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Abstract

Cardiovascular disease remains the number one cause of morbidity and mortality in the world. With great
advances in medical and interventional therapies, patients who suffer from acute myocardial infarction have a longer
life expectancy than before, but gradually develop chronic heart failure in their later life due to irreversible loss of
cardiomyocytes. So far, heart transplantation is the only therapeutic option for advanced heart failure. However, the
shortage of donor organs largely limits its role as the gold standard therapy. In the past decades, stem cell-based
regenerative medicine has been proposed as a promising approach for the treatment of heart failure based on
numerous animal studies. A variety of potential stem cell types, including skeletal myoblasts and bone marrow-
derived stem cells, have been investigated in clinical trials for cardiac repair and regeneration, but have shown mixed
results in heart functional improvement or life-threatening disadvantages such as ventricular arrhythmia. On the
other hand, due to the advantages of autologous origin and cardiac-committed lineage, cardiac stem cell therapy has
emerged as a promising cell-based strategy for treatment of HF. Thus, this review discusses the current therapies for
heart failure and further focuses on stem cell therapy using different endogenous cardiac stem cells, purified by stem
cell surface markers (e.g., c-kit or Sca-1) or derived from explants via the formation of cardiospheres. In addition, the

potential effect of patient age on cell-based therapy for heart disease is discussed.

Keywords: Heart failure; Cardiac stem cell; Cardiosphere-derived
cells; Cell transplantation

Introduction

Cardiovascular disease is a leading cause of death worldwide
and becomes increasingly prevalent in the elderly population [1].
Irrespective of the aetiology, most cardiovascular diseases eventually
lead to heart failure (HF), which is progressive and irreversible.
Clinically, therapeutic options available for patients in severe HF are
limited. Thus, there is an urgent need for the development of a novel
approach to treatment of advanced HF.

In the last decade, a variety of stem cell types, including skeletal
myoblasts, bone marrow-derived stem cells (e.g., bone marrow
mononuclear cells), circulating progenitor cells and mesenchymal
stem cells, have been utilized in the treatment of patients with AMI or
chronic ischemic cardiomyopathy in clinical trials [2-5]. Unfortunately,
previous clinical studies have presented mixed results and none of these
cell types has been confirmed as the best candidate for cardiovascular
disease therapy in clinical trials conducted to date [3-6].

With increasing evidence, endogenous cardiac stem cells (CSCs)
represent an attractive and promising cell candidate for cardiac repair
and regeneration due to their autologous origin, cardiac-committed
fate, and ability to develop into three major myocardial lineages [7].
Hence, CSC therapy has emerged as a promising cell-based strategy
for treatment of HF. Over the past few years, transplantation of CSCs
has been shown to modulate the remodeling process, regenerate the
damaged myocardium and improve heart function in animal models
of myocardial infarction [8]. Recently, two phase I clinical studies,
SCIPIO and CADUCEUS, using c-kit+ CSCs and cardiosphere-
derived cells (CDCs), respectively, confirmed early short-term safety
and therapeutic efficacy (improvement in EF, reduced infarct size or
increased viable myocardium) in patients with ischemic heart failure
[9,10]. Although great advances have been seen in this field, many
relevant questions remain unanswered such as the optimal cell dosage
for treatment, best timing for cell transplantation and effect of patient
age on cell-based therapy. In this review, we focus on current therapies
of heart failure and recent research into resident cardiac stem cell

subpopulations, including the relationship between patient age and
regenerative capability of endogenous cells, thereby providing further
insights into cardiac stem cell-based therapy as a potential strategy for
heart failure treatment.

Heart Failure

According to the World Health Organization (WHO),
cardiovascular diseases (CVDs) are the major cause of death globally,
leading to an estimated 17.3 million deaths in 2008 [1]. Furthermore,
despite modern advances in therapy and management, the number of
annual deaths due to CVDs worldwide continues to increase; by 2030,
itis expected that nearly 23.6 million people will die from heart diseases
including HF [11,12].

The majority of cardiovascular disease is composed of cardiac
diseases which can be broadly divided into either ischemic (e.g.,
coronary artery disease and myocardial infarction) or non-
ischemic heart disease (e.g., valvular heart disease and hereditary
cardiomyopathy). Regardless of the underlying cause, however, HF is
the final common stage of many diseases associated with the heart [13].
Based on recent statistics, more than 900,000 people are living with HF
in the UK, which represents about 5% of medical hospitalizations [14].
Approximately 5.8 million people are affected with HF in the USA and
over 23 million worldwide [15]. Under medical treatment, 20-30% of
HF patients die in the first year of diagnosis and 45-60% after 5 years,

*Corresponding author: Carolyn Carr, DPhil., Department of Physiology,
Anatomy and Genetics, Sherrington Building, University of Oxford, Parks Road
Oxford OX1 3PT, United Kingdom, Tel: 01865 282247; Fax: 01865 282272;
E-mail: carolyn.carr@dpag.ox.ac.uk

Received April 12, 2013; Accepted May 08, 2013; Published May 10, 2013

Citation: Hsiao LC, Carr C (2013) Endogenous Cardiac Stem Cell Therapy for
Ischemic Heart Failure. J Clin Exp Cardiolog S11: 007. doi:10.4172/2155-9880.
S11-007

Copyright: © 2013 Hsiao LC, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Clin Exp Cardiolog

Cardiac Stem Cells

ISSN: 2155-9880 JCEC, an open access journal



Citation: Hsiao LC, Carr C (2013) Endogenous Cardiac Stem Cell Therapy for Ischemic Heart Failure. J Clin Exp Cardiolog S11: 007. doi:10.4172/2155-

9880.511-007

Page 2 of 5

respectively [11,16]. Thus, HF has become a major public health issue
in terms of high mortality rate and enormous healthcare expenditure
[17].

Current Therapies for Heart Failure

Medical therapy

Standard pharmacological agents for HF include diuretics,
angiotensin-converting-enzyme inhibitors (ACEIs), beta-blockers,
angiotensin-receptor blockers (ARBs), and aldosterone antagonists
[18]. The actions of these drugs are mainly through the modification
of ventricular remodeling and the systemic responses (i.e., sympathetic
and renin-angiotensin-aldosterone systems) [18]. Diuretics are useful
in the management of fluid retention to relieve symptoms such as
dyspnea [19,20]. As the first-line therapy, ACEIs have been shown to
improve symptoms, reduce ventricular size and increase the ejection
fraction (EF) modestly [19,20]. Like ACEIs, beta-blockers are also in
the list of first-line drugs in patients with HF, which can increase the
EF and relieve symptoms if tolerated. ARBs are similar in action to
ACEIs in patients with chronic HF [21,22]. The use of the aldosterone
antagonist (spironolactone) showed further reduction in symptoms,
hospitalization and mortality in severe HF patients receiving a diuretic,
an ACEI and a beta-blocker [23]. Other drugs, such as hydralazine/
isosorbide dinitrate and digoxin, can be prescribed to ameliorate
symptoms and improve quality of life depending on patients’ needs
[18].

Interventional therapy

Interventional therapy, which is less invasive than surgery,
includes percutaneous transluminal coronary angioplasty (PTCA),
implantable cardioverter-defibrillator (ICD) and biventricular cardiac
pacing (cardiac resynchronization therapy; CRT), which could benefit
patients with HF under certain circumstances. Elective PTCA improves
symptoms and heart function in patients with ischemic HF and viable
myocardium by coronary revascularization with or without the use
of stents. ICDs were shown to reduce mortality in HF patients with a
high risk of sudden cardiac death in a systemic review of randomized
controlled trials [24]. Moreover, as many as one third of patients
with severe HF develop intra-ventricular conduction delays, which
are associated with dyssynchronized contraction of the left ventricle,
resulting in inefficient pumping work [16-18]. Based on clinical
randomized trials, CRT was shown to reduce symptoms, improve heart
function and increase survival rate in selected patients, when added to
optimal medical therapy [25-28]. Importantly, CRT did not lead to
a reduction in mortality rate in patients with a relatively low risk of
death [18]. As a result, the use of CRT is recommended in subjects with
severe HF, an EF less than 35%, sinus rhythm and a wide QRS complex
(>120 msec) [19,20].

Surgical therapy

Coronary artery bypass graft (CABG) is an effective treatment in
patients with chronic ischemic cardiomyopathy, still suffering from
angina or reversible myocardial ischemia, and leads to better outcomes
than medical therapy [29]. The gold standard therapy for end-stage HF
remains heart transplantation, which improves patients’ symptoms
(95% symptom-free rate) and extends their life span with about 90%
1-year survival and 60% 10-year survival [30,31]. Nevertheless, patients
receiving heart transplantation require lifelong immunosuppression
and face the possibilities of severe post-operative complications,
such as primary graft failure (PGF), and transplant vasculopathy [32].
Furthermore, only 5,000 heart transplants are carried out annually

in more than 300 countries and, unfortunately, 10% of terminal HF
patients on the waiting list for transplantation die every year because
of limited organ supply and long waiting times [33,34]. Its impact
is therefore epidemiologically trivial in light of a global population
in need [35]. Mechanical circulatory support (MCS) with the left
ventricular assist device (LVAD) has been used as bridge-to-transplant
(BTT) or bridge-to-recovery (BTR) therapies over the past decade
[31]. In addition, because of its efficacy in BTT and BTR and with the
development of newer LVADs with continuous-flow pumps, the long-
term use for end-stage HF patients who are ineligible for transplantation
(i.e., destination therapy; DT) is becoming more prevalent [36-38].
LVAD resulted in 1-year survival of nearly 80% and improvements in
symptoms and quality of life in patients with advanced or end-stage
HF [39]. However, the use of LVAD still causes around 5-10% peri-
operative mortality and is linked to frequent short- and long-term
complications such as infection, bleeding and device failure [39].

Limitations of current therapy for heart failure

Pathophysiologically, HF is characterized by an irreversible loss
of cardiac myocytes and residual fibrotic scar tissue, which results
in progressive deterioration of cardiac function [2]. Over the past
decades, great advances in pharmaceuticals, device technology and
surgery have alleviated symptoms, improved quality of life and reduced
mortality in patients with cardiovascular disease [18]. However, apart
from transplantation, the treatments available to date are unable to
reverse the state of HF or prevent the progression to end-stage HF as
the lost functional myocardium is not replaced by these approaches.
Unfortunately, furthermore, the number of available donor organs [37]
significantly restricts the definitive therapy - cardiac transplantation -.
Accordingly, it is hoped to develop a novel therapeutic method that can
efficiently repair and regenerate the damaged myocardium, eventually
structurally and functionally restoring the heart. Recently, cell-based
cardiac repair and regeneration with cell transplantation has emerged
as a promising strategy that aims to replace cardiomyocyte loss after
myocardial injury.

Endogenous cardiac stem cells

Traditionally, the heart has been considered a terminally
differentiated, post-mitotic organ without the capability of
regenerating itself. However, this view has recently been questioned
by the discovery of resident cardiac stem/progenitor cells in the heart
of several species including mouse [40,41], rat [42,43], dog [44], pig
[45,46] and human [47,48]. Furthermore, a study by Hsieh et al. using
a genetic fate-mapping approach, demonstrated that CSCs replenished
adult mammalian cardiomyocytes lost after injury due to myocardial
infarction or pressure overload [49]. These different subpopulations of
resident cardiac stem cells have been identified and classified based on
their properties and various surface markers such as c-kit and Sca-1.

Types of Cardiac Stem Cells
Cardiac c-kit+ stem cells

C-kit (CD117), the tyrosine kinase receptor for the stem cell factor,
was initially reported to be expressed on the surface of hematopoietic
stem cells [50]. In 2003, Beltrami and colleagues described for the first
time the discovery of a subpopulation of Lin- and c-kit+ CSCs in the rat
heart, which are clonogenic, multipotent and capable of self-renewal
[42]. Some cells of this population were found to co-express cardiac
specific transcription factors such as Gata4, Gata5, Nkx2.5 and MEF2C,
suggesting that they were at the early stage of differentiation committed
to myocardial lineages. These c-kit+ cells showed remarkable potential
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to differentiate into all cardiac lineages and regenerated the damaged
myocardium in a rat model of MI [42]. Subsequently, Bearzi et al.
developed methods for isolation and expansion of c-kit+ human
CSCs (hCSCs) from small myocardial specimens. When injected
into immunocompromised rats and mice, these cells differentiated
into cardiomyocytes and improved the LV performance of infarcted
hearts [51]. Some studies have shown that c-kit+ cells are triggered
and regenerate new cardiomyocytes in response to pathological
lesions [52,53]. In addition, endogenous c-kit+ cells can be activated
to promote myocardial repair through the mediation of insulin-like
growth factor-1 (IGF-1) and hepatocyte growth factor (HGF) [46,54].
Endogenous Lin- c-kit+ cells are very rare within the myocardium
(on average, 1 in every 104 myocytes), which makes it imperative to
isolate and expand c-kit+ cells for a certain period to generate clinically
relevant numbers [42]. Nevertheless, it was reported that c-kit+ CSCs
can be expanded through growth in culture beyond the population
doubling limit of somatic cells (> 40) and long-term in vitro culture
up-regulated Gata4 expression, resulting in enhanced cardiomyogenic
differentiation [55]. Moreover, intracoronary transplantation of c-kit+
CSCs has been shown to reverse adverse remodeling, improve heart
function (EF) and stimulate endogenous cardiac stem cells in infarcted
rat hearts [56].

Because of the inspiring evidence in pre-clinical animal studies, the
first phase I human clinical trial using endogenous c-kit+ stem cells in
patients with ischemic heart disease has been initiated. The SCIPIO
trial by Bolli et al. was designed to examine the safety and efficacy of
intracoronary delivery of autologous CSCs, comprising expanded c-kit-
expressing cells from right atrial appendages, in patients with ischemic
cardiomyopathy. The initial results, published in the November 2011
issue of Lancet, are encouraging, confirming the safety and feasibility,
and providing the evidence which shows intracoronary infusion of
autologous c-kit+ CSCs leads to a significant improvement in LV
systolic function and a substantial reduction in scar size at one year
follow up [9].

Cardiac sca-1+ stem cells

Sca-1 (stem cell antigen-1), a member of the Ly-6 family, was
first described as one of the cell surface antigens expressed on
hematopoietic stem cells [57]. Multipotent stem cells derived from
bone marrow and skeletal muscles express Sca-1 [58-60]. Thereafter,
several groups identified various heterogeneous subpopulations of Sca-
1+ cells based on different subsets of markers co-expressed with Sca-1
[61].1In 2003, Oh et al. were the first to isolate Sca-1+/CD31+ stem cells
from the adult mouse heart, which were negative for blood cell lineage
markers, c-kit, flt-1, flk-1, CD34, and CD45, but expressed cardiac
transcription factors such as Gata4, MEF2C and TEF-1. These cells
could differentiate into cardiomyocytes with expression of cardiac-
specific genes (Nkx2.5, ¢Tnl, and MHC) upon stimulation with the
demethylation agent 5-azacytidine [62]. In addition, Matsuura et al.
reported that a population of Sca-1+, c-kit+, CD34+ and CD45+ cells
gave rise to spontaneous beating cardiomyocytes and the differentiated
cells showed expression of cardiac transcription factors and contractile
proteins when treated with oxytocin [63]. Transplantation of Sca-1+/
CD31- cells resulted in improved LVEF following MI by cardiomyocyte
regeneration and myocardial neovascularisation through paracrine
effects, suggesting an in vivo therapeutic potential [64].

Accumulating evidence in many studies has suggested that cardiac
Sca-1+ stem cells from mouse heart are self-renewing, clonogenic, and
multipotent, and have the potential to differentiate into cardiomyocytes

both in vitro and in vivo [62,63,65,66]. However, the human equivalent
of the murine Sca-1 surface marker has not yet been identified. Smits
et al. isolated and expanded a population of cardiac-derived Sca-
1-like cells (human cardiomyocyte progenitor cells) from fetal and
adult human hearts by clonal expansion or MACS isolation using the
antibody targeted at mouse Sca-1. Furthermore, they demonstrated
that these cells could be differentiated into beating cardiomyocytes
with high efficiency (80-90%) after treatment with 5-azacytidine and
vitamin C/transforming growth factor-B in a chronological order [67].
However, these cells are yet to be studied in a clinical trial.

Cardiac side population cells

The side population (SP) cells, characterized by their ability to
efflux Hoechst 33342 (a DNA-binding dye) via the transporter, ATP-
binding cassette sub-family G member 2 (ABCG2; CDw338), have been
identified in several adult tissues such as bone marrow and skeletal
muscle [68]. Hierlihy et al. were the first to report the existence of a
cardiac SP cell population with stem cell-like activity and the potential
of cardiomyogenic differentiation in the postnatal murine myocardium
[69]. It has been shown that adult cardiac side population cells are
heterogeneous in nature, consisting of distinct subpopulations of cells
expressing c-kit, Sca-1, CD31, CD34, VE-cadherin, mesenchymal
progenitors, vascular endothelial cells and cardiomyogenic precursors
[70]. Several studies have reported that cardiac side population cells
found in rodents are able to give rise to three major cardiac lineage
cardiomyocytes, endothelial cells and smooth muscle cells in vitro
[71-73]. In vivo, it was shown that these cells homed to the damaged
myocardium and differentiated into three cardiac lineages when
infused into adult rats [73]. Furthermore, Liang et al. demonstrated
that a subset of cardiac SP cells (Sca-1+/CD31-) migrated to the injured
site and gave rise to cardiomyocytes or endothelial cells through the
SDF-1/CXCR4 system in a murine model of myocardial ischemia
[74]. Cardiac SP cells have shown the potential for the commitment
of cardiovascular lineages both in vitro and in vivo, however, more
research is required to investigate their therapeutic effects on cardiac
function upon transplantation into a myocardial ischemic model.

Cardiospheres and cardiosphere-derived cells

Messina et al. described a method to culture cardiac stem cells
via the formation of multicellular clusters, termed cardiospheres,
from mouse heart explants and human ventricular biopsies. These
cardiospheres were clonogenic and expressed c-kit, Sca-1, and CD31,
CD34, and Flk-1 based on immunophenotypic and flow cytometric
analyses [40]. Mouse cardiospheres spontaneously contracted after
their generation, but human cardiospheres were seen to beat only
after coculture with rat cardiomyocytes, nevertheless, both indicated
that these CSC populations have the potential to differentiate into
cardiomyocytes. Furthermore, murine cardiospheres were shown to
differentiate into cardiomyocytes with contractility as well as vascular
cells when transplanted into the ischemic heart of immunodeficient
mice [40].

Subsequently, Smith et al. modified the protocol described by
Messina’s group to substantially expand cardiosphere-derived cells
(CDCs) in vitro and showed myocardial regeneration and functional
improvement when these cells were injected into the infarcted mouse
heart [48]. In contrast to other populations of CSCs, cardiospheres and
CDCs have been reported to contain a mixed population consisting
of c-kit+ and Sca-1+ cardiac progenitor cells, and cells expressing
CD90 (cardiac mesenchymal-related) and CD31/CD34 (endothelial
progenitor-related) markers [40,48,75,76]. Intracoronary delivery
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of autologous CDCs led to the formation of new tissue, reduction in
infarct size and improvement of haemodynamics in a pig model of
ischemic cardiomyopathy [45].

Based on most experimental studies, however, it should be
highlighted that the number of newly formed cardiac myocytes
from transplanted stem cells is too small to be proportional to the
improvement observed in heart function [56]. This phenomenon could
be attributable to the combination of poor cell engraftment and low
cardiomyogenic potential in vivo following the introduction of stem
cells into the injured myocardium [77]. Alternatively, the paracrine
hypothesis is now widely believed to play a major role in the beneficial
action of transplanted stem cells via the secretion of various cytokines
and growth factors, such as VEGF, HGF and IGF-1 [78-80]. It has
been reported that in human CDC populations, unselected mixed
CDCs significantly improved heart function in comparison to c-kit-
sorted CSCs, as determined by ejection fraction, when implanted into
infarcted immunodeficient mice [81]. Furthermore, Chimenti et al.
characterized potential actions of paracrine factors in human CDC
transplantation and concluded that the contribution of the indirect
effect rivals or exceeds that of direct myocardial regeneration [79]. In
addition, Li et al. reported that human CDCs exhibited relatively high
production of various growth factors, including angiopoietin-2, bFGF,
HGF, SDF-1, IGF-1, and VEGEF, and resulted in superior improvement
of cardiac function compared with BM-MSCs, BM-MNCs and adipose
tissue-derived MSCs [80].

Collectively, it is possible that the cardiac progenitor cells could
readily engraft, differentiate and function when transplanted into the
injured myocardium in the presence of cardiac mesenchymal stem
cells and endothelial progenitor cells via synergistic paracrine effects
[76,82]. In short, so far, cardiospheres and CDCs have been isolated
and used for treatment of ischemic heart disease in various animal
models, including mouse [40,75], rat [43,83], and pig [45,84], and
shown evidence of new cardiomyocyte formation or beneficial effects
on cardiac function.

After the accumulation of promising results, the CADUCEUS trial,
led by Marban et al. aimed to investigate the effects of autologous CDC
transplantation via the intracoronary route in patients with a recent
MI and ischemic left ventricular dysfunction. The results, published in
Lancet early in 2012, were that intracoronary infusion of autologous
CDC contributed to significant increases in viable myocardium,
regional contractility and regional systolic wall thickening despite no
significant change in LVEF, which might be explained by the fact that
EF at baseline was only moderately impaired (39%), leaving little room
for improvement by 6 months [10]. Because of the positive findings,
further research with longer follow-up and larger, phase 2 studies are
required to confirm the true and persistent clinical benefits.

Islet-1+ cardiovascular progenitors

Laugwitz et al. reported the identification of a subpopulation
of cardiovascular progenitor cells in postnatal mouse, rat and
human myocardium, which express an embryonic marker of LIM-
homeodomain transcription factor Islet-1 (Isl1) [85]. During cardiac
development, Isletl+ progenitor cells, derived from the second heart
field, contribute to the right ventricle, outflow tract and partial atria
[86]. The number of these cells is very low at postnatal ages with between
500 and 600 cells per heart [87]. As demonstrated by Itzhaaki-Alfia et
al., cultured cells derived from right atrium, obtained from patients by
surgery or endomyocardial biopsy, produced higher percentages of
islet-1+ cell population (7%) compared with left atrium, right ventricle

and left ventricle (varying from 1% to 2.8%) [88]. Islet-1+ progenitors
are negative for c-kit, Sca-1 and CD31, but co-express the cardiac
specific transcription factors Nkx2.5 and Gata4; importantly they have
the potential to differentiate into smooth muscle cells, endothelial
cells and fully functional cardiomyocytes [85,89]. Although Islet-1+
progenitor cells may represent an attractive cell source for cardiac
repair and regeneration, previous studies showed that the Islet-1+
progenitor population rapidly declines shortly after birth, which
may limit their clinical application in the adult patients [7,87,90,].
Interestingly, there are several recent studies showing that the number
of islet-1+ cells in rat and mouse hearts remained steady from neonatal
life up to adulthood, albeit at a very low level [91-93]. It is believed that
further research could provide more insights into whether this type of
stem cells is a possible source for future cardiac therapy.

Epicardium-derived stem cells

Another source of endogenous resident cardiac progenitor cells
with regenerative potential for the adult heart is the epicardium,
with several groups reporting the discovery of epicardium-derived
myocardial and vascular progenitors in embryonic mouse and adult
human heart [94-98]. During heart development, a subset of epicardial
cells, known as epicardium-derived cells (EPDCs), delaminate from
the epicardium and subepicardium and migrate into the myocardium
through a process of epithelial-to-mesenchymal transition (EMT) prior
to differentiation into specialized cells [99]. EPDCs are multipotent in
both embryonic and adult hearts, capable of giving rise to adventitial
fibroblasts, coronary smooth muscle cells, endothelial cells and
cardiomyocytes [7,61,100].

Adult human EPDCs were found to reduce remodelling and
increase ejection fraction when transplanted into an immunodeficient
mouse model of myocardial infarction [101]. Moreover, Smart et al.
reported that the activation of quiescent EPDCs in the adult mouse heart
can be enhanced using a naturally occurring protein called thymosin
beta 4 (TP4; a small actin-binding protein that activates integrin-linked
kinase). This stimulating factor releases the EPDCs from a dormant
state and restores their progenitor cell potential with differentiation
into cardiomyocytes after their migration to the damaged site of the
heart [94,102]. Although the induction of cardiomyocyte differentiation
by TP4 is not efficient at present, this strategy also provides another
prospective means of stem cell-based cardiac therapy through in
situ activation of resident cardiac progenitor cells by specific factors
without additional complications of isolation and expansion ex vivo
and possible problems like low retention and engraftment, relative to
cell transplantation [7,103].

Effect of age on isolation and function of cardiac stem cells

It has been proposed that there is a general decline in the number
and/or function of stem cells with increased age in various stem cell
types [104]. Hill et al. demonstrated an inverse correlation between
the number of circulating endothelial progenitor cells and age [105].
Additionally, it has been suggested that increasing age resulted in
a reduction of acquired cell number and angiogenic potential in
adipose tissue-derived progenitor cells [106]. Likewise, some studies
have shown a link between age and decreased self-renewing ability
in endothelial progenitor cells [107], c-kit positive cells in the testis
and epididymis of rats [108] and neural stem cells [109]. A study by
Scheubel et al. also reported that aging inhibits endothelial progenitor
cell mobilization in patients undergoing CABG [110]. Moreover,
other researchers have suggested that aging is involved in mediating
intrinsic characteristics of stem cells, such as cell growth, proliferation,
differentiation, and senescence [77,111-114].
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Clearly, epidemiological studies show that heart diseases are more
prevalent among the elderly population [115]. From a clinical point
of view, chronological aging is an inevitable fact and may link to the
biological state of tissue-specific stem cells and the disease phenotype
of patients [116, 117]. These issues potentially interfere with cell
acquisition in terms of clinically relevant quantity and therapeutic
potential. When considering the applications of autologous CSCs,
therefore, it is important to understand the impacts of age on CSC
isolation, expansion and regenerative potential. Using CDCs derived
from mice, our lab found that the numbers of CDCs were significantly
reduced from the older mice relative to the younger animals (aged
from 1.5 to 24 months). In addition, the amount of cardiac stem cells,
which expressed c-kit or Sca-1, was persistently down-regulated in
CDC populations with increasing age (unpublished data). This is
consistent with a human CDC study by Mishra et al., which confirmed
that c-kit expression and CDC proliferation declined with advancing
age ranging from neonates to teenagers [118]. Furthermore, the same
group published another paper demonstrating that when injected into
infarcted myocardium, neonatal-derived CDCs had a significantly
higher regenerative potential compared with adult-derived CDCs [119].
Reduction of proliferative capacity and degeneration in differentiation
potential were reported to be related to the shortening of telomeres and
telomerase deficiency in aged haematopoietic stem cells [113,120,121]
and Torella et al. found that the percentage of c-kit* cells showing
evidence of senescence expression (i.e., p16™), shortened telomere
length and apoptosis was elevated in older wild-type mice [122].

In fact, aging is extremely complex and involves multiple
mechanisms at various levels (ie., molecular, cellular, organic
and organismal) [123]. Although the exact interactions between
senescence-related signalling pathways remain to be ascertained,
theories have been proposed to explain the aging process, including
theories of somatic mutation, mitochondrial DNA (mtDNA) mutation
and telomere loss [123]. Furthermore, a variety of intrinsic and
extrinsic systems are involved in the regulation of stem cell number
and biological performance along with aging, such as cell-to-ECM,
telomere-telomerase, growth factor-receptor, and ROS-antioxidant
defence systems [122,124]. For instance, the IGF-1/IGF-1 receptor
(IGF-1R) system preserves the pool of endogenous CSCs through
enhancing telomerase activity and delaying senescence by activating
the PI3K-Akt pathway, indicating that IGF-1 may protect CSCs
against adverse aging effects [122]. It has been shown that the IGF-1/
IGF-1R axis exists in cardiac stem cells in very old animals, but the
IGF-1 synthesis and the IGF-1R expression are found to decrease in
aging human CSCs [122,125,126]. In this regard, preconditioning of
cultured resident CSCs in old age by over-expressing telomerase or
up-regulation of favourable growth factor signalling may improve the
regenerative capabilities of survival, growth and differentiation in vivo
following transplantation [104,124,127]. Furthermore, in our group,
hypoxic culture as a preconditioning treatment not only significantly
increased cell yield but also enhanced telomerase levels and secretion
of paracrine factors (e.g., VEGF and EPO) in rat CDCs (Tan et al. in
review). In short, further understanding of the interactions between age
and CSC characteristics has significant clinical implications to enhance
the therapeutic ability of adult-derived CSCs in the use of stem cells for
cardiac therapy [119].

Finally, it should be noted that CSCs can be cultured from
failing human hearts, but pathological processes may influence the
endogenous CSC pool function, as shown by Cesselli et al. [128]. In our
lab, we found that CDCs could be produced from mice aged from 1.5
to 24 months despite adverse effect of age on cell biological properties

(unpublished). Likewise, Itzhaaki-Alfia and colleagues demonstrated
that human c-kit+ CSCs can be isolated and expanded from the right
atrium of most patients aged 50 to 75 years undergoing heart surgery,
such as CABG, valve replacement and heart transplantation [88].
Furthermore, D’Amario et al. reported that c-kit+ CSCs isolated from
the diseased myocardium (RV septum apex or LV apical region) in
patients with advanced heart failure were functionally competent, as
measured by telomere length and telomerase level, all indicating that
autologous CSC therapy is realistic and can therefore be considered for
use in the treatment of patients with severe heart failure [129].

Conclusions

In summary, it is nearly 10 years since the identification of
endogenous cardiac stem cells. Based on numerous experimental
studies and recent clinical trials, there has been growing evidence
showing that cardiac stem cells can be grown as autologous cells for
cardiac therapy, especially c-kit* CSCs and CDCs, as demonstrated by
feasibility, safety and functional improvement. Importantly, regardless
of age or disease, cardiac stem cells have been isolated and expanded
from the diseased heart from most patients [128,88,130]. This means
that cell transplantation with autologous CSCs is a viable treatment in
routine clinical practice. On the other hand, it is worthy of mention
that among the various cardiac stem cells, CDCs comprise mixed
subpopulations and can give rise to major cardiac lineages. In addition,
CDCs are able to secrete a variety of cytokines and growth factors
in support of paracrine effects. In the future, more basic research
and large well-designed clinical studies are needed to further our
understanding of underlying mechanisms of functional improvement
and improve cell culture methods for optimal quality and quantity of
adult-derived CSCs. With rapid progress in stem cell biology, in spite
of huge challenges, the approach using cardiac stem cell-based therapy
looks promising for treatment of patients with ischemic heart failure.

Acknowledgements

This work was supported by the British Heart Foundation (grant number
PG/07/059/23259).

Conflicts of Interest

The authors declare no potential conflicts of interest.
References
1. World Health Organization Statistics (2008). BHF Statistics webstie.

2. Murry CE, Field LJ, Menasché P (2005) Cell-based cardiac repair: reflections
at the 10-year point. Circulation 112: 3174-3183.

3. Segers VF, Lee RT (2008) Stem-cell therapy for cardiac disease. Nature 451:
937-942.

4. Dimmeler S, Zeiher AM (2009) Cell therapy of acute myocardial infarction:
open questions. Cardiology 113: 155-160.

5. Hansson EM, Lindsay ME, Chien KR (2009) Regeneration next: toward heart
stem cell therapeutics. Cell Stem Cell 5: 364-377.

6. Hsiao LC, Carr C, Chang KC, Lin SZ, Clarke K (2012) Review Article: Stem
Cell-based Therapy for Ischemic Heart Disease. Cell Transplant .

7. Bollini S, Smart N, Riley PR (2011) Resident cardiac progenitor cells: at the
heart of regeneration. J Mol Cell Cardiol 50: 296-303.

8. Leri A, Kajstura J, Anversa P, Frishman WH (2008) Myocardial regeneration
and stem cell repair. Curr Probl Cardiol 33: 91-153.

9. Bolli R, Chugh AR, D’Amario D, Loughran JH, Stoddard MF, et al. (2011)
Cardiac stem cells in patients with ischaemic cardiomyopathy (SCIPIO): initial
results of a randomised phase 1 trial. Lancet 378: 1847-1857.

10. Makkar RR, Smith RR, Cheng K, Malliaras K, Thomson LE, et al. (2012)
Intracoronary cardiosphere-derived cells for heart regeneration after myocardial

J Clin Exp Cardiolog

Cardiac Stem Cells

ISSN: 2155-9880 JCEC, an open access journal


http://www.heartstats.org.
http://www.ncbi.nlm.nih.gov/pubmed/16286608
http://www.ncbi.nlm.nih.gov/pubmed/16286608
http://www.ncbi.nlm.nih.gov/pubmed/18288183
http://www.ncbi.nlm.nih.gov/pubmed/18288183
http://www.ncbi.nlm.nih.gov/pubmed/19122455
http://www.ncbi.nlm.nih.gov/pubmed/19122455
http://www.ncbi.nlm.nih.gov/pubmed/19796617
http://www.ncbi.nlm.nih.gov/pubmed/19796617
http://www.ncbi.nlm.nih.gov/pubmed/23044395
http://www.ncbi.nlm.nih.gov/pubmed/23044395
http://www.ncbi.nlm.nih.gov/pubmed/20643135
http://www.ncbi.nlm.nih.gov/pubmed/20643135
http://www.ncbi.nlm.nih.gov/pubmed/18243902
http://www.ncbi.nlm.nih.gov/pubmed/18243902
http://www.ncbi.nlm.nih.gov/pubmed/22088800
http://www.ncbi.nlm.nih.gov/pubmed/22088800
http://www.ncbi.nlm.nih.gov/pubmed/22088800
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://www.ncbi.nlm.nih.gov/pubmed/22336189

Citation: Hsiao LC, Carr C (2013) Endogenous Cardiac Stem Cell Therapy for Ischemic Heart Failure. J Clin Exp Cardiolog S11: 007. doi:10.4172/2155-

9880.511-007

Page 6 of 5

20.

2

=

22.

23.

24,

2

(&

26.

2

<

2

oo

2

©

30.

infarction (CADUCEUS): a prospective, randomised phase 1 trial. Lancet 379:
895-904.

. Levy D, Kenchaiah S, Larson MG, Benjamin EJ, Kupka MJ, et al. (2002) Long-

term trends in the incidence of and survival with heart failure. N Engl J Med
347: 1397-1402.

. Costanzo MR, Mills RM, Wynne J (2008) Characteristics of “Stage D” heart

failure: insights from the Acute Decompensated Heart Failure National Registry
Longitudinal Module (ADHERE LM). Am Heart J 155: 339-347.

. Bui AL, Horwich TB, Fonarow GC (2011) Epidemiology and risk profile of heart

failure. Nat Rev Cardiol 8: 30-41.

. Calvert MJ, Shankar A, McManus RJ, Ryan R, Freemantle N (2009) Evaluation

of the management of heart failure in primary care. Fam Pract 26: 145-153.

.Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, et al. (2011) Heart

disease and stroke statistics--2011 update: a report from the American Heart
Association. Circulation 123: e18-18e209.

. Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, et al. (2010) Heart

disease and stroke statistics--2010 update: a report from the American Heart
Association. Circulation 121: e46-€215.

. Norton C, Georgiopoulou VV, Kalogeropoulos AP, Butler J (2011) Epidemiology

and cost of advanced heart failure. Prog Cardiovasc Dis 54: 78-85.

. McMurray JJ (2010) Clinical practice. Systolic heart failure. N Engl J Med 362:

228-238.

. Dickstein K, Cohen-Solal A, Filippatos G, McMurray JJ, Ponikowski P, et al.

(2008) ESC guidelines for the diagnosis and treatment of acute and chronic
heart failure 2008: the Task Force for the diagnosis and treatment of acute and
chronic heart failure 2008 of the European Society of Cardiology: developed
in collaboration with the Heart Failure Association of the ESC (HFA) and
endorsed by the European Society of Intensive Care Medicine (ESICM). Eur
J Heart Fail 10: 933-989.

Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, et al. (2009)
2009 focused update incorporated into the ACC/AHA 2005 Guidelines for the
Diagnosis and Management of Heart Failure in Adults: a report of the American
College of Cardiology Foundation/American Heart Association Task Force on
Practice Guidelines: developed in collaboration with the International Society
for Heart and Lung Transplantation. Circulation 119: €391-479.

.Cohn JN, Tognoni G; Valsartan Heart Failure Trial Investigators (2001) A

randomized trial of the angiotensin-receptor blocker valsartan in chronic heart
failure. N Engl J Med 345: 1667-1675.

Granger CB, McMurray JJ, Yusuf S, Held P, Michelson EL, et al. (2003) Effects
of candesartan in patients with chronic heart failure and reduced left ventricular
systolic function intolerant to angiotensin-converting-enzyme inhibitors: the
CHARM-Alternative trial. Lancet 362: 772-776.

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, et al. (1999) The effect of
spironolactone on morbidity and mortality in patients with severe heart failure.
Randomized Aldactone Evaluation Study Investigators. N Engl J Med 341: 709-
717.

Ezekowitz JA, Armstrong PW, McAlister FA (2003) Implantable cardioverter
defibrillators in primary and secondary prevention: a systematic review of
randomized, controlled trials. Ann Intern Med 138: 445-452.

. McAlister FA, Ezekowitz JA, Wiebe N, Rowe B, Spooner C, et al. (2004)

Systematic review: cardiac resynchronization in patients with symptomatic
heart failure. Ann Intern Med 141: 381-390.

Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, et al. (2004) Cardiac-
resynchronization therapy with or without an implantable defibrillator in
advanced chronic heart failure. N Engl J Med 350: 2140-2150.

. Cleland JG, Daubert JC, Erdmann E, Freemantle N, Gras D, et al. (2005) The

effect of cardiac resynchronization on morbidity and mortality in heart failure. N
Engl J Med 352: 1539-1549.

. Bradley DJ, Bradley EA, Baughman KL, Berger RD, Calkins H, et al. (2003)

Cardiac resynchronization and death from progressive heart failure: a meta-
analysis of randomized controlled trials. JAMA 289: 730-740.

. McCarthy PM (2008) Surgical therapies for post-myocardial infarction patients.

Am J Cardiol 102: 42G-46G.

Taylor DO, Edwards LB, Boucek MM, Trulock EP, Aurora P, et al. (2007)
Registry of the International Society for Heart and Lung Transplantation: twenty-

3

=

32.

3

w

34.

35.

36.

3

S

38.

39.

40.

4

iy

42.

43.

44,

4

(S}

46.

47.

48.

49.

50.

5

o

fourth official adult heart transplant report-2007. J Heart Lung Transplant 26:
769-781.

. Popov AF, Hosseini MT, Zych B, Mohite P, Hards R, et al. (2012) Clinical

experience with HeartWare left ventricular assist device in patients with end-
stage heart failure. Ann Thorac Surg 93: 810-815.

Kumarasinghe G, Hicks M, Watson A, Gao L, Doyle A, et al. Primary graft
failure after heart transplantation. J Transplant 2011: 1-9.

.Russell SD, Miller LW, Pagani FD (2008) Advanced heart failure: a call to

action. Congest Heart Fail 14: 316-321.

Stehlik J, Edwards LB, Kucheryavaya AY, Aurora P, Christie JD, et al. (2010)
The Registry of the International Society for Heart and Lung Transplantation:
twenty-seventh official adult heart transplant report--2010. J Heart Lung
Transplant 29: 1089-1103.

Rose EA, Gelijns AC, Moskowitz AJ, Heitjan DF, Stevenson LW, et al. (2001)
Long-term use of a left ventricular assist device for end-stage heart failure. N
Engl J Med 345: 1435-1443.

Caccamo M, Eckman P, John R (2011) Current state of ventricular assist
devices. Curr Heart Fail Rep 8: 91-98.

. Strueber M, O’Driscoll G, Jansz P, Khaghani A, Levy WC, et al. (2011)

Multicenter evaluation of an intrapericardial left ventricular assist system. J Am
Coll Cardiol 57: 1375-1382.

Shah KB, Tang DG, Cooke RH, Kontos MC, Lewis NP, et al. (2012) Evaluating
heart failure after implantation of mechanical circulatory support devices. Curr
Heart Fail Rep 9: 65-74.

Lund LH, Matthews J, Aaronson K (2010) Patient selection for left ventricular
assist devices. Eur J Heart Fail 12: 434-443.

Messina E, De Angelis L, Frati G, Morrone S, Chimenti S, et al. (2004) Isolation
and expansion of adult cardiac stem cells from human and murine heart. Circ
Res 95: 911-921.

.Urbanek K, Cesselli D, Rota M, Nascimbene A, De Angelis A, et al. (2006)

Stem cell niches in the adult mouse heart. Proc Natl Acad Sci U S A 103:
9226-9231.

Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, et al. (2003) Adult
cardiac stem cells are multipotent and support myocardial regeneration. Cell
114: 763-776.

Carr CA, Stuckey DJ, Tan JJ, Tan SC, Gomes RS, et al. (2011) Cardiosphere-
derived cells improve function in the infarcted rat heart for at least 16 weeks--an
MRI study. PLoS One 6: €25669.

Linke A, Miiller P, Nurzynska D, Casarsa C, Torella D, et al. (2005) Stem cells
in the dog heart are self-renewing, clonogenic, and multipotent and regenerate
infarcted myocardium, improving cardiac function. Proc Natl Acad Sci U S A
102: 8966-8971.

. Johnston PV, Sasano T, Mills K, Evers R, Lee ST, et al. (2009) Engraftment,

differentiation, and functional benefits of autologous cardiosphere-derived cells
in porcine ischemic cardiomyopathy. Circulation 120: 1075-1083, 7 p following
1083.

Ellison GM, Torella D, Dellegrottaglie S, Perez-Martinez C, Perez de Prado
A, et al. (2011) Endogenous cardiac stem cell activation by insulin-like growth
factor-1/hepatocyte growth factor intracoronary injection fosters survival and
regeneration of the infarcted pig heart. J Am Coll Cardiol 58: 977-986.

Urbanek K, Quaini F, Tasca G, Torella D, Castaldo C, et al. (2003) Intense
myocyte formation from cardiac stem cells in human cardiac hypertrophy. Proc
Natl Acad Sci U S A 100: 10440-10445.

Smith RR, Barile L, Cho HC, Leppo MK, Hare JM, et al. (2007) Regenerative
potential of cardiosphere-derived cells expanded from percutaneous
endomyocardial biopsy specimens. Circulation 115: 896-908.

Hsieh PC, Segers VF, Davis ME, MacGillivray C, Gannon J, et al. (2007)
Evidence from a genetic fate-mapping study that stem cells refresh adult
mammalian cardiomyocytes after injury. Nat Med 13: 970-974.

Lyman SD, Jacobsen SE (1998) c-kit ligand and FIt3 ligand: stem/progenitor
cell factors with overlapping yet distinct activities. Blood 91: 1101-1134.

. Bearzi C, Rota M, Hosoda T, Tillmanns J, Nascimbene A, et al. (2007) Human

cardiac stem cells. Proc Natl Acad Sci U S A 104: 14068-14073.

J Clin Exp Cardiolog

Cardiac Stem Cells

ISSN: 2155-9880 JCEC, an open access journal


http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://www.ncbi.nlm.nih.gov/pubmed/22336189
http://www.ncbi.nlm.nih.gov/pubmed/12409541
http://www.ncbi.nlm.nih.gov/pubmed/12409541
http://www.ncbi.nlm.nih.gov/pubmed/12409541
http://www.ncbi.nlm.nih.gov/pubmed/18215606
http://www.ncbi.nlm.nih.gov/pubmed/18215606
http://www.ncbi.nlm.nih.gov/pubmed/18215606
http://www.ncbi.nlm.nih.gov/pubmed/21060326
http://www.ncbi.nlm.nih.gov/pubmed/21060326
http://www.ncbi.nlm.nih.gov/pubmed/19153098
http://www.ncbi.nlm.nih.gov/pubmed/19153098
http://www.ncbi.nlm.nih.gov/pubmed/21160056
http://www.ncbi.nlm.nih.gov/pubmed/21160056
http://www.ncbi.nlm.nih.gov/pubmed/21160056
http://www.ncbi.nlm.nih.gov/pubmed/20019324
http://www.ncbi.nlm.nih.gov/pubmed/20019324
http://www.ncbi.nlm.nih.gov/pubmed/20019324
http://www.ncbi.nlm.nih.gov/pubmed/21875507
http://www.ncbi.nlm.nih.gov/pubmed/21875507
http://www.ncbi.nlm.nih.gov/pubmed/20089973
http://www.ncbi.nlm.nih.gov/pubmed/20089973
http://www.ncbi.nlm.nih.gov/pubmed/18826876
http://www.ncbi.nlm.nih.gov/pubmed/18826876
http://www.ncbi.nlm.nih.gov/pubmed/18826876
http://www.ncbi.nlm.nih.gov/pubmed/18826876
http://www.ncbi.nlm.nih.gov/pubmed/18826876
http://www.ncbi.nlm.nih.gov/pubmed/18826876
http://www.ncbi.nlm.nih.gov/pubmed/18826876
http://www.ncbi.nlm.nih.gov/pubmed/19324966
http://www.ncbi.nlm.nih.gov/pubmed/19324966
http://www.ncbi.nlm.nih.gov/pubmed/19324966
http://www.ncbi.nlm.nih.gov/pubmed/19324966
http://www.ncbi.nlm.nih.gov/pubmed/19324966
http://www.ncbi.nlm.nih.gov/pubmed/19324966
http://www.ncbi.nlm.nih.gov/pubmed/11759645
http://www.ncbi.nlm.nih.gov/pubmed/11759645
http://www.ncbi.nlm.nih.gov/pubmed/11759645
http://www.ncbi.nlm.nih.gov/pubmed/13678870
http://www.ncbi.nlm.nih.gov/pubmed/13678870
http://www.ncbi.nlm.nih.gov/pubmed/13678870
http://www.ncbi.nlm.nih.gov/pubmed/13678870
http://www.ncbi.nlm.nih.gov/pubmed/10471456
http://www.ncbi.nlm.nih.gov/pubmed/10471456
http://www.ncbi.nlm.nih.gov/pubmed/10471456
http://www.ncbi.nlm.nih.gov/pubmed/10471456
http://www.ncbi.nlm.nih.gov/pubmed/12639076
http://www.ncbi.nlm.nih.gov/pubmed/12639076
http://www.ncbi.nlm.nih.gov/pubmed/12639076
http://www.ncbi.nlm.nih.gov/pubmed/15353430
http://www.ncbi.nlm.nih.gov/pubmed/15353430
http://www.ncbi.nlm.nih.gov/pubmed/15353430
http://www.ncbi.nlm.nih.gov/pubmed/15152059
http://www.ncbi.nlm.nih.gov/pubmed/15152059
http://www.ncbi.nlm.nih.gov/pubmed/15152059
http://www.ncbi.nlm.nih.gov/pubmed/15753115
http://www.ncbi.nlm.nih.gov/pubmed/15753115
http://www.ncbi.nlm.nih.gov/pubmed/15753115
http://www.ncbi.nlm.nih.gov/pubmed/12585952
http://www.ncbi.nlm.nih.gov/pubmed/12585952
http://www.ncbi.nlm.nih.gov/pubmed/12585952
http://www.ncbi.nlm.nih.gov/pubmed/18722191
http://www.ncbi.nlm.nih.gov/pubmed/18722191
http://www.ncbi.nlm.nih.gov/pubmed/17692781
http://www.ncbi.nlm.nih.gov/pubmed/17692781
http://www.ncbi.nlm.nih.gov/pubmed/17692781
http://www.ncbi.nlm.nih.gov/pubmed/17692781
http://www.ncbi.nlm.nih.gov/pubmed/22289902
http://www.ncbi.nlm.nih.gov/pubmed/22289902
http://www.ncbi.nlm.nih.gov/pubmed/22289902
http://www.hindawi.com/journals/jtran/2011/175768/
http://www.hindawi.com/journals/jtran/2011/175768/
http://www.ncbi.nlm.nih.gov/pubmed/19076855
http://www.ncbi.nlm.nih.gov/pubmed/19076855
http://www.ncbi.nlm.nih.gov/pubmed/20870164
http://www.ncbi.nlm.nih.gov/pubmed/20870164
http://www.ncbi.nlm.nih.gov/pubmed/20870164
http://www.ncbi.nlm.nih.gov/pubmed/20870164
http://www.ncbi.nlm.nih.gov/pubmed/11794191
http://www.ncbi.nlm.nih.gov/pubmed/11794191
http://www.ncbi.nlm.nih.gov/pubmed/11794191
http://www.ncbi.nlm.nih.gov/pubmed/21336538
http://www.ncbi.nlm.nih.gov/pubmed/21336538
http://www.ncbi.nlm.nih.gov/pubmed/21414534
http://www.ncbi.nlm.nih.gov/pubmed/21414534
http://www.ncbi.nlm.nih.gov/pubmed/21414534
http://www.ncbi.nlm.nih.gov/pubmed/22135186
http://www.ncbi.nlm.nih.gov/pubmed/22135186
http://www.ncbi.nlm.nih.gov/pubmed/22135186
http://www.ncbi.nlm.nih.gov/pubmed/20172939
http://www.ncbi.nlm.nih.gov/pubmed/20172939
http://www.ncbi.nlm.nih.gov/pubmed/15472116
http://www.ncbi.nlm.nih.gov/pubmed/15472116
http://www.ncbi.nlm.nih.gov/pubmed/15472116
http://www.ncbi.nlm.nih.gov/pubmed/16754876
http://www.ncbi.nlm.nih.gov/pubmed/16754876
http://www.ncbi.nlm.nih.gov/pubmed/16754876
http://www.ncbi.nlm.nih.gov/pubmed/14505575
http://www.ncbi.nlm.nih.gov/pubmed/14505575
http://www.ncbi.nlm.nih.gov/pubmed/14505575
http://www.ncbi.nlm.nih.gov/pubmed/22043289
http://www.ncbi.nlm.nih.gov/pubmed/22043289
http://www.ncbi.nlm.nih.gov/pubmed/22043289
http://www.ncbi.nlm.nih.gov/pubmed/15951423
http://www.ncbi.nlm.nih.gov/pubmed/15951423
http://www.ncbi.nlm.nih.gov/pubmed/15951423
http://www.ncbi.nlm.nih.gov/pubmed/15951423
http://www.ncbi.nlm.nih.gov/pubmed/19738142
http://www.ncbi.nlm.nih.gov/pubmed/19738142
http://www.ncbi.nlm.nih.gov/pubmed/19738142
http://www.ncbi.nlm.nih.gov/pubmed/19738142
http://www.ncbi.nlm.nih.gov/pubmed/21723061
http://www.ncbi.nlm.nih.gov/pubmed/21723061
http://www.ncbi.nlm.nih.gov/pubmed/21723061
http://www.ncbi.nlm.nih.gov/pubmed/21723061
http://www.ncbi.nlm.nih.gov/pubmed/12928492
http://www.ncbi.nlm.nih.gov/pubmed/12928492
http://www.ncbi.nlm.nih.gov/pubmed/12928492
http://www.ncbi.nlm.nih.gov/pubmed/17283259
http://www.ncbi.nlm.nih.gov/pubmed/17283259
http://www.ncbi.nlm.nih.gov/pubmed/17283259
http://www.ncbi.nlm.nih.gov/pubmed/17660827
http://www.ncbi.nlm.nih.gov/pubmed/17660827
http://www.ncbi.nlm.nih.gov/pubmed/17660827
http://www.ncbi.nlm.nih.gov/pubmed/9454740
http://www.ncbi.nlm.nih.gov/pubmed/9454740
http://www.ncbi.nlm.nih.gov/pubmed/17709737
http://www.ncbi.nlm.nih.gov/pubmed/17709737

Citation: Hsiao LC, Carr C (2013) Endogenous Cardiac Stem Cell Therapy for Ischemic Heart Failure. J Clin Exp Cardiolog S11: 007. doi:10.4172/2155-

9880.511-007

Page 7 of 5

5

w

54.

5

[

56.

57.

58.

59.

60.

6

=

62.

63.

64.

6

[

66.

67.

68.

69.

70.

7

N

72.

. Urbanek K, Torella D, Sheikh F, De Angelis A, Nurzynska D, et al. (2005)
Myocardial regeneration by activation of multipotent cardiac stem cells in
ischemic heart failure. Proc Natl Acad Sci U S A 102: 8692-8697.

. Fransioli J, Bailey B, Gude NA, Cottage CT, Muraski JA, et al. (2008) Evolution
of the c-kit-positive cell response to pathological challenge in the myocardium.
Stem Cells 26: 1315-1324.

Torella D, Ellison GM, Karakikes |, Nadal-Ginard B (2007) Growth-factor-
mediated cardiac stem cell activation in myocardial regeneration. Nat Clin Pract
Cardiovasc Med 4 Suppl 1: S46-51.

. Miyamoto S, Kawaguchi N, Ellison GM, Matsuoka R, Shin'oka T, et al. (2010)
Characterization of long-term cultured c-kit+ cardiac stem cells derived from
adult rat hearts. Stem Cells Dev 19: 105-116.

Tang XL, Rokosh G, Sanganalmath SK, Yuan F, Sato H, et al. (2010)
Intracoronary administration of cardiac progenitor cells alleviates left ventricular
dysfunction in rats with a 30-day-old infarction. Circulation 121: 293-305.

van de Rijn M, Heimfeld S, Spangrude GJ, Weissman IL (1989) Mouse
hematopoietic stem-cell antigen Sca-1 is a member of the Ly-6 antigen family.
Proc Natl Acad Sci U S A 86: 4634-4638.

Asakura A, Seale P, Girgis-Gabardo A, Rudnicki MA (2002) Myogenic
specification of side population cells in skeletal muscle. J Cell Biol 159: 123-
134.

Qu-Petersen Z, Deasy B, Jankowski R, lkezawa M, Cummins J, et al. (2002)
Identification of a novel population of muscle stem cells in mice: potential for
muscle regeneration. J Cell Biol 157: 851-864.

Gojo S, Gojo N, Takeda Y, Mori T, Abe H, et al. (2003) In vivo
cardiovasculogenesis by direct injection of isolated adult mesenchymal stem
cells. Exp Cell Res 288: 51-59.

.Vieira JM, Riley PR (2011) Epicardium-derived cells: a new source of
regenerative capacity. Heart 97: 15-19.

Oh H, Bradfute SB, Gallardo TD, Nakamura T, Gaussin V, et al. (2003) Cardiac
progenitor cells from adult myocardium: homing, differentiation, and fusion after
infarction. Proc Natl Acad Sci U S A 100: 12313-12318.

Matsuura K, Nagai T, Nishigaki N, Oyama T, Nishi J, et al. (2004) Adult cardiac
Sca-1-positive cells differentiate into beating cardiomyocytes. J Biol Chem 279:
11384-11391.

Wang X, Hu Q, Nakamura Y, Lee J, Zhang G, et al. (2006) The role of the
sca-1+/CD31- cardiac progenitor cell population in postinfarction left ventricular
remodeling. Stem Cells 24: 1779-1788.

. Tateishi K, Ashihara E, Takehara N, Nomura T, Honsho S, et al. (2007) Clonally
amplified cardiac stem cells are regulated by Sca-1 signaling for efficient
cardiovascular regeneration. J Cell Sci 120: 1791-1800.

Tang YL, Shen L, Qian K, Phillips Ml (2007) A novel two-step procedure to
expand cardiac Sca-1+ cells clonally. Biochem Biophys Res Commun 359:
877-883.

Smits AM, van Vliet P, Metz CH, Korfage T, Sluijter JP, et al. (2009)
Human cardiomyocyte progenitor cells differentiate into functional mature
cardiomyocytes: an in vitro model for studying human cardiac physiology and
pathophysiology. Nat Protoc 4: 232-243.

Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J, et al. (2001) The
ABC transporter Bcrp1/ABCG2 is expressed in a wide variety of stem cells
and is a molecular determinant of the side-population phenotype. Nat Med 7:
1028-1034.

Hierlihy AM, Seale P, Lobe CG, Rudnicki MA, Megeney LA (2002) The post-
natal heart contains a myocardial stem cell population. FEBS Lett 530: 239-
243.

Yamahara K, Fukushima S, Coppen SR, Felkin LE, Varela-Carver A, et al.
(2008) Heterogeneic nature of adult cardiac side population cells. Biochem
Biophys Res Commun 371: 615-620.

. Martin CM, Meeson AP, Robertson SM, Hawke TJ, Richardson JA, et al. (2004)
Persistent expression of the ATP-binding cassette transporter, Abcg2, identifies
cardiac SP cells in the developing and adult heart. Dev Biol 265: 262-275.

Pfister O, Mouquet F, Jain M, Summer R, Helmes M, et al. (2005) CD31- but
not CD31+ cardiac side population cells exhibit functional cardiomyogenic
differentiation. Circ Res 97: 52-61.

73.

74.

75.

76.

7

~

78.

7

©

80.

8

=

82.

8

w

84.

8

(&)

86.

87.

88.

8

©

90.

9

=

92.

93.

94.

Oyama T, Nagai T, Wada H, Naito AT, Matsuura K, et al. (2007) Cardiac side
population cells have a potential to migrate and differentiate into cardiomyocytes
in vitro and in vivo. J Cell Biol 176: 329-341.

Liang SX, Tan TY, Gaudry L, Chong B (2010) Differentiation and migration of
Sca1+/CD31- cardiac side population cells in a murine myocardial ischemic
model. Int J Cardiol 138: 40-49.

Davis DR, Zhang Y, Smith RR, Cheng K, Terrovitis J, et al. (2009) Validation
of the cardiosphere method to culture cardiac progenitor cells from myocardial
tissue. PLoS One 4: e7195.

Marban E, Malliaras K (2010) Boot camp for mesenchymal stem cells. J Am
Coll Cardiol 56: 735-737.

. Malliaras K, Marban E (2011) Cardiac cell therapy: where we’ve been, where

we are, and where we should be headed. Br Med Bull 98: 161-185.

Lovell MJ, Mathur A (2011) Republished review: Cardiac stem cell therapy:
progress from the bench to bedside. Postgrad Med J 87: 558-564.

. Chimenti |, Smith RR, Li TS, Gerstenblith G, Messina E, et al. (2010) Relative

roles of direct regeneration versus paracrine effects of human cardiosphere-
derived cells transplanted into infarcted mice. Circ Res 106: 971-980.

Li TS, Cheng K, Malliaras K, Smith RR, Zhang Y, et al. (2012) Direct comparison
of different stem cell types and subpopulations reveals superior paracrine
potency and myocardial repair efficacy with cardiosphere-derived cells. J Am
Coll Cardiol 59: 942-953.

. Smith RR, Marban E, Chimenti |, Barile L, Cho HC, et al. (2008) Unselected

human cardiosphere-derived cells are functionally superior to c-kit- or CD90-
purified cardiosphere-derivedc cells. Circulation 118: S_420.

Caspi O, Lesman A, Basevitch Y, Gepstein A, Arbel G, et al. (2007) Tissue
engineering of vascularized cardiac muscle from human embryonic stem cells.
Circ Res 100: 263-272.

. Terrovitis J, Lautaméki R, Bonios M, Fox J, Engles JM, et al. (2009)

Noninvasive quantification and optimization of acute cell retention by in vivo
positron emission tomography after intramyocardial cardiac-derived stem cell
delivery. J Am Coll Cardiol 54: 1619-1626.

Lee ST, White AJ, Matsushita S, Malliaras K, Steenbergen C, et al. (2011)
Intramyocardial injection of autologous cardiospheres or cardiosphere-derived
cells preserves function and minimizes adverse ventricular remodeling in pigs
with heart failure post-myocardial infarction. J Am Coll Cardiol 57: 455-465.

. Laugwitz KL, Moretti A, Lam J, Gruber P, Chen Y, et al. (2005) Postnatal isl1+

cardioblasts enter fully differentiated cardiomyocyte lineages. Nature 433: 647-
653.

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, et al. (2003) Isl1 identifies a cardiac
progenitor population that proliferates prior to differentiation and contributes a
majority of cells to the heart. Dev Cell 5: 877-889.

Laugwitz KL, Moretti A, Caron L, Nakano A, Chien KR (2008) Islet1
cardiovascular progenitors: a single source for heart lineages? Development
135: 193-205.

Moretti A, Caron L, Nakano A, Lam JT, Bernshausen A, et al. (2006)
Multipotent embryonic isl1+ progenitor cells lead to cardiac, smooth muscle,
and endothelial cell diversification. Cell 127: 1151-1165.

. Moretti A, Lam J, Evans SM, Laugwitz KL (2007) Biology of Isl1+ cardiac

progenitor cells in development and disease. Cell Mol Life Sci 64: 674-682.

SmartN, Risebro CA, Melville AA, Moses K, Schwartz RJ, etal. (2007) Thymosin
beta4 induces adult epicardial progenitor mobilization and neovascularization.
Nature 445: 177-182.

.van Tuyn J, Atsma DE, Winter EM, van der Velde-van Dijke |, Pijnappels DA,

et al. (2007) Epicardial cells of human adults can undergo an epithelial-to-
mesenchymal transition and obtain characteristics of smooth muscle cells in
vitro. Stem Cells 25: 271-278.

Limana F, Zacheo A, Mocini D, Mangoni A, Borsellino G, et al. (2007)
Identification of myocardial and vascular precursor cells in human and mouse
epicardium. Circ Res 101: 1255-1265.

Cai CL, Martin JC, Sun Y, Cui L, Wang L, et al. (2008) A myocardial lineage
derives from Tbx18 epicardial cells. Nature 454: 104-108.

Zhou B, Ma Q, Rajagopal S, Wu SM, Domian |, et al. (2008) Epicardial
progenitors contribute to the cardiomyocyte lineage in the developing heart.
Nature 454: 109-113.

J

Clin Exp Cardiolog

Cardiac Stem Cells

ISSN: 2155-9880 JCEC, an open access journal


http://www.ncbi.nlm.nih.gov/pubmed/15932947
http://www.ncbi.nlm.nih.gov/pubmed/15932947
http://www.ncbi.nlm.nih.gov/pubmed/15932947
http://www.ncbi.nlm.nih.gov/pubmed/18308948
http://www.ncbi.nlm.nih.gov/pubmed/18308948
http://www.ncbi.nlm.nih.gov/pubmed/18308948
http://www.ncbi.nlm.nih.gov/pubmed/17230215
http://www.ncbi.nlm.nih.gov/pubmed/17230215
http://www.ncbi.nlm.nih.gov/pubmed/17230215
http://www.ncbi.nlm.nih.gov/pubmed/19580375
http://www.ncbi.nlm.nih.gov/pubmed/19580375
http://www.ncbi.nlm.nih.gov/pubmed/19580375
http://www.ncbi.nlm.nih.gov/pubmed/20048209
http://www.ncbi.nlm.nih.gov/pubmed/20048209
http://www.ncbi.nlm.nih.gov/pubmed/20048209
http://www.ncbi.nlm.nih.gov/pubmed/2660142
http://www.ncbi.nlm.nih.gov/pubmed/2660142
http://www.ncbi.nlm.nih.gov/pubmed/2660142
http://www.ncbi.nlm.nih.gov/pubmed/12379804
http://www.ncbi.nlm.nih.gov/pubmed/12379804
http://www.ncbi.nlm.nih.gov/pubmed/12379804
http://www.ncbi.nlm.nih.gov/pubmed/12021255
http://www.ncbi.nlm.nih.gov/pubmed/12021255
http://www.ncbi.nlm.nih.gov/pubmed/12021255
http://www.ncbi.nlm.nih.gov/pubmed/12878158
http://www.ncbi.nlm.nih.gov/pubmed/12878158
http://www.ncbi.nlm.nih.gov/pubmed/12878158
http://www.ncbi.nlm.nih.gov/pubmed/20884787
http://www.ncbi.nlm.nih.gov/pubmed/20884787
http://www.ncbi.nlm.nih.gov/pubmed/14530411
http://www.ncbi.nlm.nih.gov/pubmed/14530411
http://www.ncbi.nlm.nih.gov/pubmed/14530411
http://www.ncbi.nlm.nih.gov/pubmed/14702342
http://www.ncbi.nlm.nih.gov/pubmed/14702342
http://www.ncbi.nlm.nih.gov/pubmed/14702342
http://www.ncbi.nlm.nih.gov/pubmed/16614004
http://www.ncbi.nlm.nih.gov/pubmed/16614004
http://www.ncbi.nlm.nih.gov/pubmed/16614004
http://www.ncbi.nlm.nih.gov/pubmed/17502484
http://www.ncbi.nlm.nih.gov/pubmed/17502484
http://www.ncbi.nlm.nih.gov/pubmed/17502484
http://www.ncbi.nlm.nih.gov/pubmed/17577582
http://www.ncbi.nlm.nih.gov/pubmed/17577582
http://www.ncbi.nlm.nih.gov/pubmed/17577582
http://www.ncbi.nlm.nih.gov/pubmed/19197267
http://www.ncbi.nlm.nih.gov/pubmed/19197267
http://www.ncbi.nlm.nih.gov/pubmed/19197267
http://www.ncbi.nlm.nih.gov/pubmed/19197267
http://www.ncbi.nlm.nih.gov/pubmed/11533706
http://www.ncbi.nlm.nih.gov/pubmed/11533706
http://www.ncbi.nlm.nih.gov/pubmed/11533706
http://www.ncbi.nlm.nih.gov/pubmed/11533706
http://www.ncbi.nlm.nih.gov/pubmed/12387899
http://www.ncbi.nlm.nih.gov/pubmed/12387899
http://www.ncbi.nlm.nih.gov/pubmed/12387899
http://www.ncbi.nlm.nih.gov/pubmed/18413147
http://www.ncbi.nlm.nih.gov/pubmed/18413147
http://www.ncbi.nlm.nih.gov/pubmed/18413147
http://www.ncbi.nlm.nih.gov/pubmed/14697368
http://www.ncbi.nlm.nih.gov/pubmed/14697368
http://www.ncbi.nlm.nih.gov/pubmed/14697368
http://www.ncbi.nlm.nih.gov/pubmed/15947249
http://www.ncbi.nlm.nih.gov/pubmed/15947249
http://www.ncbi.nlm.nih.gov/pubmed/15947249
http://www.ncbi.nlm.nih.gov/pubmed/17261849
http://www.ncbi.nlm.nih.gov/pubmed/17261849
http://www.ncbi.nlm.nih.gov/pubmed/17261849
http://www.ncbi.nlm.nih.gov/pubmed/19254813
http://www.ncbi.nlm.nih.gov/pubmed/19254813
http://www.ncbi.nlm.nih.gov/pubmed/19254813
http://www.ncbi.nlm.nih.gov/pubmed/19779618
http://www.ncbi.nlm.nih.gov/pubmed/19779618
http://www.ncbi.nlm.nih.gov/pubmed/19779618
http://www.ncbi.nlm.nih.gov/pubmed/20723803
http://www.ncbi.nlm.nih.gov/pubmed/20723803
http://www.ncbi.nlm.nih.gov/pubmed/21652595
http://www.ncbi.nlm.nih.gov/pubmed/21652595
http://www.ncbi.nlm.nih.gov/pubmed/21788234
http://www.ncbi.nlm.nih.gov/pubmed/21788234
http://www.ncbi.nlm.nih.gov/pubmed/20110532
http://www.ncbi.nlm.nih.gov/pubmed/20110532
http://www.ncbi.nlm.nih.gov/pubmed/20110532
http://www.ncbi.nlm.nih.gov/pubmed/22381431
http://www.ncbi.nlm.nih.gov/pubmed/22381431
http://www.ncbi.nlm.nih.gov/pubmed/22381431
http://www.ncbi.nlm.nih.gov/pubmed/22381431
http://www.ncbi.nlm.nih.gov/pubmed/17218605
http://www.ncbi.nlm.nih.gov/pubmed/17218605
http://www.ncbi.nlm.nih.gov/pubmed/17218605
http://www.ncbi.nlm.nih.gov/pubmed/19833262
http://www.ncbi.nlm.nih.gov/pubmed/19833262
http://www.ncbi.nlm.nih.gov/pubmed/19833262
http://www.ncbi.nlm.nih.gov/pubmed/19833262
http://www.ncbi.nlm.nih.gov/pubmed/21251587
http://www.ncbi.nlm.nih.gov/pubmed/21251587
http://www.ncbi.nlm.nih.gov/pubmed/21251587
http://www.ncbi.nlm.nih.gov/pubmed/21251587
http://www.ncbi.nlm.nih.gov/pubmed/15703750
http://www.ncbi.nlm.nih.gov/pubmed/15703750
http://www.ncbi.nlm.nih.gov/pubmed/15703750
http://www.ncbi.nlm.nih.gov/pubmed/14667410
http://www.ncbi.nlm.nih.gov/pubmed/14667410
http://www.ncbi.nlm.nih.gov/pubmed/14667410
http://www.ncbi.nlm.nih.gov/pubmed/18156162
http://www.ncbi.nlm.nih.gov/pubmed/18156162
http://www.ncbi.nlm.nih.gov/pubmed/18156162
http://www.ncbi.nlm.nih.gov/pubmed/17123592
http://www.ncbi.nlm.nih.gov/pubmed/17123592
http://www.ncbi.nlm.nih.gov/pubmed/17123592
http://www.ncbi.nlm.nih.gov/pubmed/17380308
http://www.ncbi.nlm.nih.gov/pubmed/17380308
http://www.ncbi.nlm.nih.gov/pubmed/17108969
http://www.ncbi.nlm.nih.gov/pubmed/17108969
http://www.ncbi.nlm.nih.gov/pubmed/17108969
http://www.ncbi.nlm.nih.gov/pubmed/16990583
http://www.ncbi.nlm.nih.gov/pubmed/16990583
http://www.ncbi.nlm.nih.gov/pubmed/16990583
http://www.ncbi.nlm.nih.gov/pubmed/16990583
http://www.ncbi.nlm.nih.gov/pubmed/17947800
http://www.ncbi.nlm.nih.gov/pubmed/17947800
http://www.ncbi.nlm.nih.gov/pubmed/17947800
http://www.ncbi.nlm.nih.gov/pubmed/18480752
http://www.ncbi.nlm.nih.gov/pubmed/18480752
http://www.ncbi.nlm.nih.gov/pubmed/18568026
http://www.ncbi.nlm.nih.gov/pubmed/18568026
http://www.ncbi.nlm.nih.gov/pubmed/18568026

Citation: Hsiao LC, Carr C (2013) Endogenous Cardiac Stem Cell Therapy for Ischemic Heart Failure. J Clin Exp Cardiolog S11: 007. doi:10.4172/2155-

9880.511-007

Page 8 of 5

95. Tomanek RJ (2005) Formation of the coronary vasculature during development.
Angiogenesis 8: 273-284.

96. Wessels A, Pérez-Pomares JM (2004) The epicardium and epicardially derived
cells (EPDCs) as cardiac stem cells. Anat Rec A Discov Mol Cell Evol Biol
276: 43-57.

97. Winter EM, Grauss RW, Hogers B, van Tuyn J, van der Geest R, et al. (2007)
Preservation of left ventricular function and attenuation of remodeling after
transplantation of human epicardium-derived cells into the infarcted mouse
heart. Circulation 116: 917-927.

98.Riley PR, Smart N (2009) Thymosin beta4 induces epicardium-derived
neovascularization in the adult heart. Biochem Soc Trans 37: 1218-1220.

99. Smart N, Bollini S, Dubé KN, Vieira JM, Zhou B, et al. (2011) De novo
cardiomyocytes from within the activated adult heart after injury. Nature 474:
640-644.

100.Ballard VL, Edelberg JM (2008) Stem cells for cardiovascular repair - the
challenges of the aging heart. J Mol Cell Cardiol 45: 582-592.

101.Madonna R, Renna FV, Cellini C, Cotellese R, Picardi N, et al. (2011) Age-
dependent impairment of number and angiogenic potential of adipose tissue-
derived progenitor cells. Eur J Clin Invest 41: 126-133.

102.Mieno S, Boodhwani M, Clements RT, Ramlawi B, Sodha NR, et al. (2006)
Aging is associated with an impaired coronary microvascular response to
vascular endothelial growth factor in patients. J Thorac Cardiovasc Surg 132:
1348-1355.

103.Duan YG, Xiong ZM, Li JX, Zhu CH, Liu ZL (2007) [Expression patterns of
age-related molecule c-kit, HIWI and vimentin in the rat testis and epididymis].
Zhonghua Nan Ke Xue 13: 992-996.

104.Belluardo N, Mudo’ G, Bonomo A, Di Liberto V, Frinchi M, et al. (2008)
Nicotine-induced fibroblast growth factor-2 restores the age-related decline
of precursor cell proliferation in the subventricular zone of rat brain. Brain Res
1193: 12-24.

105.Scheubel RJ, Zorn H, Silber RE, Kuss O, Morawietz H, et al. (2003) Age-
dependent depression in circulating endothelial progenitor cells in patients
undergoing coronary artery bypass grafting. J Am Coll Cardiol 42: 2073-2080.

106.Mayani H (2010) Biological differences between neonatal and adult human
hematopoietic stem/progenitor cells. Stem Cells Dev 19: 285-298.

107.Nishino J, Kim I, Chada K, Morrison SJ (2008) Hmga2 promotes neural stem
cell self-renewal in young but not old mice by reducing p16Ink4a and p19Arf
Expression. Cell 135: 227-239.

108.Baerlocher GM, Roth A, Lansdorp PM (2003) Telomeres in hematopoietic
stem cells. Ann N'Y Acad Sci 996: 44-48.

109.Asumda FZ, Chase PB (2011) Age-related changes in rat bone-marrow
mesenchymal stem cell plasticity. BMC Cell Biol 12: 44.

110. Davies M, Hobbs F, Davis R, Kenkre J, Roalfe AK, et al. (2001) Prevalence of
left-ventricular systolic dysfunction and heart failure in the Echocardiographic
Heart of England Screening study: a population based study. Lancet 358: 439-
444.

111. Porrello ER, Olson EN (2010) Building a new heart from old parts: stem cell
turnover in the aging heart. Circ Res 107: 1292-1294.

112.Mishra R, Vijayan K, Colletti EJ, Harrington DA, Matthiesen TS, et al. (2011)
Characterization and functionality of cardiac progenitor cells in congenital
heart patients. Circulation 123: 364-373.

This article was originally published in a special issue, Cardiac Stem Cells
handled by Editor(s). Dr. Rosalinda Madonna, University of Texas Medical
School, USA

113. Anversa P, Kajstura J, Leri A, Bolli R (2006) Life and death of cardiac stem
cells: a paradigm shift in cardiac biology. Circulation 113: 1451-1463.

114.Allsopp RC, Cheshier S, Weissman IL (2001) Telomere shortening
accompanies increased cell cycle activity during serial transplantation of
hematopoietic stem cells. J Exp Med 193: 917-924.

115. Torella D, Rota M, Nurzynska D, Musso E, Monsen A, et al. (2004) Cardiac
stem cell and myocyte aging, heart failure, and insulin-like growth factor-1
overexpression. Circ Res 94: 514-524.

116. Kirkwood TB (2005) Understanding the odd science of aging. Cell 120: 437-
447.

117.Dimmeler S, Leri A (2008) Aging and disease as modifiers of efficacy of cell
therapy. Circ Res 102: 1319-1330.

118.Gonzalez A, Rota M, Nurzynska D, Misao Y, Tillmanns J, et al. (2008)
Activation of cardiac progenitor cells reverses the failing heart senescent
phenotype and prolongs lifespan. Circ Res 102: 597-606.

119. Capogrossi MC (2004) Cardiac stem cells fail with aging: a new mechanism
for the age-dependent decline in cardiac function. Circ Res 94: 411-413.

120.Cesselli D, Paolo AB, D’Aurizio F, Marcon P, Puppato E, et al. (2009) Abstract
2113: Age and pathology impair cardiac stem cells. Circulation 120: S595.

121.ltzhaki-Alfia A, Leor J, Raanani E, Sternik L, Spiegelstein D, et al. (2009)
Patient characteristics and cell source determine the number of isolated
human cardiac progenitor cells. Circulation 120: 2559-2566.

122.D’Amario D, Fiorini C, Campbell PM, Goichberg P, Sanada F, et al. (2011)
Functionally competent cardiac stem cells can be isolated from endomyocardial
biopsies of patients with advanced cardiomyopathies. Circ Res 108: 857-861.

123.Chan HH, Meher Homji Z, Gomes RS, Sweeney D, Thomas GN, et al. (2012)
Human cardiosphere-derived cells from patients with chronic ischaemic heart
disease can be routinely expanded from atrial but not epicardial ventricular
biopsies. J Cardiovasc Transl Res 5: 678-687.

124.Genead R, Danielsson C, Andersson AB, Corbascio M, Franco-Cereceda
A, et al. (2010) Islet-1 cells are cardiac progenitors present during the entire
lifespan: from the embryonic stage to adulthood. Stem Cells Dev 19: 1601-
1615.

125.Khattar P, Friedrich FW, Bonne G, Carrier L, Eschenhagen T, et al. (2011)
Distinction between two populations of islet-1-positive cells in hearts of
different murine strains. Stem Cells Dev 20: 1043-1052.

126.Weinberger F, Mehrkens D, Friedrich FW, Stubbendorff M, Hua X, et al.
(2012) Localization of Islet-1-positive cells in the healthy and infarcted adult
murine heart. Circ Res 110: 1303-1310.

127.D’Amario D, Cabral-Da-Silva MC, Zheng H, Fiorini C, Goichberg P, et al.
(2011) Insulin-like growth factor-1 receptor identifies a pool of human cardiac
stem cells with superior therapeutic potential for myocardial regeneration. Circ
Res 108: 1467-1481.

128.Chimenti C, Kajstura J, Torella D, Urbanek K, Heleniak H, et al. (2003)
Senescence and death of primitive cells and myocytes lead to premature
cardiac aging and heart failure. Circ Res 93: 604-613.

129.Simpson DL, Mishra R, Sharma S, Goh SK, Deshmukh S, et al. (2012) A
strong regenerative ability of cardiac stem cells derived from neonatal hearts.
Circulation 126: S46-53.

130.Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, et al. (2003)
Circulating endothelial progenitor cells, vascular function, and cardiovascular
risk. N Engl J Med 348: 593-600.

J Clin Exp Cardiolog

Cardiac Stem Cells

ISSN: 2155-9880 JCEC, an open access journal


http://www.ncbi.nlm.nih.gov/pubmed/16308734
http://www.ncbi.nlm.nih.gov/pubmed/16308734
http://www.ncbi.nlm.nih.gov/pubmed/14699633
http://www.ncbi.nlm.nih.gov/pubmed/14699633
http://www.ncbi.nlm.nih.gov/pubmed/14699633
http://www.ncbi.nlm.nih.gov/pubmed/17684151
http://www.ncbi.nlm.nih.gov/pubmed/17684151
http://www.ncbi.nlm.nih.gov/pubmed/17684151
http://www.ncbi.nlm.nih.gov/pubmed/17684151
http://www.ncbi.nlm.nih.gov/pubmed/19909250
http://www.ncbi.nlm.nih.gov/pubmed/19909250
http://www.ncbi.nlm.nih.gov/pubmed/21654746
http://www.ncbi.nlm.nih.gov/pubmed/21654746
http://www.ncbi.nlm.nih.gov/pubmed/21654746
http://www.ncbi.nlm.nih.gov/pubmed/18396293
http://www.ncbi.nlm.nih.gov/pubmed/18396293
http://www.ncbi.nlm.nih.gov/pubmed/20874854
http://www.ncbi.nlm.nih.gov/pubmed/20874854
http://www.ncbi.nlm.nih.gov/pubmed/20874854
http://www.ncbi.nlm.nih.gov/pubmed/17140953
http://www.ncbi.nlm.nih.gov/pubmed/17140953
http://www.ncbi.nlm.nih.gov/pubmed/17140953
http://www.ncbi.nlm.nih.gov/pubmed/17140953
http://www.ncbi.nlm.nih.gov/pubmed/18077910
http://www.ncbi.nlm.nih.gov/pubmed/18077910
http://www.ncbi.nlm.nih.gov/pubmed/18077910
http://www.ncbi.nlm.nih.gov/pubmed/18190895
http://www.ncbi.nlm.nih.gov/pubmed/18190895
http://www.ncbi.nlm.nih.gov/pubmed/18190895
http://www.ncbi.nlm.nih.gov/pubmed/18190895
http://www.ncbi.nlm.nih.gov/pubmed/14680729
http://www.ncbi.nlm.nih.gov/pubmed/14680729
http://www.ncbi.nlm.nih.gov/pubmed/14680729
http://www.ncbi.nlm.nih.gov/pubmed/19778207
http://www.ncbi.nlm.nih.gov/pubmed/19778207
http://www.ncbi.nlm.nih.gov/pubmed/18957199
http://www.ncbi.nlm.nih.gov/pubmed/18957199
http://www.ncbi.nlm.nih.gov/pubmed/18957199
http://www.ncbi.nlm.nih.gov/pubmed/12799281
http://www.ncbi.nlm.nih.gov/pubmed/12799281
http://www.ncbi.nlm.nih.gov/pubmed/21992089
http://www.ncbi.nlm.nih.gov/pubmed/21992089
http://www.ncbi.nlm.nih.gov/pubmed/11513906
http://www.ncbi.nlm.nih.gov/pubmed/11513906
http://www.ncbi.nlm.nih.gov/pubmed/11513906
http://www.ncbi.nlm.nih.gov/pubmed/11513906
http://www.ncbi.nlm.nih.gov/pubmed/21106945
http://www.ncbi.nlm.nih.gov/pubmed/21106945
http://www.ncbi.nlm.nih.gov/pubmed/21242485
http://www.ncbi.nlm.nih.gov/pubmed/21242485
http://www.ncbi.nlm.nih.gov/pubmed/21242485
http://www.ncbi.nlm.nih.gov/pubmed/16549650
http://www.ncbi.nlm.nih.gov/pubmed/16549650
http://www.ncbi.nlm.nih.gov/pubmed/11304552
http://www.ncbi.nlm.nih.gov/pubmed/11304552
http://www.ncbi.nlm.nih.gov/pubmed/11304552
http://www.ncbi.nlm.nih.gov/pubmed/14726476
http://www.ncbi.nlm.nih.gov/pubmed/14726476
http://www.ncbi.nlm.nih.gov/pubmed/14726476
http://www.ncbi.nlm.nih.gov/pubmed/15734677
http://www.ncbi.nlm.nih.gov/pubmed/15734677
http://www.ncbi.nlm.nih.gov/pubmed/18535269
http://www.ncbi.nlm.nih.gov/pubmed/18535269
http://www.ncbi.nlm.nih.gov/pubmed/18202313
http://www.ncbi.nlm.nih.gov/pubmed/18202313
http://www.ncbi.nlm.nih.gov/pubmed/18202313
http://www.ncbi.nlm.nih.gov/pubmed/15001538
http://www.ncbi.nlm.nih.gov/pubmed/15001538
http://circ.ahajournals.org/cgi/content/meeting_abstract/120/18_MeetingAbstracts/S595-b
http://circ.ahajournals.org/cgi/content/meeting_abstract/120/18_MeetingAbstracts/S595-b
http://www.ncbi.nlm.nih.gov/pubmed/19996019
http://www.ncbi.nlm.nih.gov/pubmed/19996019
http://www.ncbi.nlm.nih.gov/pubmed/19996019
http://www.ncbi.nlm.nih.gov/pubmed/21330601
http://www.ncbi.nlm.nih.gov/pubmed/21330601
http://www.ncbi.nlm.nih.gov/pubmed/21330601
http://www.ncbi.nlm.nih.gov/pubmed/22752803
http://www.ncbi.nlm.nih.gov/pubmed/22752803
http://www.ncbi.nlm.nih.gov/pubmed/22752803
http://www.ncbi.nlm.nih.gov/pubmed/22752803
http://www.ncbi.nlm.nih.gov/pubmed/20109033
http://www.ncbi.nlm.nih.gov/pubmed/20109033
http://www.ncbi.nlm.nih.gov/pubmed/20109033
http://www.ncbi.nlm.nih.gov/pubmed/20109033
http://www.ncbi.nlm.nih.gov/pubmed/20942609
http://www.ncbi.nlm.nih.gov/pubmed/20942609
http://www.ncbi.nlm.nih.gov/pubmed/20942609
http://www.ncbi.nlm.nih.gov/pubmed/22427341
http://www.ncbi.nlm.nih.gov/pubmed/22427341
http://www.ncbi.nlm.nih.gov/pubmed/22427341
http://www.ncbi.nlm.nih.gov/pubmed/21546606
http://www.ncbi.nlm.nih.gov/pubmed/21546606
http://www.ncbi.nlm.nih.gov/pubmed/21546606
http://www.ncbi.nlm.nih.gov/pubmed/21546606
http://www.ncbi.nlm.nih.gov/pubmed/12958145
http://www.ncbi.nlm.nih.gov/pubmed/12958145
http://www.ncbi.nlm.nih.gov/pubmed/12958145
http://www.ncbi.nlm.nih.gov/pubmed/22965993
http://www.ncbi.nlm.nih.gov/pubmed/22965993
http://www.ncbi.nlm.nih.gov/pubmed/22965993
http://www.ncbi.nlm.nih.gov/pubmed/12584367
http://www.ncbi.nlm.nih.gov/pubmed/12584367
http://www.ncbi.nlm.nih.gov/pubmed/12584367

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Heart Failure 
	Current Therapies for Heart Failure 
	Medical therapy  
	Interventional therapy 
	Surgical therapy 
	Limitations of current therapy for heart failure 
	Endogenous cardiac stem cells 

	Types of Cardiac Stem Cells 
	Cardiac c-kit+ stem cells 
	Cardiac side population cells 
	Cardiospheres and cardiosphere-derived cells 
	Islet-1+ cardiovascular progenitors 
	Epicardium-derived stem cells 
	Effect of age on isolation and function of cardiac stem cells 

	Conclusions
	Acknowledgements
	Conflicts of Interest 
	References

