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There are a limited number of therapies available to prevent heart failure following myocardial infarction. One
novel therapy that is currently being pursued is the implantation of cardiac progenitor cells (CPCs); however, their
responses to oxidative stress during differentiation have yet to be elucidated. The objective of this study was to
determine the effect of hydrogen peroxide (H2O2) treatment on CPC differentiation in vitro, as well as the effect of
H2O2 preconditioning before implantation following ischemia-reperfusion (I/R) injury. CPCs were isolated and
cloned from adult rat hearts, and then cultured in the absence or presence of H2O2 for 2 or 5 days. CPC survival was
assessed with Annexin V, and cellular differentiation was evaluated through mRNA expression for cardiogenic
genes. We found that 100mM H2O2 decreased serum withdrawal-induced apoptosis by at least 45% following both
2 and 5 days of treatment. Moreover, 100mM H2O2 treatment for 2 days significantly increased endothelial and
smooth muscle markers compared to time-matched untreated CPCs. However, continued H2O2 treatment signif-
icantly decreased these markers. Left ventricular cardiac function was assessed 28 days after I/R and I/R with the
implantation of Luciferase/GFP + CPCs, which were preconditioned with 100mM H2O2 for 2 days. Hearts im-
planted with Luciferase/GFP + CPCs had significant improvement in both positive and negative dP/dT over I/R.
Furthermore, cardiac fibrosis was significantly decreased in the preconditioned cells versus both I/R alone and I/R
with control cells. We also observed a significant increase in endothelial cell density in the preconditioned CPC
hearts compared to untreated CPC hearts, which also coincided with a higher density of Luciferase+ vessels. These
findings suggest that preconditioning of CPCs with H2O2 for 2 days stimulates neoangiogenesis in the peri-infarct
area following I/R injury and could be a viable therapeutic option to prevent heart failure.

Highlights

Cardiac progenitor cells are resistant to acute oxidative
insults in culture, while differentiating. Hydrogen peroxide
(H2O2) treatment acutely increases proangiogenic markers in
vitro. H2O2 preconditioned cardiac progenitor cells im-
planted into the left ventricle following ischemia-reperfusion
injury led to decreased cardiac fibrosis and a higher number
of endothelial cells and vascular density.

Introduction

Recent statistics demonstrate that over 8 million
Americans have been diagnosed with cardiovascular

disease and there are an estimated 785,000 new myocardial
infarction (MI) and another 450,000 recurrent MI patients
annually [1]. The loss of tissue is highly localized and the

human body cannot replace the damaged tissue, leading to
cardiac hypertrophy and eventual heart failure, which ac-
counts for an estimated one in nine deaths. The increasing
levels of obesity and diabetes, as well as diet, exercise, and
lifestyle choices in the United States, suggest that the inci-
dence of MI and heart failure will increase in the future. Pre-
sently, the only definitive treatment to reverse heart failure is
through transplantation, but the donor waiting list is longer
than the predicted survival time for most disease sufferers. In
recent years, many clinical studies have been initiated to de-
liver localized therapy in the form of various cell types for
reconstitution of the myocardium [2,3]. However, there is
much debate on the optimal cell type, whether or not stem
cells can differentiate into a functional myocardium, and the
long-term effects of these nonmyocytes.

Recent evidence in multiple species indicates that the heart
contains self-renewing capabilities, since it possesses a
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population of stem cells called cardiac progenitor cells
(CPCs) [4–7]. These cells possess qualities of stemness (clo-
nogenic), but can only be differentiated into cardiac cell
types. Studies demonstrate successful regeneration of the
myocardium by delivery of CPCs that differentiate into en-
dothelial cells (enhancing angiogenesis) and myocytes (en-
hancing contractility) [6,8]. Furthermore, preliminary findings
from a Phase I clinical trial support the animal studies and
demonstrate the efficacy of infusing CPCs intravenously into
patients suffering from ischemic cardiomyopathy
[NCT00474461] [9,10]. These findings suggest that CPCs could
be the optimal cell type to improve cardiac function following
MI in both animal models and humans, but it is still unclear if
the beneficial effects are due to the differentiation of the cells
into new cardiomyocytes, vascular and smooth muscle (SM)
cells, or the release of paracrine factors to support the injured
myocardium. Additionally, in many clinical trials where im-
provements in acute function are seen, the benefits are not
carried to long-term recovery of function, suggesting that im-
provements still need to be made.

While excitement over CPC therapy builds, one caveat
with CPC implantation is the reduced number of cells that
are retained in the heart [11] demonstrating the need for
adjuvant therapy. A potential treatment used in multiple
stem/progenitor cell types has been to precondition cells
with a burst of reactive oxygen species (ROS). Incubation
with ROS has been shown to stimulate various cell survival
pathways that include antiapoptotic proteins and anti-
oxidative enzymes [12–15]. Multiple studies evaluating the
effect of hydrogen peroxide (H2O2) preconditioning on cell
function have been inconclusive, in which differentiation
into cardiomyocytes occurred in embryonic stem cells, while
mesenchymal stem cells showed a decrease in adhesion and
survival following transplantation [16,17]. Additionally,
H2O2 has different effects on cardiogenic differentiation of
stem/progenitor cells depending on the cell type [18,19].
However, the effect of H2O2 preconditioning on CPC dif-
ferentiation has yet to be elucidated. In the present study, we
sought to determine whether preconditioning CPCs with
H2O2 during an early differentiation period would induce
cell-signaling mechanisms that enhance CPC survival, dif-
ferentiation, and engraftment and the amount of viable
myocardium following ischemia/reperfusion (I/R) injury.

Materials and Methods

CPC isolation and culture and H2O2 treatment

Endogenous c-Kit+ CPCs were isolated from the myocar-
dium of adult Sprague-Dawley rats, and cells were generated
from single-cell clones and cultured as previously described [20]
and detailed in the Supplementary Methods; Supplementary
Data are available online at www.liebertpub.com/scd.

Before H2O2 (30% stabilized with sodium stannate, Fisher
Scientific) treatment, CPCs were serum starved overnight in
Ham’s F-12 media supplemented with l-glutamine, penicil-
lin/streptomycin, insulin/transferrin/selenium (ITS), and
the leukemia inhibitory factor (LIF). CPCs were allowed to
differentiate in Ham’s F-12 media without the LIF, supple-
mented with l-Glutamine, penicillin/streptomycin, ITS, and
in the absence or presence of various H2O2 concentrations (1,
10, or 100 mM) for basal (0 day), acute (2 days), or chronic (5
days) treatment. Media H2O2 doses during treatment were

replenished once daily. Each experimental time point had its
own time-matched control group.

Annexin V staining

CPC apoptosis at the indicated time points was assessed by
flow cytometry with the Annexin V Alexa-647 conjugate antibody
kit (Invitrogen) as described in the Supplementary Methods.

mRNA isolation and real-time reverse
transcription-polymerase chain reaction

Gene expression was measured in CPCs following the
treatment protocol by real-time reverse transcription poly-
merase chain reaction (PCR) as detailed in the Supplemen-
tary Methods.

CPC transduction

cKit + CPCs were transduced with a firefly luciferase/green
fluorescent protein (GFP) lentivirus (Gentarget) according to
the manufacturer’s protocol. Cloned CPCs were plated in a 24-
well plate and grown to confluency of 50% in growth media.
At the time of transduction, 50mL of viral stock was added to
each well in growth media in the absence of penicillin and
streptomycin and incubated for 3 days at 37�C with occasional
mixing. After 3 days of viral treatment, CPCs were cultured in
growth media with antibiotics and the addition of Blasticidin
(10mg/mL) for 2 days. Transduction was verified by the
presence of GFP in cells with an Olympus IX71 fluorescence
microscope. GFP+ cells were expanded in growth media.

Self-assembling peptide hydrogels for cell delivery

RAD16-II self-assembling peptides were utilized during
intramyocardial placement of non-pretreated and pretreated
CPCs as previously described with slight modifications
[5,21]. Luciferase + (Luc + ) CPCs were plated and allowed to
differentiate for 2 days in the presence or absence of 100 mM
H2O2 after the removal of LIF. Cells were dissociated from
the plate following 2 days of CPC differentiation. CPCs
(5 · 105) were resuspended in 50mL of 1% w/v self-assembling
peptides in 295 mM sterile sucrose for injection.

MI and CPC implantation

Adult, male Sprague-Dawley rats were obtained from
Charles River Laboratories. The animals were anesthetized
with isoflurane and, after tracheal intubation, MI was induced
by occlusion of the left anterior descending artery for 30 min
followed by reperfusion [22]. Immediately following reperfu-
sion, three injections of Luc+ GFP+ CPCs in self-assembling
peptides were made in the border zone of the left ventricular
free wall, while the heart was beating. After injections, the
chests were closed and animals recovered on a heating pad.
Sham animals had the surgery to open the chest and the left
anterior descending artery was visualized before the chest was
closed. Briefly, all animals received surgery and were assigned
a number. Following 28 days of recovery, an individual
without knowledge of the numbering system would perform
the echocardiography and immunohistochemical studies in a
blinded manner. All studies were performed in a randomized
and double-blind manner and were approved by the Emory
University Institutional Animal Care and Use Committee.
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Invasive left ventricular measurements

Twenty eight days after CPC implantation in vivo ven-
tricular dimensions and function were assessed as previously
described [23] and detailed in the Supplementary Methods.

Immunohistochemistry and confocal microscopy

After 28 days, animals were euthanized, hearts were excised
and fixed with 4% paraformaldehyde, embedded in paraffin,
and 5-mm sections were made as previously described [24].
Collagen deposition was measured with picrosirius red staining
as previously described [24], and antibody labeling was mea-
sured with a fluorescent confocal microscope. Both procedures
are detailed in the Supplementary Methods.

Statistics

All statistical analyses were performed using Graphpad
Prism 5.0 software. The following statistical tests were uti-
lized according to the study layout: Unpaired two-tailed
Students’ t-test or One-Way Analysis of Variance followed
by the appropriate post-test. All data are expressed as
mean – SEM. P-values of < 0.05 were considered significant.

Results

H2O2 provides antiapoptotic protection to CPCs

To determine CPC viability after H2O2 treatment, CPCs in
culture were allowed to differentiate for 2 and 5 days in the
presence or absence of daily administrations of 1, 10, and

100 mM H2O2. The extent of apoptosis was measured with
Annexin V and the percentage of apoptotic cells was quan-
tified by flow cytometry. Representative flow cytometric
histograms shown in Fig. 1B and D depict Annexin V ex-
periments that show untreated and 100 mM H2O2-treated
CPCs following 2 and 5 days of serum withdrawal, respec-
tively. As shown in Fig. 1A, treatment with either 1 or 100mM
H2O2 for 2 days resulted in a significant decrease in basal
apoptosis by 50% (P < 0.01) and 45% (P < 0.01) compared to
time-matched untreated CPCs. As shown in Fig. 1C, CPCs
treated for 5 days with 100mM H2O2 exhibited a significantly
lower apoptosis (52%; P < 0.01) compared to time-matched
untreated CPCs. We also observed a significant decrease in
apoptosis with both 1 and 10mM H2O2 after 5 days of treat-
ment. These data demonstrate that H2O2 treatment improves
basal CPC survival at 2 and 5 days of treatment.

To determine if H2O2 scavenging genes were regulated by
H2O2 treatment, we measured catalase and glutathione per-
oxidase 1 (Gpx1), thioredoxin 1 (Txn1), and peroxiredoxin 6
(Prdx6) gene expression levels over time. While the results
are summarized in Supplementary Figs. 1A–D and 2A and B,
we found no effect of the H2O2 treatment on H2O2 scav-
enging enzyme gene expression at 2 or 5 days.

Effect of H2O2 treatment on cardiac
gene expression

To determine the effect of H2O2 treatment on cardiogenic
gene expression, CPCs were treated for 2 or 5 days in the
presence or absence of 1 or 100mM H2O2 and gene

FIG. 1. H2O2 enhances CPC
survival following serum
withdrawal. CPCs were cul-
tured in media with 1, 10, or
100mM H2O2 or without H2O2

replaced daily for 2 (A) or 5
(C) days and apoptosis was
measured by Annexin V
staining with flow cytometric
analysis. Figures B and D
are representative histograms
of Annexin V-positive stained
cells. The area under the
black bar is indicative of the
percentage of apoptosis in
CPCs. At 2 days, both 1 and
100mM significantly de-
creased apoptosis, while at 5
days, all H2O2 concentrations
significantly improved sur-
vival. Data are mean – SEM.
Statistical significance was
determined by One-Way
ANOVA followed by the Tu-
key–Kramer Post hoc test.
*P < 0.05, #P < 0.01, n = 3–7.
Ctl = control cells; H2O2, hy-
drogen peroxide; CPC = car-
diac progenitor cell.
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expression was determined by PCR. We examined levels of
Troponin C and T to determine cardiac differentiation/mat-
uration. After 2 days of treatment, untreated cells significantly
increased the levels of Troponin C as compared to day 0
baseline controls (Supplementary Fig. 2A; P < 0.05). There was
no further increase with H2O2 treatment. There was no in-
crease in Troponin T in control cells after 2 days as compared
to day 0 baseline controls (Supplementary Fig. 2B). While
there was a significant increase in Troponin T with 1mM H2O2

after 2 days (P < 0.01 vs. day 0 baseline control), and all other
groups (P < 0.05), however, there was no effect of 100mM
H2O2. Moreover, there was no significant change in Troponin
C in H2O2-treated groups as compared to their time-matched
control. With 5 days of treatment, there was a significant in-
crease in Troponin C gene expression in both untreated con-
trols and 1mM H2O2 as compared to day 0 baseline controls
(Supplementary Fig. 2C; P < 0.01 and P < 0.05, respectively).
Treatment with 100mM H2O2 significantly decreased Tropo-
nin C as compared to time-matched untreated controls. After 5
days of H2O2 treatment, there was no difference in Troponin T
for any treatment (Supplementary Fig. 2D).

Effect of H2O2 treatment on vascular
gene expression

To determine differentiation/maturation toward endo-
thelial cells, mRNA expression of the vascular endothelial
growth factor (VEGF) receptor 2 (Flk1) and platelet endo-
thelial cell adhesion molecule (PECAM1), was assessed fol-
lowing H2O2 treatment. For Flk1, there was no increase in
expression in untreated cells after 2 days of treatment as

compared to day 0 baseline controls (Fig. 2A). While there
was no change with 1mM H2O2, 100mM after 2 days signif-
icantly elevated Flk1 as compared to both day 0 baseline
levels and time-matched controls (P < 0.01). Similarly, with
PECAM1, there was no change in untreated controls, but
significant increases in gene expression with 1 and 100 mM
treatments after 2 days (Fig. 2B, P < 0.05 and P < 0.001, re-
spectively). In contrast, after 5 days of treatment, there was a
significant increase (P < 0.01) in both Flk1 and PECAM1 gene
expression in untreated controls as compared with day 0
baseline levels (Fig. 2C, D). For Flk1, both 1 and 100 mM H2O2

significantly decreased expression compared with time-
matched control (P < 0.05), while only 100mM significantly
decreased PECAM1 levels compared with time-matched
control (P < 0.05).

For SM markers, SM 22 alpha (SM22a) and alpha SM actin
(a SM actin) gene expressions were assessed in the CPCs
following H2O2 treatment during differentiation. For both
genes, there was no significant change in expression fol-
lowing 2 days in untreated controls as compared with day 0
baseline levels (Fig. 3A, B). There was no change with 1 mM
H2O2 treatment, but 100mM H2O2 treatment significantly
increased expression of both markers as compared to time-
matched controls (P < 0.001). After 5 days of treatment, there
was a significant increase in SM22a gene expression in un-
treated controls as compared with day 0 baseline levels (Fig.
3C; P < 0.05). While there was no effect with 1mM H2O2

treatment, 100 mM significantly decreased this response
(P < 0.05). Similar to SM22a, 100 mM H2O2 treatment signifi-
cantly decreased a SM actin levels compared with time-
matched untreated controls (Fig. 3D; P < 0.01).

FIG. 2. H2O2 increases en-
dothelial gene expression
acutely. CPCs were cultured
in media with 1 or 100 mM
H2O2 or without H2O2 re-
placed daily for 2 (A, B) or 5
(C, D) days and mRNA was
harvested and gene expres-
sion levels were measured
through RT-PCR. At 2 days,
100mM H2O2 increased both
Flk1 and PECAM1 mRNA
transcripts compared to un-
treated cells. However,
chronic (5 days) 100mM H2O2

treatment decreased gene ex-
pression below that of un-
treated cells. Data are
mean – SEM. Statistical sig-
nificance was determined by
One-Way ANOVA followed
by the Tukey–Kramer Post
hoc test. *P < 0.05, #P < 0.01,
and &P < 0.001, n = 4–10. PCR,
polymerase chain reaction;
GAPDH = glyceraldehyde 3-
phosphate dehydrogenase.
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Implanted CPCs pretreated with H2O2 enhance
function following I/R

To determine whether the increases in survival and vas-
cular gene expression enhanced efficacy of cell therapy,
CPCs were pretreated with media alone or media containing
100 mM H2O2 before implantation in rat hearts subjected to I/
R injury. Five hundred thousand CPCs differentiated in the
absence or presence of daily doses of 100 mM H2O2 for 2 days
were implanted within self-assembling peptide scaffolds
immediately following reperfusion. Echocardiography per-
formed 7 days following treatment demonstrated no signif-
icant improvement in either group of rats treated with cells
(data not shown). Invasive hemodynamic measurements
were taken 28 days following injury. The ejection fraction
was significantly decreased in I/R rats as compared to
sham operated animals (Fig. 4A; P < 0.001). Moreover,
treatment with control cells and H2O2 pretreated cells did
not significantly improve the ejection fraction compared
with I/R alone. Similar to the ejection fraction, there was a
significant decrease in dP/dT following I/R as compared
with sham animals (Fig. 4B; P < 0.001). While treatment
with control cells significantly improved the - dP/dT
(P < 0.001), but not the + dP/dT compared to I/R alone, and
treatment with H2O2 preconditioned cells significantly im-
proved both measures (P < 0.001). End-systolic and -dia-
stolic volumes were both significantly increased in I/R rats
as compared with sham operated animals (Fig. 5A, C;
P < 0.01). Treatment with control and H2O2 preconditioned
cells both significantly improved ventricular volumes
compared to I/R hearts (P < 0.05). End-systolic pressure
was decreased in I/R rats as compared with sham operated

animals (Fig. 5B; P < 0.001). Treatment with control and
H2O2 preconditioned cells both significantly restored end-
systolic pressure. In contrast, end-diastolic pressure was
significantly increased in I/R rats as compared to sham
operated animals (Fig. 5D; P < 0.001). While there was no
effect of control cells on this parameter as compared to I/R,
rats treated with H2O2 preconditioned cells significantly
improved end-diastolic pressure compared to IR with un-
treated cells (P < 0.01).

Implanted CPCs pretreated with H2O2 improve
fibrosis and angiogenesis

To determine whether H2O2 preconditioning of CPCs
improved fibrosis, collagen deposition was measured using
picrosirius red staining. Rats subjected to I/R had a fibrotic
area of 38.9% – 2.9% of the left ventricle (Fig. 6C). While there
was a 20% reduction in control CPC-treated rats, animals
treated with H2O2 preconditioned cells had a significant 60%
decrease in fibrosis (P < 0.05 compared to both groups).

To determine the fate of the implanted cells and whether
an angiogenic response was induced, tissue sections were
probed with isolectin to stain endothelial cells and an anti-
body against firefly luciferase to identify the implanted cells.
Images were taken using confocal microscopy and quantified
as cell number/mm2, or vessel number/mm2. There was a
significant increase of 76% in total isolectin-positive cells in
the H2O2 preconditioned group as compared to rats im-
planted with control cells (Fig. 7A–C; P < 0.01). Luciferase-
positive cells were counted and no significant difference
was found (Fig. 7D). Additionally, there was no significant
increase in cell staining for both luciferase and isolectin,

FIG. 3. H2O2 increases SM
gene expression acutely.
CPCs were cultured in media
with 1 or 100mM H2O2 or
without H2O2 replaced daily
for 2 (A, B) or 5 (C, D) days
and mRNA was harvested
and gene expression levels
were measured through RT-
PCR. At 2 days, 100mM H2O2

increased both Tagln and
Acta2 mRNA transcripts
compared to untreated cells.
However, chronic (5 days)
100 mM H2O2 treatment de-
creased gene expression be-
low that of untreated cells.
Data are mean – SEM. Statis-
tical significance was deter-
mined by One-Way ANOVA
followed by the Tukey–
Kramer Post hoc test. *P < 0.05,
#P < 0.01, and &P < 0.001, n = 4–
9. SM = smooth muscle;
GAPDH = glyceraldehyde 3-
phosphate dehydrogenase.
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indicating the difference in isolectin-positive cells was likely
attributed to endogenous cells (Fig. 7E). In addition to
counting isolectin-positive cells, both small and large vessels
were also counted in a similar manner. As the representative
images in Fig. 8A and B show, there was no significant dif-
ference in the number of small vessels (Fig. 8C). In contrast,
the H2O2 preconditioned group exhibited a 171% higher
density of large vessels compared to control CPCs, but this
comparison did not reach significance (Fig. 8D; P = 0.08).
Furthermore, vessels that contained luciferase-positive cells
were 60% higher in the H2O2 preconditioned group as
compared to rats implanted with control cells (Fig. 8E;
P = 0.01).

Discussion

Cell therapy following MI has emerged as a promising
therapeutic treatment, as evidenced by the number of on-
going clinical trials. Despite the early clinical successes, a
major impediment to progenitor cell implantation is the
survival and differentiation/maturation of implanted cells in
the damaged tissue. Both animal and clinical studies have
shown that a significant majority of the implanted cells were
not viable following the therapy [9,11]. The current paradigm
is that implanted cells such as CPCs have paracrine actions
that aid in the preservation or regeneration of the damaged
myocardium. Preconditioning of cells has emerged as a vi-
able adjuvant to improving the efficacy of cell therapy. We
have previously shown that H2O2 is significantly elevated in
the myocardium following I/R injury [24]. Despite this, the
role of oxidative stress on CPC survival and differentiation
has not yet been studied.

Various methods to precondition cells have been used,
such as growth factor exposure as well as modulating the
redox levels of the cells through hypoxia and/or oxidative
stress. Yan et al. [25] exposed CPCs to hypoxic conditions in
vitro, and found that apoptosis was not increased at early
time points and Akt phosphorylation was increased due to
hypoxia in cKit + CPCs. In contrast, endothelial progenitor
cells exposed to H2O2 demonstrated decreased survival and
function, indicating that the response to ROS is cell specific
[26]. In our study, acute H2O2 treatment protected CPCs
from serum withdrawal-induced apoptosis, while the cells
were allowed to differentiate in culture. CPCs acutely treated
with H2O2 were protected from apoptosis comparable to
studies examining other progenitor and stem cells [27]. The
100mM H2O2 treatment, which is thought to be more path-
ophysiological, was protective at both 2 and 5 days com-
pared to untreated CPCs. Other cells increase oxygen
scavenging enzymes, like catalase and Gpx1, following
hypoxic conditioning as an antiapoptotic mechanism [28].
However, our gene expression data indicated that catalase,
Gpx1, Txn1, and Prdx6 were not increased in CPCs in re-
sponse to H2O2. Our studies determined that 100mM H2O2,
the highest oxidant concentration tested, provided cytopro-
tection over the time course evaluated in the current study
and did not cause an increase in antioxidative scavenging
enzyme gene expression. Our preliminary studies showed
that this response was not evident at lower doses of H2O2

( < 1mM) and that CPCs basally produce about 0.5–1mM
H2O2 in culture (data not shown). Previous results from our
laboratory demonstrated that CPCs acutely exposed to su-
peroxide increased gene and protein expression of superox-
ide dismutase enzyme isoforms as a compensatory
mechanism, and this was in an Akt-dependent manner [20].
While a specific mechanism of enhanced survival was not
investigated in this study, our prior results with Akt and
studies showing that H2O2 can induce Akt activation may be
an area for future studies. Despite this, our data imply that
the enhanced survival is not a result of increased scavenging
mechanisms as has been shown for other progenitor cells
[20,27].

CPCs can differentiate into endothelial, SM cells, and
cardiomyocytes, however, the effect of oxidative stress on
CPC differentiation is unknown. It is known that bone
marrow-derived mesenchymal stem cells migrate to sites of

FIG. 4. H2O2 preconditioned CPCs improve cardiac con-
tractility and relaxation following I/R. Left ventricular
function was evaluated by invasive pressure–volume he-
modynamic measurements 28 days after I/R and CPC im-
plantation. Ejection fraction (A) was depressed in all I/R
groups, but + and–dP/dT (B) were significantly improved in
100 mM H2O2 preconditioned CPC hearts compared to I/R
alone. Data are mean – SEM. Statistical significance was de-
termined by One-Way ANOVA followed by the Tukey–
Kramer Post hoc test. *P < 0.05 and &P < 0.001, n = 6–13.
EF = ejection fraction; I/R = ischemia/reperfusion.
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injury and form vascular structures following MI and hin-
dlimb ischemia [29,30]. Previous reports in bone marrow-
derived mesenchymal stem cells demonstrated that hypoxic
preconditioning stimulated a proangiogenic phenotype to a
greater extent than nontreated cells in in vitro studies [31].
When these hypoxia-preconditioned bone marrow-derived
mesenchymal stem cells were injected into a model of hin-
dlimb ischemia, the cells induced angiogenesis, leading to an
improvement in regional blood flow. In CPCs, H2O2 treat-
ment for 2 days caused a significant increase in gene ex-
pression of early endothelial markers, such as Kdr and
Pecam1, compared to untreated CPCs. However, chronic
exposure to 100 mM H2O2, but not 1mM led to a marked
decrease in both genes. Su et al. [32] found that H2O2 di-
rected the differentiation of immature proliferating human
vascular SM cells toward a mature contracting vascular SM
cell phenotype with an increase in SM genes and proteins.
Interestingly, in CPCs both Tagln and Acta2 were signifi-
cantly increased following 2 days of 100 mM H2O2; however,
chronic H2O2 treatment lead to an inhibition of the genes
below that of untreated differentiating CPCs. Future studies
will determine if this increase is mediated by VEGF release
into the media similar to [30], although our media was re-
placed daily with fresh media containing more H2O2 and this
may be a confounding factor.

The effect of H2O2 treatment on embryonic stem cell dif-
ferentiation into cardiomyocytes has been explored previ-
ously [18,19]. These studies indicated that an acute
incubation period of H2O2 (6 h; < 1 mM) stimulated the PI3
kinase-dependent pathway and nicotinamide adenine dinu-
cleotide phosphate (NOX) enzymes, leading to increased
expression of cardiomyocyte proteins and contracting cells.

We found that low concentrations of H2O2 acutely during
CPC differentiation produced significantly higher mRNA
levels for only Troponin T compared to nondifferentiated
CPCs with no increase in Troponin C (Supplementary Fig. 3).
Moreover, no increase in gene expression for the early
markers Gata4 and Nkx2-5 was observed following 2 days of
treatment (Supplementary Fig. 4). Prolonged exposure of
CPCs to 100 mM H2O2 treatments caused a significant de-
crease in Troponin C gene expression, indicating potential
negative effects of prolonged H2O2 exposure on cardiogenic
differentiation, although this was the only gene to show this
response. These data are in contrast to both endothelial and
SM cell gene expressions that show sensitivity to H2O2

treatment both acutely and chronically.
As our in vitro data suggested that acute H2O2 (100mM)

treatment directed CPCs to an antiapoptotic, provascular
differentiation, we sought to determine whether H2O2 pre-
conditioning of CPCs would improve cardiac function fol-
lowing MI. Luciferase-transduced CPCs suspended in self-
assembling nanofiber hydrogels were injected into the peri-
infarct zone following a 30-min I/R model of myocardial
injury. Peptide hydrogels were used to enhance retention in
the myocardium and eliminate the retention of cells as a
potential confounding variable as we did not measure ad-
hesion previously. Prior studies using the self-assembling
peptide nanofibers formed from RAD-II showed that hy-
drogel injection without cells into the myocardium did not
improve cardiac function following I/R [5,21]. Additionally,
while it has been shown that implantation of non-
differentiated CPCs following I/R with the same self-
assembling hydrogels did improve left ventricular function,
this response was enhanced by codelivery of the insulin-like

FIG. 5. H2O2 precondi-
tioned CPCs improve end-
diastolic pressure after I/R
injury. Left ventricular func-
tion was evaluated by invasive
pressure–volume hemody-
namic measurements 28 days
after I/R and CPC implanta-
tion. CPC-treated hearts had
similar improvements in car-
diac volumes (A, C) compared
to I/R alone. End-systolic
pressure (B) was significantly
elevated in both CPC-treated
groups compared to I/R
hearts. About 100mM H2O2

preconditioned CPC hearts
had a lower end-diastolic
pressure (D) compared to un-
treated CPC I/R hearts. Data
are mean– SEM. Statistical
significance was determined
by One-Way ANOVA fol-
lowed by the Tukey–Kramer
Post hoc test. *P < 0.05,
#P < 0.01, and &P < 0.001, n = 5–
12. ESV and ESP = end-systolic
volume and pressure; EDV
and EDP = end-diastolic vol-
ume and pressure.
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growth factor-1 indicating the potential for improved cell
therapy with additional stimuli [5]. In the present studies, 28
days after CPC implantation, we evaluated whether cardiac
function was improved through the use of invasive cathe-
terization in the left ventricle. The ejection fraction was de-
creased after I/R, and both groups that received CPC
therapy showed a modest, but not significant improvement.
We also determined additional indices of cardiac function,
such as positive and negative dP/dT, as well as left ven-
tricular volume and pressure. Only hearts treated with
100 mM H2O2 preconditioned cells significantly improved the
maximal contraction velocity as compared to I/R alone, with
values similar to the sham group, while hearts treated with
control CPCs had a significantly lower velocity compared to
sham hearts with no improvement over I/R alone. Negative
dP/dT velocities exhibited a significant improvement in both
of the CPC-treated heart groups compared to I/R hearts.
Furthermore, we found that the increase of ventricular vol-
umes in I/R hearts was abolished following implantation of
CPCs with no effect of preconditioning. Also, end-systolic

pressure was significantly higher in both CPC-treated hearts
compared to I/R hearts, and the 100 mM H2O2 precondi-
tioned CPC-treated group was similar to sham animals.
However, rats treated with 100 mM H2O2 preconditioned
CPCs demonstrated a significant improvement in end-
diastolic pressure over control CPC-treated I/R hearts. These
data suggest that there may be improvements in certain
measures of heart function with H2O2 preconditioned
CPCs, specifically those related to diastolic contractility/
relaxation, but these did not translate to global changes in
the ejection fraction. While this may initially seem confus-
ing, some prior studies have demonstrated that changes in
function may be more apparent at longer time points [33–
35]. Moreover, the fact that H2O2 preconditioned CPCs are
not generating large amounts of new myocytes may also
contribute to this phenomenon. As the present studies were
terminated at 28 days to ensure that changes in implanted
CPCs could be measured, future studies will examine
whether functional improvements are enhanced at longer
time points.

We used immunohistochemistry to determine whether
there were underlying structural changes in the myocardial
architecture. Prior studies demonstrate that implanted cells
are capable of reducing collagen deposition and fibrosis
following I/R [34,36]. We assessed cardiac fibrosis using
picrosirius red staining, and found that while there was no
effect of control CPC-treated hearts on cardiac fibrosis, CPCs
preconditioned with 100mM H2O2 had significantly less
myocardial collagen deposition compared to I/R alone or
I/R treated with control CPCs. As fibrosis and angiogenesis
are often linked, and our in vitro results showed changes in
endothelial gene expression, we measured endothelial cells
in the infarcted tissue. We found significantly higher num-
bers of isolectin-positive cells and a trend for a higher density
of large vessels in hearts treated with H2O2 preconditioned
CPCs compared to hearts treated with control cells. Ad-
ditionally, there was a significant increase in double-positive
vessels localized in the infarct area of hearts treated with
H2O2 preconditioned cells compared to hearts that received
control CPCs. Interestingly, we found no difference in dou-
ble-positive endothelial cells, indicating that the H2O2 pre-
conditioned cells attracted more endogenous endothelial
cells. Another explanation is that the double-positive cells
were much more quickly incorporated into vessels (or
formed new vessels) than control CPCs. These results indi-
cate that the preconditioning of CPCs with H2O2 induce an
in vivo angiogenic effect that may be mediated through the
paracrine actions, although we did not measure this. A re-
cent study demonstrated the ability of bone marrow-derived
c-Kit + cells, but not mesenchymal stem cells, to induce en-
dogenous neovascularization following I/R, although the
mechanism was not fully elucidated [37,38]. In our study,
whether the improvement in fibrosis led to improvements in
angiogenesis, or vice versa, was not determined, but remains
an interesting potential area for investigation.

In summary, we found that acute H2O2 preconditioning of
c-kit + CPCs stimulates endothelial and SM gene expression,
while chronic H2O2 exposure reverses these trends. Ad-
ditionally, preconditioning of CPCs with H2O2 enhances the
angiogenic response following I/R injury and reduces fi-
brosis, leading to improvements in certain measures of car-
diac function. Given the current status of CPC therapy in

FIG. 6. H2O2 preconditioned CPCs decrease cardiac fibro-
sis following I/R. Representative images of control CPC (A)
and 100mM H2O2 (B) preconditioned CPC hearts were taken
with a 2.5 · objective and stitched together using Adobe
Photoshop, with collagen staining in red. Hearts treated with
100 mM H2O2 preconditioned CPCs exhibited decreased fi-
brosis compared to both I/R alone and untreated CPC I/R
hearts shown in the bar graph (C). Data are mean – SEM.
Statistical significance was determined by One-Way ANO-
VA followed by the Tukey–Kramer Post hoc test. *P < 0.05
and &P < 0.001, n = 6–9.
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FIG. 7. H2O2 preconditioned CPCs increase endothelial cell density following I/R. After 28 days, hearts were incubated
with isolectin and an antiluciferase antibody to determine the density of endothelial and implanted cells, respectively.
Isolectin-positive cells are shown in red, firefly luciferase-positive cells are shown in green, and 4¢,6-diamidino-2-phenylindole
(DAPI) stained nuclei are shown in blue. Representative images of control CPC (A) and H2O2 (B) preconditioned CPC hearts
were taken using confocal microscopy (40· objective). Sections from 100 mM H2O2 preconditioned CPC hearts exhibited a
greater number of total endothelial cells (C) compared to untreated CPC I/R hearts. There were no significant differences in
total Luciferase + cells (D) or endothelial cells that stained for luciferase (E). Data are mean – SEM. Statistical significance was
determined by One-Way ANOVA followed by the Tukey–Kramer Post hoc test. #P < 0.01, n = 4–8. Scale bar = 10mM.

FIG. 8. H2O2 preconditioned CPCs increase neoangiogenesis following I/R. After 28 days, hearts were harvested, fixed in
paraformaldehyde, sectioned, and incubated with isolectin and an antiluciferase antibody to determine the number of vessels
and Luciferase + (Luc + ) vessels, respectively. Isolectin-positive vessels are shown in red, firefly luciferase-positive vessels are
shown in green, and DAPI stained nuclei are shown in blue. Representative images of control CPC (A) and H2O2 (B)
preconditioned CPC hearts were taken using confocal microscopy (63· objective). White arrows indicate double-positive
vessels. There was no significant change in small vessels (C) and large vessels (D) were increased by over 170% although this
was not significant (P = 0.08). Sections from 100 mM H2O2 preconditioned CPC hearts exhibited a significantly higher number
of Luc + vessels (E) compared to untreated CPC I/R hearts. Data are mean – SEM. Statistical significance was determined by
One-Way ANOVA followed by the Tukey–Kramer Post hoc test. #P < 0.01, n = 4–6. Scale bar = 20mM.

2422



early clinical trials, this may lead to future studies of H2O2

preconditioning as a potential therapeutic avenue in patients.
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