decade, despite the progress that has been
made related to cell therapy, evidence suggests that survival
of stem cells transplanted in post‐myocardial infarction tissue
(i.e., hypoxic tissue) is low. Animal models demonstrated only a
small number of integrated differentiated cardiac cells after
transplantation into infarcted myocardium [Bel et al., 2003; Suzuki
et al., 2004]. Clinical trials in patients with an acute myocardial
infarction or chronic ischemic cardiomyopathy have also shown sub‐
optimal results [Chen et al., 2004; Hofmann et al., 2005; Assmus et al.,
2006; Kang et al., 2006; Meluzin et al., 2006; Meyer et al., 2006;
Abdel‐Latif et al., 2007; Menasché et al., 2008]. Thus, the
development of a method that will increase stem cell survival after
transplantation into infarcted myocardium is of great clinical
significance.
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Apoptosis of transplanted stem cells, which result in low cell
survival, is partially related to an increase in caspase activity.
Caspases, in addition to producing apoptosis, have also been shown to
down‐regulate serine/threonine protein kinase Akt (Akt) in which is
known to promote cell survival [Rokudai et al., 2000; Zhang et al.,
2001; Robey et al., 2008]. Further, studies have shown that animals
exposed to a high oxygen concentration prior to the induction of
myocardial ischemia decreases myocardial cell injury and apoptosis
[Choi et al., 2006; Foadoddini et al., 2011].

It was hypothesized therefore, that preconditioning mesenchymal
stem cells (MSC) with 100% oxygen (hyperoxia) [Khan et al., 2009]
and/or Z‐VAD‐FMK pan‐caspase inhibitor (CI) [Yaoita et al., 1998;
Mersmann et al., 2008] prior to placement into a hypoxic
environment would attenuate apoptosis and promote MSC survival.
The present study was undertaken to test this hypothesis. Indeed
preconditioning MSCs in vitro with hyperoxia and/or CI provided a
protective effect on hypoxia‐induced apoptosis due to a down‐
regulation of apoptotic caspases and an increase in survival markers
including Akt1, nuclear factor‐kappa B (NF‐kB) and B‐cell CLL/
lymphoma 2 (Bcl‐2).

METHODS

MSC ISOLATION FROM RAT BONE MARROW
Rat MSCs were isolated from the bone marrow of adult male Fisher‐
344 rats weighing between 150 and 200 g. The bone marrow cells
were placed into tissue culture plates with low glucose Dulbecco0s
modified Eagle0s medium (DMEM)/GlutaMAX, 10% heat inactivated
fetal bovine serum (FBS), 30U/ml penicillin, and 30mg/ml
streptomycin (Life Technologies, Carlsbad, CA). The tissue culture
plates were then kept in a humidified tissue culture chamber at 37°C,
5% carbon dioxide (CO2), and 21% oxygen (O2). After three passages,
the cells were detached from the tissue culture plates using accutase
(Millipore, Billerica, MA) and a sample of the cells were analyzed by
fluorescence assisted cell sorting (FACS) confirming MSC lineage by
the detection of CD 29 (Integrin‐b1) and CD54 (ICAM‐1). MSCs from
passage three were used for the experiments.

PRECONDITIONING OF MSCs PRIOR TO HYPOXIA EXPOSURE:
EXPERIMENTAL PROTOCOL
The in vitro experimental protocol is outlined in Table I. To simulate
the hypoxic environment that MSCs face when transplanted into
infarcted myocardium, a humidified tissue culture chamber infused
with O2 and nitrogen oxide were used to achieve 0.1% O2 (hypoxia).
The tissue culture chamber was set to 37°C with 5% CO2. MSCs were
preconditioned with one of the following treatments prior to hypoxia
exposure: 100% O2 (hyperoxia), 20mM pan‐caspase inhibitor
Z‐VAD‐FMK (CI) (Promega, Madison, WI), or the combination of
the two (hyperoxia plus CI). In addition, MSCs exposed to hypoxia
without preconditioning were evaluated. All MSCs that were exposed
to hypoxia were compared to MSCs exposed to only 21% O2

(normoxia) without treatment (control).
MSCs preconditioned with hyperoxia consisted of placing the cells

in DMEM/GlutaMAX for 23 hours in normoxia followed by 1 h
exposure with hyperoxia in which 100% O2 was infused into a sealed
chamber; at the end of hyperoxia, the medium was removed and
substituted for a low nutrient medium (DMEM with pyruvate, low
glucose, no glutamine, no phenol red, and no FBS; Life Technologies)
followed by 4 h of hypoxia. MSCs preconditioned with CI consisted of
placing the cells in DMEM/GlutaMAXwith CI for 24 h in normoxia; at
the end of 24 h the medium along with CI were removed and
substituted for a low nutrient medium followed by 4 h of hypoxia.
MSCs were also preconditioned with the combination of hyperoxia
plus CI prior to being exposed to hypoxia following protocol
described above. In addition, MSCs exposed to hypoxia without
preconditioning were evaluated by placing the cells in normoxia for
24 h in DMEM/GlutaMAX followed by 4 h of hypoxia in a low
nutrient medium. Control MSCswere placed in normoxia for a total of
28 h in DMEM/GlutaMAX without treatment. Analysis of MSCs
occurred at the end of 28 h for all groups.

TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE dUTP NICK END
LABELING (TUNEL)
TUNEL assays were performed to determine the extent of apoptosis
in MSCs. MSCs were plated in 24‐well plates at a density of

TABLE I. Experimental Protocol

21% Oxygen (O2)¼ normoxia; 100% O2¼ hyperoxia; 0.1% O2¼ hypoxia.
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4.0� 104 cells per well. At the end of the experimental protocol, MSCs
were fixed with 4% paraformaldehyde for 1 h followed by
dehydration with 70% ethanol for 1 h both at room temperature.
The MSCs were then blocked in 3% hydrogen peroxide in methanol
for 20minutes and permeabilized with 0.1% Triton‐X in sodium
citrate for 40min both at room temperature. The cells were washed
twice with phosphate‐buffered saline (PBS) and then incubated with a
labeling solution consisting of terminal deoxynucleotidyl transferase
and nucleotide mixture in a ratio of 1:10 obtained from the In‐Situ
Cell Death Detection Kit‐Fluorescein (Roche Applied Science,
Indianapolis, IN) at 37°C for 2 h. MSCs were then washed three
times with PBS and mounted using VECTASHIELD Hard
Set Mounting Medium with 4,6‐diamidino‐2‐phenylindole (DAPI)
(Vector Laboratories, Burlingame, CA). A Nikon Eclipse TE 2000U
fluorescence inverted microscope fitted with a high sensitivity
CCD camera was used to capture images. The ultraviolet filter was
used to detect DAPI (emitting a blue color). The blue (B) filter was used
to detect fluorescein (emitting a green color) representing the
apoptotic MSCs. An apoptotic score index (%) was calculated by
randomly counting 50 DAPI positive cells per well and determining
the number of these cells that had green fluorescence (apoptosis); this
was repeated ten different times and the average determined.

FACS ANALYSIS
FACS analysis was conducted to determine the degree of apoptosis in
MSCs by quantifying the degree of Annexin V labeling. MSCs were
plated in six‐well plates at a density of 3.2� 105 cells per well. At the
end of the experimental protocol, 3mg/ml Alexa Fluor 488AnnexinV
(Life Technologies) was directly added to the culturemedium and after
15min the reaction was stopped by adding Annexin V binding buffer.
In addition, 0.1mg/ml propidium iodide (Life Technologies) was
added to the culture medium to determine the degree of dead cells by
FACS analysis. The cells were then harvested by mechanical scraping
and analyzed using a BD FACS Calibur Flow Cytometry System (BD
Biosciences, San Jose, CA). The fluorescence intensity was measured
with excitation at 488 nm and emission at 530 nm. FlowJo computer
software was used to analyze the data.

RIBONUCLEIC ACID (RNA) ISOLATION AND REVERSE
TRANSCRIPTION POLYMERASE CHAIN REACTION (RT‐PCR)
MSCs were plated in six‐well plates at a density of 3.2� 105 cells per
well. At the conclusion of the experimental protocol, total RNA was
isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA). RNA
samples with an optical density A260/A280 ratio between 1.8 and 2.1
were used. RT‐PCR was then performed using the Transcriptor First
Strand Complementary DNA (cDNA) Synthesis Kit (Roche Applied
Science) to synthesis cDNA. RT‐PCRwas performed with 1mg of RNA
template. The reaction was carried out using the Veriti Thermal Cycler
(Applied Biosystems, Carlsbad, CA) and random hexamer primers.

WESTERN BLOT
MSC protein expression of cleaved caspases 1, 3, 6, 7, and 9,
and phosphorylated Akt1, Bcl‐2, and NF‐kB were determined.
MSCs were homogenized with non‐denaturing lysis buffer (Abcam,
Cambridge, MA); the lysates were then centrifuged at 10,000g for
20min at 4°C and the supernatant was used for further studies. Using

a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL)
the protein concentration of the lysates was determined; 30mg of
protein lysatewas denatured in sample buffer (protein to sample buffer
ratio 1:3) and subjected to sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) on a 10–2% tris–glycine gel (Life
Technologies). The proteins within the gel were then transferred to a
polyvinylidene difluoride membrane (Thermo Scientific) and blocked
with 5% non‐fat milk powder in 10mM Tris, 100mM NaCl, and 0.1%
Tween 20 for 1 h at room temperature. The blocked membranes were
then incubated with rabbit‐derived primary antibodies including
cleaved caspases 1, 3, 6, 7, and 9, and phosphorylated Akt1 at position
473 serine, phosphorylated Bcl‐2 at position 70 serine, and
phosphorylated NF‐kB–p65 at position 536 serine (Cell Signaling
Technology, Inc., Boston, MA). GAPDH antibody was used as a control
(Cell Signaling Technology, Inc.). Membrane bound antibodies were
detected using appropriate horseradish peroxidase‐labeled secondary
antibodies by an enhanced chemiluminescence‐detection system (ECL
Advanced Kit; GE Healthcare Biosciences, Pittsburgh, PA). Protein
expression was quantified by computer analysis using UN‐SCAN‐IT
gel analysis software version 6.1 (Silk Scientific, Inc., Orem, UT).

QUANTITATIVE REAL‐TIME REVERSE TRANSCRIPTION POLYMERASE
CHAIN REACTION (QRT‐PCR)
The MSC genetic expression of caspases 1, 3, 6, 7, and 9, and Akt1,
NF‐kB, and Bcl‐2 were determined. Caspases play an important role
in apoptosis, while Akt1, Bcl‐2, and NF‐kB increase cell survival
[Thornberry and Lazebnik, 1998; Rokudai et al., 2000; Brazil and
Hemmings, 2001; Valen et al., 2001; Cory and Adams, 2002]. At the
end of the experimental protocol using LightCycler 480 SYBR Green I
Master Mix (Roche Applied Science), 100 ng of cDNA from each
experimental condition, and respective primers (Table II), qRT‐PCR
was performed using the Light Cycler 480 System (Roche Applied
Science). Each sample was normalized to the control gene
glyceraldehyde 3‐phosphate dehydrogenase (GAPDH).

BROMODEOXYURIDINE (BRDU) ASSAY
To quantify the degree of MSC proliferation, BrdU assays were
performed using the Cell Proliferation ELISABrdU Colorimetric Assay

TABLE II. Primers Used for Quantitative Real‐Time Reverse
Transcription Polymerase Chain Reaction

Primer Sequence

50 Caspase 1 GACAGGTCCTGAGGGCAAAG
30 Caspase 1 AAAAGTTCATCCAGCAATCCATTT
50 Caspase 3 TGGTACCGATGTCGATGCAGC
30 Caspase 3 GGTCCACAGGTCCGTTCGTT
50 Caspase 6 CTGCTCAAGATTCACCAGGT
30 Caspase 6 ACAGGCCTGGATGATGAATA
50 Caspase 7 ACGCTAAGCCAGACCGCTCCA
30 Caspase 7 CCGGACATCCATACCTGTCGCTT
50 Caspase 9 CCTCATCATCAACAACGTGA
30 Caspase 9 ATGAGAGAGGATGACCACCA
50 Aktl AACGGACTTCGGGCTGTG
30 Aktl TTGTCCTCCAGCACCTCAGG
50 Bcl‐2 TCCTCCCGACCTATGATACA
30 Bcl‐2 CGGTTGCTCTGAGACATTTT
50 NF‐kB CCCCACACTGTAAACCAAAG
30 NF‐kB GAAAAGCTCAAGCCACCATA
50 GAPDH GCTCTCTGCTCCTCCCTGTTC
30 GAPDH GCCGTTGAACTTGCCGTGGG
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Kit (Roche Applied Science). MSCs were plated in 96‐well plates at a
density of 2.0� 104 cells per well. At the end of the experimental
protocol, MSCs were labeled with BrdU for 2 h at 37°C. TheMSCs were
then fixed and denatured for 30min followed by exposure to a
peroxidase conjugated anti‐BrdU antibody for 90min all at room
temperature. The MSCs were then washed with PBS three times
followed by incubation with a peroxidase substrate solution at room
temperature until the development of a noticeable color sufficient for
photometric detection in which at that point the reaction was stopped
using 1MH2SO4. The degree of color change was quantified using the
Beckman Coulter AD 340 Plate Reader (Beckman Coulter, Brea, CA) to
determine the degree of cell proliferation. An absorbance wavelength
of 450 nm and reference wavelength of 690 nm were used.

STATISTICAL ANALYSIS
Data are presented as mean� 1 standard deviation. To determine
statistical significance among groups analysis of variance (ANOVA)
was first performed. If ANOVA was statistically significant, the
Student0s t‐test was then performed to compare sub‐groups. A
P‐value <0.05 was considered as statistically significant.

RESULTS

TUNEL ASSAY OF PRECONDITIONED MSCs EXPOSED TO HYPOXIA
MSCs preconditioned with hyperoxia (Fig. 1B), CI (Fig. 1C), and
particularly with the combination of hyperoxia plus CI (Fig. 1D)
resulted in less apoptosis compared to MSCs exposed to hypoxia
without preconditioning (Fig. 1E); thiswas demonstrated by a decrease
in MSC green fluorescence seen on microscopy. The apoptotic score
index (Fig. 1F) determined by TUNEL assays for MSCs preconditioned
with hyperoxia, CI, or with the combination was 11.6%, 19.0%, and
7.2%, respectively, and were all significantly lower compared toMSCs
exposed to hypoxia without preconditioning (86.6%). Control MSCs
had an apoptotic score index of 13.2%. Apoptotic score index for
the entire group was statistically significant (ANOVA, P< 0.0001);
P‐values between sub‐groups are shown in Figure 1F.

ANNEXIN V EXPRESSION OF PRECONDITIONED MSCs EXPOSED TO
HYPOXIA
The extent apoptosis of MSCs preconditioned prior to hypoxia
exposure with hyperoxia, CI, or the combination of hyperoxia plus CI
was further analyzed using Annexin V fluorescein and FACS analysis
(Fig. 2). MSCs preconditioned with hyperoxia (7.3%; Fig. 2B), CI
(8.4%; Fig. 2C), or particularly with the combination (3.6%; Fig. 2D)
significantly reduced Annexin V expression compared to MSCs
exposed to hypoxia without preconditioning (56.4%; Fig. 2E). Control
MSCs exposed to normoxia had an Annexin V expression of 5.4%
(Fig. 2A). Annexin V expression for the entire group was statistically
significant (ANOVA, P< 0.0001); P‐values between sub‐groups are
shown in Figure 2F.

GENE AND PROTEIN EXPRESSION OF PRECONDITIONED MSCs
EXPOSED TO HYPOXIA
The genetic expression of caspases 1, 3, 6, 7, and 9, and Akt1, Bcl‐2,
and NF‐kB were determined using qRT‐PCR for MSCs exposed to

hypoxia after preconditioning with hyperoxia, CI, or the combination
of hyperoxia plus CI (Fig. 3; Table III). Gene expression for MSCs
exposed to hypoxia is represented as a percent relative to MSCs
exposed only to normoxia without treatment (control) set at 100%.

Caspase 1 gene expression:MSCs preconditioned with hyperoxia
(83.1%), CI (158.5%), or the combination (75.6%) significantly
reduced caspase 1 gene expression compared to MSCs without
preconditioning (200.6%). Caspase 1 gene expression for the entire
group was statistically significant (ANOVA, P< 0.0001); P‐values
between sub‐groups are shown in Figure 3A.

Caspase 3 gene expression:MSCs preconditioned with hyperoxia
(81.0%) or the combination of hyperoxia plus CI (67.3.%) significantly
reduced caspase 3 gene expression compared to MSCs without
preconditioning (120.0%). There was no significant difference in
caspase 3 gene expression between MSCs preconditioned with CI
(112.9%) compared to MSCs without preconditioning. Caspase 3 gene
expression for the entire group was statistically significant (ANOVA,
P< 0.0001); P‐values between sub‐groups are shown in Figure 3B.

Caspase 6 gene expression:MSCs preconditioned with CI (79.0%)
significantly reduced caspase 6 gene expression compared to MSCs
without preconditioning (128.2%); however, there was no statistical
difference in MSCs that were preconditioned with hyperoxia (94.6%)
or the combination of hyperoxia plus CI (94.6%) compared to no
preconditioning. Caspase 6 gene expression for the entire group was
statistically significant (ANOVA, P< 0.05); P‐values between sub‐
groups are shown in Figure 3C.

Caspase 7 gene expression:MSCs preconditioned with hyperoxia
(58.7%), CI (68.2%), or the combination (29.0%) significantly reduced
caspase 7 gene expression compared to MSCs without precondition-
ing (108.5%). Caspase 7 gene expression for the entire group was
statistically significant (ANOVA, P< 0.0001); P‐values between sub‐
groups are shown in Figure 3D.

Caspase 9 gene expression: PreconditioningMSCswith hyperoxia
(85.8%), CI (112.7%), or the combination (56.2%) significantly
reduced caspase 9 gene expression compared to MSCs without
preconditioning (137.2%). Caspase 9 gene expression for the group
was statistically significant (ANOVA P< 0.0001); P‐values between
sub‐groups are shown in Figure 3E.

Akt1 gene expression: MSCs preconditioned with hyperoxia
(31.5%), CI (116.2%), or the combination (63.3%) significantly
increased Akt1 gene expression compared to MSCs without
preconditioning (29.0%). Akt1 gene expression for the entire group
was statistically significant (ANOVA, P< 0.0001); P‐values between
sub‐groups are shown in Figure 3F.

Bcl‐2 gene expression: MSCs preconditioned with hyperoxia
(131.3%), CI (65.7%), or the combination (129.4%) significantly
increased Bcl‐2 gene expression compared to MSCs without
preconditioning (52.0%). Bcl‐2 gene expression for the entire group
was statistically significant (ANOVA, P< 0.0001); P‐values between
sub‐groups are shown in Figure 3G.

NF‐kB gene expression: MSCs preconditioned with hyperoxia
(225.5%), CI (97.7%), or the combination (242.3%) significantly
increased NF‐kB gene expression compared to MSCs without
preconditioning (71.0%). NF‐kB gene expression for the entire group
was statistically significant (ANOVA, P< 0.0001); P‐values between
sub‐groups are shown in Figure 3H.
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Fig. 1. TUNEL assay of preconditioned mesenchymal stem cells (MSC) following exposure to hypoxia. A: MSCs exposed only to normoxia without treatment (control). B: MSCs
preconditioning with hyperoxia; (C) MSCs preconditioned with pan‐caspase inhibitor (CI); and (D) MSCs preconditioned with the combination of hyperoxia and CI prior to hypoxia
exposure. Preconditioning with hyperoxia, CI, or the combination resulted in a decrease in apoptosis as compared to (E) MSCs exposed to hypoxia without preconditioning. This is
obvious by a decrease in green fluorescence which represents apoptotic MSCs. Nucleic DNA has been labeled by DAPI staining (blue fluorescence). F: The apoptotic score index
determined by TUNEL assays for MSCs preconditioned with hyperoxia, CI or the combination are shown. P‐values above columns represent comparison to control; NS, non‐
significant.
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Fig. 2. Annexin V expression of preconditioned mesenchymal stem cells (MSC) following exposure to hypoxia. A: MSCs exposed only to normoxia without treatment (control). B:
MSCs preconditioned with hyperoxia; (C) MSCs preconditioned with pan‐caspase inhibitor (CI); and (D) MSCs preconditioned with the combination of hyperoxia and CI prior to
hypoxia exposure. Preconditioning with hyperoxia, CI, or the combination resulted in a decrease in apoptosis as compared to (E) MSCs exposed to hypoxia without preconditioning.
This is evident by a decrease in Annexin V expression (percentage shown) quantified byfluorescence assisted cell sorting. Lower right quadrant represents Annexin V positive apoptotic
cells; upper right quadrant represents propidium iodide (PI) positive dead cells; and lower left quadrant represents Annexin V and PI negative cells or alive cells (A–E). F: Percent
apoptosis of MSCs with and without preconditioning treatment determined by Annexin V expression. P‐values above columns represent comparison to control; NS, non‐significant.
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The protein expression of cleaved caspases 1, 3, 6, 7, and 9, and
phosphorylated Akt1, Bcl‐2, and NF‐kB were determined using Western
blot analysis for MSCs exposed to hypoxia after preconditioning with
hyperoxia, CI, or the combination of hyperoxia plus CI (Fig. 4 and Fig. 5;
Table IV). Protein expression for MSCs exposed to hypoxia is represented
as a percent relative to MSCs exposed only to normoxia without
treatment (control) set at 100%. The protein expression of cleaved
caspases 1, 3, 6, 7, and 9, and phosphorylated Akt1, Bcl‐2, and NF‐kB in
preconditioned MSCs compared to MSCs with no preconditioning
exposed to hypoxia where similar to that of genetic expression.

CELL PROLIFERATION OF PRECONDITIONED MSCs EXPOSED TO
HYPOXIA
BrdU experiments were performed to determine the effects of hypoxia
on cell proliferation of MSCs preconditioned with hyperoxia, CI, or
the combination of hyperoxia plus CI; cell proliferation of MSCs
exposed to hypoxia is represented as a percent relative to MSCs
exposed only to normoxia without treatment (control) set at 100%.

Fig. 3. Gene expression of preconditioned mesenchymal stem cells (MSC) following exposure to hypoxia. Quantitative real‐time reverse transcription polymerase chain reaction
(qRT‐PCR) was performed to determine gene expression of caspases (A) 1, (B) 3, (C) 6, (D) 7, and (E) 9, and survival markers (F) Akt1, (G) Bcl‐2, and (H) NF‐kB in MSCs that
underwent preconditioning with hyperoxia, caspase inhibitor (CI), or the combination prior to hypoxia exposure. Gene expression of MSCs exposed to hypoxia is represented as a
percent relative to MSCs exposed only to normoxia without treatment (control) set at 100%. MSCs that underwent preconditioning, particularly combination of hyperoxia plus CI,
resulted in a decrease in caspases while MSCs that were exposed to hypoxia with no preconditioning had an increase in caspase expression. In addition, preconditioning with
hyperoxia or CI resulted in an increase in Akt1, Bcl‐2, and NF‐kB gene expression while no preconditioning resulted in a decrease in these survival markers after hypoxia. P‐values
above columns represent comparison to control MSCs; NS, non‐significant.

TABLE III. Percent (%) Change in Gene Expression After Hypoxia
Exposure in MSC Receiving Preconditioning Therapy as Compared to
No Preconditioning Therapy

Preconditioning Therapy

Hyperoxia
(%)

Caspase Inhibitor
(CI, %)

HyperoxiaþCI
(%)

Caspase 1 #117.5 #42.0 #124.9
Caspase 3 #39.0 #7.1 #52.7
Caspase 6 #33.5 #49.1 #33.5
Caspase 7 #49.8 #40.2 #79.5
Caspase 9 #51.4 #24.5 #81.0
Aktl "2.5 "87.2 "34.3
Bcl‐2 "79.2 "13.6 "77.3
NF‐kB "154.4 "26.7 "171.2

2618 PRECONDITIONING MESENCHYMAL STEM CELLS JOURNAL OF CELLULAR BIOCHEMISTRY



Cell proliferation was significantly greater in MSCs preconditioned
with hyperoxia (87.0%), CI (86.8%), or the combination (90.5%)
compared to MSCs without preconditioning (69.8%; Fig. 5A). MSC
proliferation when preconditioned with hyperoxia, CI, or the
combination was 17.2%, 17.0%, and 20.7%, respectively, greater
compared to MSCs exposed to hypoxia without preconditioning (Fig.
5B). MSC proliferation for the entire group was statistically
significant (ANOVA, P< 0.0001); P‐values between sub‐groups are
shown in Figure 6.

DISCUSSION

The present study demonstrated that MSCs preconditioned with
hyperoxia, CI, or both resulted in an increased survival of cells
after exposure to hypoxia. Increased survival of stem cells delivered
to post‐myocardial infarction patients potentially will improve LV
function and decrease the incidence of heart failure; if these data
are confirmed by in vitro studies this will be of great clinical
significance.

Fig. 4. Quantitative protein expression and representative Western blots (immediately beneath each graph) of preconditioned mesenchymal stem cells (MSC) following exposure
to hypoxia. Western blots were performed to determine protein expression of cleaved caspases (A) 1, (B) 3, (C) 6, (D) 7, and (E) 9 in MSCs that underwent preconditioning with
hyperoxia, caspase inhibitor (CI), or the combination prior to hypoxia exposure. Protein expression of MSCs exposed to hypoxia is represented as a percent relative to MSCs exposed
only to normoxia without treatment (control) set at 100%. MSCs that underwent preconditioning resulted in a decrease in cleaved caspases compared to MSCs with no
preconditioning that were exposed to hypoxia. GAPDH Western blot is also shown as the loading control for all experiments (quantification of protein expression confirmed by
computer analysis). P‐values above columns represent comparison to control MSCs; NS, non‐significant.
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Myocardial infarction in experimental animal models demonstrat-
ed that only a small number of stem cells survive after transplantation
[Bel et al., 2003; Suzuki et al., 2004]. Survival of myoblasts directly
administered into infarctedmouse hearts was approximately 7% after
72 h [Suzuki et al., 2004]. Further, in patients with myocardial
infarction in whom bone marrow cells were delivered intra‐coronary
only approximately 1–3% of the cells were found within the
myocardium [Hofmann et al., 2005]. These studies provide insight to
the fact that stem cell therapy in myocardial infarction has showed
only minimal improvement in left ventricular function [Miyahara et
al., 2006; Strauer and Steinhoff, 2011]. In a recent meta‐analysis
involving 18 randomized and non‐randomized trials with 999
patients with acute myocardial infarction or chronic ischemic
cardiomyopathy, transplantation of stem cells increased left
ventricular ejection fraction by 5.4% (P< 0.001), decreased infarct

Fig. 5. Quantitative protein expression and representativeWestern blots (immediately beneath each graph) of preconditionedmesenchymal stem cells (MSC) following exposure to
hypoxia. Western blots were performed to determine protein expression of (A) phosphorylated Akt1 at position 473 serine, (B) phosphorylated Bcl‐2 at position 70 serine, and (C)
phosphorylated NF‐kB at position 536 serine in MSCs that underwent preconditioning with hyperoxia, caspase inhibitor (CI), or the combination prior to hypoxia exposure. Protein
expression was determined as the ratio of phosphorylated to total protein expression. Phosphorylated protein expression ofMSCs exposed to hypoxia is represented on the graphs as a
percent relative toMSCs exposed only to normoxia without treatment (control) set at 100%. Preconditioningwith hyperoxia and/or CI resulted in an increase in phosphorylatedAkt1,
Bcl‐2, and NF‐kB protein expression compared to MSCs with no preconditioning that were exposed to hypoxia. GAPDH Western blot is also shown as the loading control for all
experiments (quantification of protein expression confirmed by computer analysis). P‐values above columns represent comparison to control MSCs; NS, non‐significant.

TABLE IV. Percent (%) Change in Protein Expression After Hypoxia
Exposure in MSC Receiving Preconditioning Therapy as Compared to
No Preconditioning Therapy

Preconditioning Therapy

Hyperoxia
(%)

Caspase
Inhibitor
(CI, %)

HyperoxiaþCI
(%)

Cleaved Caspase 1 #59.6 #39.6 #85.9
Cleaved Caspase 3 "2.9 #31.4 #17.5
Cleaved Caspase 6 "3.5 #4.9 "4.5
Cleaved Caspase 7 #95.2 #86.8 #111.3
Cleaved Caspase 9 #34.4 #29.7 #32.1
Phosphorylated Aktl "15.4 "25.0 "32.9
Phosphorylated Bcl‐2 "28.5 "13.6 "39.1
Phosphorylated NF‐kB "9.1 #18.7 "48.6
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size by 5.5% (P¼ 0.003), and decreased left ventricular end‐systolic
volume by 4.8ml (P¼ 0.006) compared to control [Abdel‐Latif et al.,
2007]. A potential contributing factor for the sub‐optimal results seen
with stem cell transplantation post‐myocardial infarction is the
ischemic myocardium that is less than ideal for stem cell survival
[Zhang et al., 2001; Robey et al., 2008].

It has been shown that in hypoxic myocardium apoptosis of
transplanted stem cells occur [Zhang et al., 2001; Robey et al., 2008].
Thus, interventions that may decrease apoptosis of stem cells
delivered into this hypoxic environment may have the potential to
enhance cell survival. Studies have shown that genetically engineered
stem cells that continuously inhibit apoptosis increased cell survival
after transplantation [Li et al., 2007; Hodgkinson et al., 2010];
however, the long‐term effects of the transplanted cells, which are
continuously inhibiting apoptosis, may be harmful [Filip et al., 2008].

Caspases are cysteine proteases that mediate apoptosis through
proteolytic activity [Thornberry and Lazebnik, 1998]. The present
study demonstrates that brief preconditioning of stem cells with
hyperoxia or CI prior to exposure to a hypoxic environment
significantly down‐regulates gene and protein expression of caspases
compared to no preconditioning. This technique has the advantage of

avoiding continuous exposure to apoptotic inhibitors post‐trans-
plantation. Myocardial infarct models have also demonstrated that
pretreatment of animals with hyperoxia prior to myocardial
infarction decreased caspases resulting in decreased apoptotic cell
death and infarct size [Foadoddini et al., 2011]. Interestingly, MSCs
preconditioned with the combination of hyperoxia and CI prior to
hypoxia exposure in this study had a synergistic effect (i.e., greater
down‐regulation of caspases compared to each intervention alone).

In addition to caspase inhibition, preconditioning of MSCs
with hyperoxia, CI, and/or the combination prior to hypoxia
exposure up‐regulates markers of survival such as Akt1, Bcl‐2, and
NF‐kB. The kinase activity of Akt is known to have a protective effect
against apoptosis and thus, increases cell survival [Brazil and
Hemmings, 2001]. Studies have shown that caspases also promote
apoptosis by down‐regulating Akt; inhibition of caspases blocks
the down‐regulation of Akt and thus, promotes cell survival [Rokudai
et al., 2000]. The data from the present study, which demonstrated
that MSCs preconditioned with CI prior to hypoxia exposure
significantly increased Akt1 gene and protein expression
compared to no preconditioning, are in agreement with previous
studies.

Fig. 6. Cell proliferation of preconditioned mesenchymal stem cells (MSC) following exposure to hypoxia. Bromodeoxyuridine (BrdU) assays were performed to determine cell
proliferation ofMSCs that underwent preconditioning with hyperoxia, pan‐caspase inhibitor (CI), or the combination prior to hypoxia exposure. A: Proliferation ofMSCs exposed to
hypoxia is represented as a percent relative to MSCs exposed only to normoxia without treatment (control) set at 100%. Preconditioned MSCs with the combination of hyperoxia
plus CI prior to hypoxia exposure maintained a similar cell proliferation as compared to control MSCs; cell proliferation was the lowest in MSCs exposed to hypoxia without
preconditioning. P‐values above columns represent comparison to control MSCs. B: MSCs that underwent preconditioning with hyperoxia, CI, or the combination prior to hypoxia
exposure resulted in significantly greater cell proliferation compared toMSCs that were exposed to hypoxia without preconditioning. P‐values above columns represent comparison
to MSCs exposed to hypoxia without preconditioning; NS, non‐significant.
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Bcl‐2 family of proteins regulate the activation of caspases
resulting in anti‐apoptotic activity [Cory and Adams, 2002]. Caspase
3 has the ability to cleave Bcl‐2 in which the cleaved sub‐unit can
further promote caspase activation [Kirsch et al., 1999]. In addition,
small animal models have shown that preconditioning with hyper-
oxia prior tomyocardial ischemia can increase cardiac levels of Bcl‐2,
decrease caspase activity, and ultimately decrease myocardial infarct
size [Choi et al., 2006; Foadoddini et al., 2011]. This study also
demonstrated that MSCs preconditioned with hyperoxia and/or CI
prior to hypoxia exposure significantly increased Bcl‐2 gene and
protein expression compared to no preconditioning. Preconditioning
with hyperoxia had the greatest effect on Bcl‐2 gene and protein
expression compared to no preconditioning.

NF‐kB is a redox‐sensitive transcription factor that regulates
several cellular processes including inflammation, cellular growth,
and apoptosis [Wang et al., 1996; Franek et al., 2001; Valen
et al., 2001]. Hyperoxia has been shown to activate NF‐kB resulting in
a decrease in apoptosis [Franek et al., 2001]. Studies have
demonstrated that preconditioning with hyperoxia prior to myocar-
dial ischemia decreases myocardial infarct size partially due to an
increase in NF‐kB activity [Tähepõld et al., 2003; Choi et al., 2006;
Foadoddini et al., 2011]. In this study, it was also found that MSCs
preconditioned with hyperoxia prior to hypoxia exposure signifi-
cantly increased NF‐kB gene and protein expression compared to no
preconditioning. Preconditioning with the combination of hyperoxia
plus CI resulted in a synergistic effect in gene and protein expression
compared to no preconditioning.

Preconditioning MSCs with hyperoxia, CI, or the combination
prior to hypoxia exposure resulted in an approximately 20% increase

in cell proliferation compared to MSCs that were exposed to hypoxia
without preconditioning. The mechanism(s) responsible for this
increase in MSC proliferation is at least partially due to the
attenuation of apoptosis, as it is suggested by the down‐regulation
of caspases, and the up‐regulation of cell survival markers like Akt1,
Bcl‐2, and NF‐kB, all driven by the pretreatment of MSCs with
hyperoxia and/or Z‐VAD‐FMK pan‐caspase inhibitor (Fig. 7).
Importantly, preconditioning of MSCs with hyperoxia, CI, or both
does not have a continuous apoptotic effect after stem cell
transplantation, the long‐term effects of which may be harmful.
These effects may prove to be of great clinical significance when
transplanting stem cells into the hypoxic myocardium of post‐
myocardial infarction patients in order to attenuate LV remodeling
and improve LV function.
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