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Abstract—It is well established that cardiovascular repair mechanisms become progressively impaired with age and that
advanced age is itself a significant risk factor for cardiovascular disease. Although therapeutic developments have
improved the prognosis for those with cardiovascular disease, mortality rates have nevertheless remained virtually
unchanged in the last twenty years. Clearly, there is a need for alternative strategies for the treatment of cardiovascular
disease. In recent years, the idea that the heart is capable of regeneration has raised the possibility that cell-based
therapies may provide such an alternative to conventional treatments. Cells that have the potential to generate
cardiomyocytes and vascular cells have been identified in both the adult heart and peripheral tissues, and in vivo
experiments suggest that these cardiovascular stem cells and cardiovascular progenitor cells, including endothelial
progenitor cells, are capable of replacing damaged myocardium and vascular tissues. Despite these findings, the
endogenous actions of cardiovascular stem cells and cardiovascular progenitor cells appear to be insufficient to protect
against cardiovascular disease in older individuals. Because recent evidence suggests that cardiovascular stem cells and
cardiovascular progenitor cells are subject to age-associated changes that impair their function, these changes may
contribute to the dysregulation of endogenous cardiovascular repair mechanisms in the aging heart and vasculature. Here
we present the evidence for the impact of aging on cardiovascular stem cell/cardiovascular progenitor cell function and
its potential importance in the increased severity of cardiovascular pathophysiology observed in the geriatric population.
(Circ Res. 2007;100:1116-1127.)
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Cardiovascular disease (CVD) is the leading cause of
morbidity and mortality in the United States.1 CVD risk

increases with age and, in older patients, is associated with
increased rates of complications and poorer clinical out-
comes. As a consequence, CVD is predominant within the
elderly population, with approximately 85% of all deaths

attributable to CVD in the United States occurring in indi-
viduals more than 65 years of age.1 Age-associated changes
in many aspects of cardiovascular function appear to contrib-
ute to this increased risk. These include: (1) impairment in the
regulation of vascular tone that is attributable, for example, to
decreased NO production and increased levels of angioten-
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sins and endothelin2,3; (2) increased coagulation activity and
decreased fibrinolytic capacity, leading to increased risk of
coronary thrombosis4,5; (3) dysregulated angiogenic repair
mechanisms that are important for restoration of blood flow
after ischemic injury6; and (4) a decrease in the number and
function of circulating endothelial progenitor cells (EPCs),
which are known to contribute to neovascularization.7–9

Furthermore, cellular senescence, resulting from the accumu-
lation of oxidative damage, telomere shortening, and the loss
of replicative ability in vascular cells10 also contributes to the
progressive inability of the heart and vasculature to repair
themselves after injury.

Many of these changes occur within the cells of the heart
and vasculature themselves. However, systemic changes as-
sociated with aging, including decreased hormone levels and
added complications attributable to the presence of other
age-associated pathologies, such as diabetes and hyperten-
sion, also play a major role in the increased risk of CVD in
older individuals. Current therapies, including treatments for
acute coronary syndromes such as percutaneous coronary
interventions and anticoagulants, and preventative strategies
such as statins and angiotensin converting enzyme inhibitors,
have improved the quality of life for those with CVD.
However, there has been little change in overall deaths from
CVD over the last 2 decades,11 demonstrating the need for
improved therapeutic strategies, particularly those that are
effective in treating the aging population. Recently, there has
been intense focus on the use of cardiac progenitor cells
(CPCs) to replace damaged myocardium and/or to initiate
endogenous mechanisms of cardiovascular repair. The prom-
ise of cell-based therapies to restore damaged tissues in the
heart and associated vasculature has led to the initiation of
clinical trials to examine the effectiveness of these cells in
improving cardiac function after ischemic injury.12–21 Al-
though the use of CPCs and cardiac stem cells (CSCs) as a
potential new therapy for the treatment of CVD is thus
receiving much attention, an understanding of the potential
changes in these cells with aging may improve their thera-
peutic utility for older individuals, who may have the greatest
need for robust treatment. Moreover, as a number of studies
suggest that there is a progressive dysregulation of CSC and
CPC generation and function with increasing age, strategies
based on countering these changes offer the promise of
reducing the increased severity of CVD in older persons.

Identification of Stem and Progenitor Cells
for Cardiovascular Regeneration

Cardiac Stem Cells
The identification of stem- and progenitor-like cells that
appear to have the capacity to differentiate into myocytes and
vascular cells represents a potentially useful approach to the
development of novel therapeutics for cardiovascular repair.
The presence of stem cells resident in the heart itself was first
reported by Beltrami et al in 2003. This group identified
c-kit� cells located in the myocardium that were positive for
mitotic markers and transcription factors indicative of car-
diomyogenic differentiation, including GATA4 and
Nkx2.5.22 In vitro, individual c-kit� cells isolated from the

adult heart have the capacity to differentiate into myocardial,
endothelial, and smooth muscle cell lineages and are also
capable of self-renewal. Most strikingly, transplantation of
these cells into the hearts of syngeneic rats post–myocardial
infarction reduced the extent of myocardial damage com-
pared with controls, and the transplanted cells were able to
give rise to myocyte, endothelial, and smooth muscle cell
lineages. Shortly after this discovery, Oh et al described the
isolation of a subpopulation of Sca-1�, c-kit� cells from the
heart that express a range of markers typical of a cardiac
phenotype. When transplanted intravenously into mice with
myocardial infarctions, these cells were able to home to the
site of injury and appeared to have the capacity to differen-
tiate into cardiomyocytes.23 Together, the data from both
groups provided compelling evidence that the heart contains
resident CSCs/CPCs and is therefore capable of regeneration.

Since the publication of these studies, a number of other
groups have reported the identification of resident CSCs
capable of differentiation into cardiomyocytes and vascular
cells and, in some cases, also have shown that they can
improve cardiac function after myocardial infarction.24–26

However, a number of important questions still remain
regarding the basic biology of CSCs. For example, each
group that has identified a CSC population has used different
phenotypic markers to isolate these cells. This may be
attributable to the fact that several subpopulations of cells in
the adult heart have the capacity to give rise to the major
cardiac cell lineages or that CSCs undergo phenotypic
changes in response to environmental influences. Because of
this heterogeneity, a single molecular phenotype of the CSC
has not been defined. It is also unclear whether the major
contribution of these CSCs to the repair of damaged myocar-
dium is via the physical replacement of myocytes and
vascular cells or through the secretion of growth factors and
cytokines that enhance endogenous cardiovascular repair
mechanisms.27–30 Indeed, a number of studies have suggested
that CSC differentiation does not occur in the heart, and
transplanted cells instead appear to take on cardiac pheno-
types simply through fusion with existing cells (see further
discussion below). Lastly, there is currently no evidence that
CSCs contribute to cardiac repair via differentiation in the
absence of experimental intervention; therefore, their role in
endogenous mechanisms of cardiac regeneration remains
unknown.

Bone Marrow–Derived Cardiac Stem and
Progenitor Cells
Besides cardiac stem cells located in the heart itself, a number
of extracardiac cell populations are also capable of giving rise
to cardiac cell types. The most widely studied source of these
CSCs/CPCs is the bone marrow. The ability of the bone
marrow to give rise to endothelial cells was first reported by
Shi et al.31 This study was based on the finding that EPCs
circulating in peripheral blood express the hematopoietic
marker CD34.32 Subsequent analysis confirmed that CD34�

cells isolated from the bone marrow also differentiate into
endothelial cells in vitro.31 In vivo models of limb ischemia
and myocardial infarction supported a direct role for bone
marrow–derived cells in neovascularization, concluding that
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these cells differentiate into smooth muscle and endothelial
cells that incorporate into neovessels.33–36 However, more
recently, other groups have contested these findings and
suggest that bone marrow–derived progenitor cells act pri-
marily via paracrine mechanisms, secreting chemokines such
as angiopoietin-1 and vascular endothelial growth factor
(VEGF) at sites of vascular injury to enhance local angio-
genic function.27,29,30 It remains to be determined whether
these discrepancies are attributable to differences in study
design, such as the choice of bone marrow cell populations
selected and the ischemic models used. Based on the current
evidence, however, it appears that EPCs may make both
direct contributions to neovascularization as well as indirectly
promote the angiogenic function of local endothelial cells via
secretion of angiogenic factors.

Bone marrow cells have also been shown to give rise to
cardiomyocytes both in vitro37–40 and in vivo.35,41–44 Notably,
the bone marrow was identified as a potential source of CSCs
before CSCs were found in the heart itself.42 Delivery of these
cells, either systemically or intramyocardially, appears to
result in cardiomyocyte differentiation that provides protec-
tion against myocardial infarction.35,41,42,44,45 Importantly,
there has been much debate regarding the validity of these
results, with a number of groups suggesting that the “differ-
entiation” of transplanted cells is in fact caused by fusion of
the donor cells with host cells, producing binucleated cells
with the characteristics of fully differentiated cardiac cell
types.46,47 The study of Oh et al, for example, demonstrated
that although the stem cell–like population they had isolated
was capable of differentiation into cardiac-like cell types
when transplanted back into infarcted hearts, the authors
acknowledged that as much as 50% of the “differentiated”
cells had in fact undergone cell fusion, as demonstrated by
using transgenic mouse models.23 This finding, however,
does not rule out the possibility that these cells may have
undergone differentiation before fusion to mature cells. In-
deed, the transplantation studies of Kajstura et al showed that
although bone marrow cell transplantation after coronary
artery ligation promotes regeneration of the infarcted myo-
cardium, the cardiomyocytes that develop are not fully
mature and are often poorly coupled and/or oriented in
relation to endogenous myocytes.48 This finding strongly
suggests that these cells did not develop through fusion with
existing myocytes within the infarcted region. Thus, although
cell fusion may be a significant part of the process of cell
engraftment after delivery to the heart, there is equally
compelling evidence that true differentiation of CSC-like
cells also contributes to the regeneration of the myocardium
following cardiac ischemia.

The identification of CSCs located in the heart and CPCs in
the bone marrow suggests that there may be a physiological
link between these 2 stem cell niches. However, the relation-
ship between bone marrow–derived and resident CSCs has
yet to be established. Work from our group and others has
demonstrated that many of the signaling mechanisms in-
volved in cardiovascular repair in the heart itself are recapit-
ulated in the bone marrow niche to generate or mobilize
CPCs. Factors that have been identified both in the heart and
bone marrow that may be involved in such mechanisms

include stromal-derived factor-1,49–52 VEGF,53,54 granulocyte
colony–stimulating factor (G-CSF),16,55 and tenascin-C.56,57

The parallels between the signaling pathways in the bone
marrow and heart suggest that communication between these
2 tissues may be important for maintaining a reservoir of
CSCs and CPCs in the bone marrow and local cardiac stem
cell niches. Although it is possible that CSCs present in
specialized niches of the myocardium take up residence
during embryonic development and remain intact and un-
changed over many decades, it is more likely that these cells
undergo turnover and replenishment as they are called on
periodically to respond to minor cardiac damage. However, it
remains to be determined whether locally resident CSCs
actually derive from the reservoir of CSCs present in the bone
marrow. A recent study has demonstrated that after transplan-
tation of green fluorescent protein–positive bone marrow
cells that take up residence in the host bone marrow,
subsequent induction of myocardial infarction results in a
dramatic increase in the number of c-kit� cells in the heart
and the majority of these are green fluorescent protein–
positive.58 Although this argues that bone marrow–derived
cells have the capacity to home to the heart, where they
express c-kit, the study does not determine whether these
bone marrow–derived cells typically reside in the normal
heart or whether they are recruited only in response to injury.

Aging and Cardiac Progenitor Cells
Because CSCs and CPCs appear to have the capacity to
generate new cardiac tissues, or at least to enhance the
function of existing cardiac cells, it remains to be determined
why these cells fail to inhibit the progression of CVD. One
explanation is that they have a limited capacity for repair and
regeneration and that this capacity is insufficient to combat
the effects of chronic disease. In addition, as CVD primarily
affects the aging population, it is likely that both the number
and function of CSCs and CPCs is impaired with increasing
age and its associated pathologies that are caused by envi-
ronmental factors as well as senescent changes within the
cells themselves.

Cell senescence may be defined as the inability of cells to
undergo replication, primarily as a result of genome instabil-
ity (Figure 1). Senescence may be seen as an innate response
to cell damage that is necessary to prevent tumor formation;
however, the effects of senescence may also lead to disrup-
tion of normal organ function and progression of age-
associated diseases. The rate of senescence within a cell is
determined both by internal factors as well as environmental
influences. Telomerase, which is critical for stabilizing the
ends of chromosomes at cell division, has been shown to
decrease with age in the heart and vasculature.60 Telomerase-
deficient mice experience premature aging of many of their
organs. Moreover, postnatal angiogenic mechanisms are in-
hibited and cardiomyocyte proliferation is decreased in these
mice, suggesting that CPC/CSC function is impaired.61,62

The accumulative effects of oxidative damage also pro-
mote senescent cell changes. The production of superoxide
and hydrogen peroxide from mitochondria increases with age,
as does the generation of peroxynitrite from nitric oxide and
superoxide within the cell.63 Additionally, circulating and
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mitochondrial levels of antioxidant molecules such as super-
oxide dismutase and glutathione decrease with age, leading to
an overall increase in oxidative stress.63 The activity of the
antioxidant enzyme glutathione peroxidase type 1 (GPx-1)
has been shown to be downregulated in areas of atheroscle-
rosis,64 and recently, Galasso et al have demonstrated that
mice deficient in the GPx-1 gene exhibit impaired EPC
mobilization in response to ischemic injury or VEGF treat-
ment, as well as impaired angiogenic function when trans-
planted into wild-type mice.65 The presence of reactive
oxygen species in a cell results in DNA damage. If damage to
the nuclear DNA occurs, cells will either undergo apoptosis
or DNA damage may induce oncogenic proteins such as p53,
ras, and myc that subsequently upregulate cyclin-dependent
kinase inhibitors, including p21 and p16INK4a. The induction of
these proteins ultimately leads to cell cycle arrest.66

External influences that deleteriously affect cell integrity
or function may also promote cell senescence. Cells in
regions of the vasculature that are more prone to atheroscle-
rosis, for example, display a higher occurrence of senescence
compared with cells in other regions of the endothelium. This
is likely to be attributable, in part, to the high levels of shear
stress in these areas that cause cellular damage.67

Aging and Resident Cardiac Stem Cells
Research in the area of resident CSCs is still in its early
stages. However, recognizing the potential importance of this
cell population in cardiac regeneration, Anversa et al have
already begun to study the effects of aging and senescent
changes in this cell population. Histological examination of
cardiac tissue from patients with signs of CVD has shown
that c-kit� resident CSCs undergo apoptosis and express the
cyclin-dependent kinase p16INK4a.68 In mice, CSC apoptosis
was more prevalent in older animals, and CSC telomere
length also decreased with age.69 These studies suggest that
resident CSCs are indeed subject to senescent changes with
increasing age, apparently in much the same way as mature
cardiovascular cells. Although this may seem paradoxical,
because stem cells by nature are self-renewing, the age-
associated changes in resident CSCs may reflect the micro-
environmental changes in the aging heart that impinge on
CSC function. Clearly, further studies are required to estab-
lish whether CSC senescence contributes to the impairment in
cardiac function and cardiovascular repair mechanisms in the
aging patient. However, given that a number of studies have
suggested that resident CSCs make a significant contribution
to cardiovascular homeostasis and repair,22,23,69 the aging of
these cells is likely to have a major impact on cardiovascular
health in older individuals.

Aging and Endothelial Progenitor Cells
The number of circulating EPCs in patients with coronary
artery disease has been shown to decline with increasing age.8

Furthermore, following coronary artery bypass grafting, EPC
mobilization is significantly impaired in older individuals
compared with younger patients.8 Besides changes in EPC
levels, the function of EPCs from older individuals also
appears to be disrupted, based on in vitro examination of EPC
survival, proliferation, and migration.9,70 These results

strongly suggest that age is an important determinant of EPC
function and further support the hypothesis that changes in
EPC function with age contribute to the impairment of
cardiovascular repair mechanisms in the aging host.

A wide range of environmental changes influence EPC
generation and function. The dramatic decrease in estrogen
levels at the onset of menopause, for example, is associated
with decreased levels of circulating EPCs and a drastic
increase in CVD in postmenopausal women.1,71 Mechanisti-
cally, estrogen increases telomerase activity and thus inhibits
senescence in EPCs in vitro, which may partially explain the
decrease in EPC levels at the time of menopause.72 Further-
more, Strehlow et al have shown that there is both impaired
generation and mobilization of EPCs from ovariectomized
female mice and that estrogen replacement restores EPC
levels in the bone marrow and peripheral blood via caspase
8-mediated antiapoptotic pathways.73 A similar study showed
that estrogen additionally promotes EPC migration and pro-
liferative capacity.74

The age-associated impairment in EPC mobilization and
function may related to changes in NO and reactive oxygen
species. Specifically, endothelial NO synthase (eNOS) ex-
pression and subsequent nitric oxide production are critical in
EPC mobilization.75,76 Indeed, eNOS is a central downstream
mediator in VEGF and estrogen-signaling pathways.74,77,78

Moreover, oxidized low-density lipoprotein, which accumu-
lates with age, also suppresses eNOS expression and impairs
EPC survival and function.79 Hypercholesteremia, a risk
factor for CVD, is linked to decreased circulating EPC levels
in humans as well as depressed EPC function in vitro,
including impairments in cell migration, proliferation, and
vasculogenic activity.80 Smoking is similarly associated with
decreased EPC levels and function,70,81 whereas the cessation
of smoking appears to induce rapid rises in EPC levels.82

These studies highlight the fact that although CVD may have
multifactorial etiologies, a common element is the decreased
number and function of cardiovascular progenitor cells.
Identifying factors that are downregulated with age (and its
associated pathologies) and that are essential for maintenance
of progenitor cell number and function may therefore provide
novel targets for the restoration of cardiovascular repair
mechanisms in older individuals.

Cardiovascular Disease and Cardiac
Progenitor Cells

The impact of the impairment in EPC function has been
studied in the context of various vascular pathologies, which
shed light on the important, and often complex, role of these
cells in vascular regeneration. Furthermore, the progressive
loss of myocytes in the aging and infarcted heart, as myocyte
damage and apoptosis begin to outpace cardiac remodeling,
suggest that future therapies for the treatment of myocardial
damage may involve the use of CPCs and CSCs to replace
lost myocytes and their associated vasculature.

Atherosclerosis
Atherosclerosis results from endothelial cell damage, often as
a result of inflammation or physical disruption to the vascular
surface, which leads to loss of integrity of the endothelial
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monolayer. This damage is followed by infiltration of inflam-
matory cells that can promote endothelial cell apoptosis and
dysfunction, as well as lipid deposition and smooth muscle
cell proliferation that result in neointima formation.83 Regen-
eration of the endothelium is therefore an obvious target for
preventing the development of atherosclerosis. A number of
studies have demonstrated that transplantation of EPCs, or
mobilization of endogenous EPCs using agents such as statins
and G-CSF, contribute to the reendothelialization of denuded
vessels in vivo, reducing neointima formation.84–87 The study
of Rauscher et al further highlights the importance of aging in
the EPC-mediated prevention of atherosclerosis: this group
demonstrated that the treatment of old ApoE�/� mice with
bone marrow cells from young ApoE�/� mice was able to
inhibit the progression of atherosclerosis, whereas cells from
older ApoE�/� mice, which themselves had signs of athero-
sclerosis, did not.88

Although EPCs may be important for replacement of
damaged cells at the vascular surface, subsequent mainte-
nance and growth of the atherosclerotic lesion involves
vascularization of the neointimal tissue, a process that is
likely to be enhanced by the presence of EPCs. Indeed,
George et al have shown that transplantation of bone marrow
cells or spleen-derived EPCs into ApoE�/� mice promotes
atherosclerotic lesion development.89 Vessel density has also
been shown to be highest in atherosclerotic lesions that show
evidence of hemorrhage, plaque rupture and severe inflam-
mation, suggesting that neovascularization is linked to plaque
vulnerability.90 Furthermore, it has been reported that bone
marrow cell transplantation following in vivo endothelial
denudation or cardiac transplantation leads to differentiation
of smooth muscle cells that contribute to the development of
atherosclerotic lesions and exacerbate vascular pathology.91

These studies point to a need for the development of therapies
that can target regions of vascular dysfunction in a spatially
and temporally controlled manner, maintaining a balance
between promotion of tissue regeneration and inhibition of
aberrant growth.

Myocardial Infarction
Acute myocardial infarction in humans is associated with
increased levels of circulating EPCs.33 This upregulation,
however, generally appears to be insufficient to prevent
cardiovascular damage. This is likely attributable, in part, to
the delayed response, such that EPC mobilization does not
peak until 7 days after vascular injury.33 Mobilization of
cardiac progenitors before or at the time of myocardial
infarction may promote increased myocyte differentiation
and/or tissue vascularization. We have shown that pretreat-
ment of mice with a combination of angiogenic growth
factors, platelet-derived growth factor (PDGF) and VEGF, 24
hours before cardiac allograft transplantation promotes both
local angiogenic and EPC-mediated vasculogenic responses
that are impaired in aging mice, resulting in successful
allograft vascularization.92 This is in contrast to growth factor
administration at the time of transplantation, which is signif-
icantly less successful.92 Similarly, myocardial pretreatment
with PDGF before coronary artery ligation promotes cardio-
myocyte differentiation from bone marrow cells that limits

the extent of myocardial infarction.44 Thus, early or preven-
tative interventions may prove to be the most efficient
strategies in individuals with susceptibility to CVD.

Urbanek et al have attempted to enhance the homing of
endogenous CSCs by injecting hepatocyte growth factor
(HGF) and insulin-like growth factor (IGF)-1 to attract
c-met–positive and IGF-1 receptor–positive CSCs to sites of
myocardial infarction.93 This resulted in regeneration of
functionally competent myocytes and associated vascular
structures within the infarct region and subsequent improve-
ment in cardiac performance.93 Together, these studies dem-
onstrate that the host has the capacity to regenerate its own
cardiac and vascular tissues after injury but may be inhibited
from doing so because of impairment of the necessary
signaling mechanisms. In aging hosts, this may be com-
pounded by the fact that the pool of CPCs and CSCs is
probably depleted, thus transplantation of bone marrow cells
or specific progenitor cell populations to restore the numbers
of these cells also promotes cardiovascular repair. Both
experimental studies and clinical trials examining the effec-
tiveness of cell replacement approaches have provided prom-
ising results that suggest that progenitor cell transplantation
may be a viable strategy for the treatment of CVD (see
below).

Diabetes
Diabetes is linked to impaired vascular function, including
alterations in both endothelial cells and EPCs. A number of
studies have shown that individuals with diabetes have
decreased levels of circulating EPCs94–96 and that the severity
of disease is inversely proportional to EPC levels.97 In vitro,
hyperglycemia increases the rate of EPC senescence98 and the
angiogenic function of EPCs from patients with either type 1
or type 2 diabetes is impaired such that they are poorly
proliferative and fail to incorporate into forming vessel-like
structures.97,99 Our group has shown that whereas bone
marrow transplantation from young wild-type mice into old
wild-type mice is able to restore the ability of the aging host
to vascularize a cardiac allograft, similar studies using bone
marrow cells from young diabetic mice fail to restore angio-
genic potential.100 Treatment of the diabetic donor cells with
PDGF was able to rescue the angiogenic capacity of the cells,
demonstrating that not only is a lack of cell mobilization from
the bone marrow a cause of EPC dysfunction in diabetic
animals but dysregulation of growth factor-mediated signal-
ing is partly responsible for the loss of angiogenic function.
Similarly, bone marrow cells from diabetic mice display
decreased levels of VEGF expression and increased
thrombospondin-1 expression, which are likely linked to the
impaired angiogenic capacity of these cells.101 Thus, as with
myocardial infarction, the use of growth factor and cytokine-
mediated approaches may prove successful in the develop-
ment of strategies to improve vascular function in diabetic
patients.

Progenitor Cell–Mediated Repair of the Aging
Cardiovascular System

The extent to which CSCs and CPCs appear to be involved in
the maintenance of endogenous cardiovascular repair mech-
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anisms highlights the potential importance of these cell types
in the development of new therapies to reduce or prevent the
impact of CVD in the aging population. A number of
different CSC-/CPC-based approaches are showing promis-
ing results in the laboratory and, in some cases, in clinical
trials. These approaches can be broadly separated into 2
categories: those that use cell transplantation methods to
replenish CSC/CPC pools and replace damaged tissues and
those that use factor-based approaches to restore molecular
pathways that are dysregulated with age and enhance the
regenerative function of endogenous cells (Figure 2).

Cell-Based Approaches for Cardiovascular Repair
Approaches to cardiac cell replacement include direct injec-
tion of cells at sites of vascular injury as well as delivery of
cells to the systemic circulation, relying on the fact that
homing of progenitor cells to injured cardiac and vascular
tissues is significantly higher than engraftment to uninjured
sites.102 Our laboratory has focused on the restoration of the
aging bone marrow stem cell niche, ie, the microenvironment
in which bone marrow progenitor cells are generated and
mobilized, as a means to revert the aging bone marrow to a
“young” phenotype with CPC-mediated vasculoprotective

Figure 1. Influences on cell senescence.
Senescent changes in cells result in the
cessation of cell replication, often in
response to cell damage and/or genome
instability. The changes illustrated here
are thought to promote senescence and
have been suggested to contribute to
the progressive senescence of CPCs
and, in some cases, CSCs. Reversal or
inhibition of these senescent pathways
may provide feasible strategies to main-
tain the pool of CPCs and CSCs in the
aging host, thus maintaining regenerative
and cardioprotective pathways. eNOS
indicates endothelial nitric oxide syn-
thase; ROS, reactive oxygen species.

Figure 2. Potential clinical approaches
to regeneration of the aging cardiovas-
cular system. Current clinical trials aimed
at the enhancement of cardiac regenera-
tion in patients with cardiovascular dis-
ease are focused on 2 major strategies:
(1) the direct delivery of CPCs to the
heart itself, either with or without prior ex
vivo culture to enhance cardiac differen-
tiation; and (2) the enhancement of en-
dogenous CPC and/or CSC function via
the delivery of factors that promote both
the mobilization and homing of these
cells to the site of injury. There are also
a number of agents that show promise
in experimental studies for the promotion
of CPC and CSC function, including
SDF-1, tenascin-C, and estrogen. Addi-
tionally, the use of exogenous sources of
stem/progenitor cells with a “young”
phenotype may also prove useful for res-
toration of cardiac regenerative proper-
ties that are progressively dysregulated
with age.

Ballard and Edelberg Stem Cells for the Aging Cardiovascular System 1121

 by guest on June 19, 2014http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


capacity. We have shown that whereas old (18-month) mice
lack the capacity to vascularize cardiac allografts, intravenous
delivery of bone marrow cells from young (3-month) mice to
old mice one week before cardiac transplantation results in
increased cardiac angiogenic capacity, sufficient to support
allograft vascularization.103 Thus, the supplementation of old
EPCs with young EPCs, without the need for myeloablation,
is an effective strategy for restoring mechanisms of angio-
genesis and cardiovascular repair in the aging heart.

Rather than restoring the bone marrow cell reservoir of
CPCs/CSCs, other groups have examined the effectiveness of
direct delivery of cells to the infarcted heart. Such approaches
may lend themselves more favorably to clinical applications,
because issues of cell rejection can be avoided through use of
autologous cell transplantation. Strauer et al performed the
first small-scale clinical study involving twenty patients with
acute myocardial infarction, transplanting autologous bone
marrow mononuclear cells into the infarcts of half the
patients approximately 7 days after onset of infarction,
coupled with standard therapies for all patients.20 After 3
months, those patients who had undergone cell transplanta-
tion as well as standard therapy had significantly smaller
infarcts with improved cardiac function, compared with the
control group. Significantly, no apparent deleterious effects
were observed in patients who underwent cell transplantation.

The Transplantation of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction (TOPCARE-
AMI) trial involved a similar approach to that used by Strauer
et al,20 except that 2 different cell populations were com-
pared: (1) blood-derived mononuclear cells supplemented
with both VEGF and atorvastatin and cultured ex vivo for 3
days; and (2) bone marrow–derived mononuclear cells,
positive for both EPC and hematopoietic progenitor cell
markers, transplanted without culturing.12 Four months after
treatment, again, those patients who had undergone cell
transplantation displayed improved cardiac function with no
negative effects. Interestingly, no differences in cardiac
improvement were seen between patients receiving blood-
derived versus bone marrow-derived mononuclear cells. A
follow-up study by this group examined changes in infarct
size with cell-based therapy and found that this was signifi-
cantly decreased compared with infarct size in patients
receiving only standard therapy.13

Since these clinical trials, other trials have shown similar
positive outcomes after bone marrow transplantation in pa-
tients with myocardial ischemia.104–106 Furthermore, a num-
ber of groups have examined the utility of pretreatment of
patients with drugs such as G-CSF to stimulate bone marrow
cell mobilization, followed by harvesting from the peripheral
blood and injection into the ischemic heart.14,17,18 Although
these were very small-scale pilot studies, this approach
appears to be safe and provides some cardiovascular benefit,
suggesting that combined approaches using cytokine admin-
istration followed by CSC/CPC delivery may also prove to be
a valuable therapeutic strategy to reduce the impact of
ischemic heart disease.

The clinical trials described above illustrate the potential
benefits of CSC/CPC transplantation to patients with CVD.
Although there is great enthusiasm for these approaches,

these promising results should be viewed with caution,
because the long-term effects of bone marrow– and blood-
derived cell transplantation are completely unknown. Poten-
tial problems that may arise include aberrant differentiation
of the transplanted cells either (1) into unexpected cell types
or (2) in unexpected patterns and locations. Many of the cell
preparations that are used for these studies are incompletely
characterized; thus differentiation into other cell types is
feasible, particularly under pathological conditions. A more
thorough analysis of the cell types involved, as well as their
plasticity, is essential to ensuring that this is avoided. Related
to this, the majority of transplanted cells will not home to the
site of myocardial damage, but will instead home to other
tissues, most notably the spleen and liver or, alternatively,
will undergo apoptosis. The fate of cells that become en-
grafted into other tissues is unknown but may lead to
disruption in organ function. Furthermore, aberrant differen-
tiation of EPCs may promote tumor angiogenesis in suscep-
tible patients, as seen in experimental studies.107 Thus, a
balance must be maintained between angiogenic induction to
promote cardiovascular health and angiogenic suppression
that may stimulate tumor growth.

Enhancement of Endogenous Function of CSCs
and CPCs via Cytokine/Growth
Factor Stimulation
Similar to the role of factor-based therapies to promote
endogenous hematopoietic stem cell function, the future of
cardiac regeneration and cardioprotection may lie in cell-free
treatments to enhance the function of endogenous CSCs and
CPCs. A number of factors have been shown to enhance EPC
function either at the site of mobilization from the bone
marrow and/or at sites of homing to damaged blood vessels.
Age-associated decreases in a wide range of factors, includ-
ing VEGF and PDGF signaling and circulating estrogen
levels have been suggested in animal models to be impor-
tant factors in the decrease in EPC mobilization from the
bone marrow, cardiac homing, and regeneration.71,103,108

Restoration of these factors in the aging host may provide
protective benefit to the cardiovascular system that limits
the impact of CVD.

VEGF is a key factor in angiogenic and vasculogenic
mechanisms in both development and disease.109,110 The
systemic administration of VEGF in animal models and
clinical trials results in increased mobilization of EPCs
from the bone marrow and EPC proliferative and migratory
activity and promotes incorporation of EPCs into sites of
neovascularization in vivo.32,111–115 Furthermore, a number of
studies have shown that although intramyocardial transplan-
tation of bone marrow cells alone promotes cardiac neovas-
cularization and improves cardiac function after myocardial
infarction, the results are even further enhanced if the bone
marrow cells are transfected with VEGF-encoding plasmids
before transplantation.15,21,116–118 Clinical trials in patients
with coronary artery disease or limb ischemia showed im-
provement after treatment with plasmid DNA encoding
VEGF165

15,21,117,118; thus VEGF may prove to be a feasible
and successful therapy for vascular injury. Importantly, stud-
ies such as these highlight the fact that replenishment of
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cardiomyocytes by CSC/CPC transplantation after infarction
may not be necessary if the infarcted tissue is revascularized
promptly. EPCs enhance the survival of existing myocytes
and may also induce recruitment of endogenous CSCs, as has
been shown experimentally.28,119 Thus, therapeutic ap-
proaches that focus on enhancement of EPC activity or
restoration of the EPC population may be sufficient to
improve cardiac structure and function after vascular injury.

Our laboratory has shown that PDGF acts to promote the
angiogenic activity of local vascular cells after myocardial
infarction as well as to recruit bone marrow cells that
differentiate into both endothelial cells and cardiomyo-
cytes.44,120 Intramyocardial treatment with PDGF therefore
appears to enhance the interactions between bone marrow and
cardiac stem cell niches and provides functional benefit to the
injured heart. Additionally, we have recently demonstrated
that PDGF pathways are essential for maintaining the car-
diomyogenic potential of Oct3/4� bone marrow cells that is
decreased with age.121 Although the direct use of PDGF as a
therapeutic strategy is not feasible because of its known
ability to induce smooth muscle cell differentiation,122 similar
agents that promote parallel pathways in the bone marrow
and heart may prove to be the most beneficial for enhancing
progenitor cell function. Tenascin-C, which we have shown
to be a downstream mediator of PDGF signaling in the
cardiac vasculature, is associated with sites of EPC recruit-
ment in the heart and is also important for bone marrow
cell–mediated mechanisms of cardiac angiogenesis.56 This
protein is downregulated in the aging bone marrow and may
also be depleted in the aging heart.56 Thus mechanisms that
restore tenascin-C may have multiple actions that promote
cardiovascular repair mechanisms, including CSC-mediated
cardiac regeneration.

Another factor acting both in the cardiac and bone marrow
stem cell niches is stromal cell–derived factor (SDF)-1. In the
bone marrow, SDF-1 is among a number of proteins, includ-
ing VEGF and placental growth factor, that induce matrix
metalloproteinase (MMP)-9, leading to the translocation of
stem cells to the vascular zone of the bone marrow before
mobilization.123 SDF-1 has also been shown to promote bone
marrow cell proliferation and angiogenesis.124 In vitro, EPCs
migrate toward SDF-1 and injection of SDF-1 into sites of
limb ischemia, combined with EPC transplantation, promotes
local EPC-mediated vasculogenesis.125 Furthermore, this fac-
tor can also suppress EPC apoptosis.125 In the heart, SDF-1 is
upregulated immediately after myocardial infarction, suggest-
ing that, here, SDF-1 may act as a homing signal to recruit
cardiac progenitor cells for tissue repair.51 Like SDF-1, the
growth factor IGF-1 is also known to have multiple effects on
CSCs and CPCs that make it a potential therapeutic target for
the maintenance of cardiac regeneration in the aging host. In
the heart, the functions of IGF-1 act to preserve the integrity
of existing cardiomyocytes, inhibiting replicative senescence
and apoptosis, in part via upregulation of telomerase activity
and antioxidant pathways.68,126,127 Moreover, Torella et al
have demonstrated that IGF-1 overexpression also acts to
maintain the pool of CSCs in the heart, by inhibition of
apoptosis and suppression of cell cycle inhibitors.69 As
mentioned above, IGF-1 has been used in experimental

studies to enhance the homing of endogenous IGF-1 recep-
tor–positive CSCs.93 This factor may therefore prove useful
not only for recruitment of CSCs to sites of cardiac injury but
also for maintaining their viability and function on incorpo-
ration into the healing myocardium.

Other factors that regulate EPC function include the
hematopoietic growth factor granulocyte macrophage–col-
ony stimulating factor, which increases the number of circu-
lating EPCs in vivo, while enhancing differentiation of EPCs
in vitro.128 Similarly G-CSF also has stimulated EPC mobi-
lization in clinical trials, but these EPCs display functional
impairment of migratory properties in vitro. As a result, there
is no apparent improvement in individuals treated with
G-CSF after myocardial infarction.16,19 These studies suggest
that cytokine administration may need to be combined with
CSC/CPC delivery to develop an improved therapeutic strat-
egy to reduce the impact of ischemic heart disease specifi-
cally in older persons.

Pharmacologically, the class of factors known as the
statins, or 3-hydroxy-3-methyl glutaryl coenzyme A reduc-
tase inhibitors, has also been shown to enhance EPC-
mediated angiogenesis in models of ischemic tissue injury. In
vivo, statin treatment increases the numbers of circulating
EPCs and enhances both neovascularization in corneal assays
and reendothelialization of injured vessels, promoting incor-
poration of labeled bone marrow–derived cells into these
vessels.84,86,129 Mechanistically, statin treatment in vitro ap-
pears to inhibit EPC senescence, via induction of telomere
repeat binding factor-2, which inhibits induction of the DNA
damage checkpoint-kinase 2.130 Simvastatin activates the
serine–threonine kinase Akt in endothelial cells, promoting
endothelial cell survival and migration.131 Akt also acts
downstream of VEGF and may therefore represent a key
regulator of VEGF-mediated neovasculogenesis.132 Thus,
these data suggest that statin therapy may constitute an
important approach in the development of strategies to
improve EPC survival and function and to improve cardiac
repair pathways in the aging population. Indeed, the
TOPCARE-AMI clinical trial demonstrated that the treatment
of ex vivo cultured blood-derived progenitor cells with
atorvastatin was found to be safe and potentially effective for
the enhancement of cardiac regeneration.12

Concluding Remarks
Since the discovery that the heart is capable of regeneration,
much of the research in this field has focused on the
characterization of these stem and progenitor cells and the
signaling mechanisms that promote their generation and
function. Early clinical trials suggest that the application of
CPCs and/or CSCs for cardiovascular repair may be a safe
and viable alternative to current strategies. However, the
modest functional improvements observed in these trials may
be just the starting point for realizing the full potential of
these cells to repair cardiovascular damage. Until now, the
majority of experimental studies have focused on investiga-
tion of CSC and CPC function in young hosts. To use these
cells most effectively for cardiovascular repair, the next phase
of research in this field must be aimed at understanding the
deterioration of endogenous CSC and CPC function in the
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context of aging that inhibits their effectiveness at repairing
cardiovascular damage. Research into the senescent changes
in these cell populations, as well as the environments in
which they are generated and to which they are recruited, will
yield valuable insight into the mechanisms that are essential
to the maintenance of their regenerative function. Moreover,
identification of signaling pathways that are dysregulated
with age will provide molecular targets for the development
of treatments to enhance the potential of endogenous CSCs
and CPCs and/or to enhance the functional capacity of
transplanted cells. The promising studies described within
this review suggest that future therapeutics based on our
increased understanding of the biology of stem and progen-
itor cells in the context of aging will lead to improved
outcomes for older individuals with CVD and will likely be
beneficial for the development of therapies for all individuals
with heart disease.

Sources of Funding
This work was supported in part by the NIH (grants AG19738 and
AG020918).

Disclosures
None.

References
1. American Heart Association. Heart disease and stroke statistics–2006

update. A report from the American Heart Association Statistics Com-
mittee and Stroke Statistics Subcommittee. Circulation. 2006;113:
e85–e151.

2. Amrani M, Goodwin AT, Gray CC, Yacoub MH. Ageing is associated
with reduced basal and stimulated release of nitric oxide by the coronary
endothelium. Acta Physiol Scand. 1996;157:79–84.

3. Komatsumoto S, Nara M. [Changes in the level of endothelin-1 with
aging]. Nippon Ronen Igakkai Zasshi. 1995;32:664–669.

4. Bauer KA, Weiss LM, Sparrow D, Vokonas PS, Rosenberg RD. Aging-
associated changes in indices of thrombin generation and protein C
activation in humans. Normative Aging Study. J Clin Invest. 1987;80:
1527–1534.

5. Hager K, Setzer J, Vogl T, Voit J, Platt D. Blood coagulation factors in
the elderly. Arch Gerontol Geriatr. 1989;9:277–282.

6. Reed MJ, Edelberg JM. Impaired angiogenesis in the aged. Sci Aging
Knowledge Environ. 2004;2004:pe7.

7. Vasa M, Fichtlscherer S, Adler K, Aicher A, Martin H, Zeiher AM,
Dimmeler S. Increase in circulating endothelial progenitor cells by statin
therapy in patients with stable coronary artery disease. Circulation.
2001;103:2885–2890.

8. Scheubel RJ, Zorn H, Silber RE, Kuss O, Morawietz H, Holtz J, Simm
A. Age-dependent depression in circulating endothelial progenitor cells
in patients undergoing coronary artery bypass grafting. J Am Coll
Cardiol. 2003;42:2073–2080.

9. Heiss C, Keymel S, Niesler U, Ziemann J, Kelm M, Kalka C. Impaired
progenitor cell activity in age-related endothelial dysfunction. J Am Coll
Cardiol. 2005;45:1441–1448.

10. Erusalimsky JD, Kurz DJ. Endothelial cell senescence. Handb Exp
Pharmacol. 2006;213–248.

11. National Center for Health Statistics. Health, United States, 2005.
Hyattsville, Md: National Center for Health Statistics; 2005.

12. Assmus B, Schachinger V, Teupe C, Britten M, Lehmann R, Dobert N,
Grunwald F, Aicher A, Urbich C, Martin H, Hoelzer D, Dimmeler S,
Zeiher AM. Transplantation of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction (TOPCARE-AMI).
Circulation. 2002;106:3009 –3017.

13. Britten MB, Abolmaali ND, Assmus B, Lehmann R, Honold J, Schmitt
J, Vogl TJ, Martin H, Schachinger V, Dimmeler S, Zeiher AM. Infarct
remodeling after intracoronary progenitor cell treatment in patients with
acute myocardial infarction (TOPCARE-AMI): mechanistic insights
from serial contrast-enhanced magnetic resonance imaging. Circulation.
2003;108:2212–2218.

14. Kang HJ, Kim HS, Zhang SY, Park KW, Cho HJ, Koo BK, Kim YJ, Soo
Lee D, Sohn DW, Han KS, Oh BH, Lee MM, Park YB. Effects of
intracoronary infusion of peripheral blood stem-cells mobilised with
granulocyte-colony stimulating factor on left ventricular systolic
function and restenosis after coronary stenting in myocardial infarction:
the MAGIC cell randomised clinical trial. Lancet. 2004;363:751–756.

15. Losordo DW, Vale PR, Isner JM. Gene therapy for myocardial angio-
genesis. Am Heart J. 1999;138:S132–S141.

16. Honold J, Lehmann R, Heeschen C, Walter DH, Assmus B, Sasaki K,
Martin H, Haendeler J, Zeiher AM, Dimmeler S. Effects of granulocyte
colony simulating factor on functional activities of endothelial pro-
genitor cells in patients with chronic ischemic heart disease. Arterioscler
Thromb Vasc Biol. 2006;26:2238–2243.

17. Ozbaran M, Omay SB, Nalbantgil S, Kultursay H, Kumanlioglu K, Nart
D, Pektok E. Autologous peripheral stem cell transplantation in patients
with congestive heart failure due to ischemic heart disease. Eur J Car-
diothorac Surg. 2004;25:342–350.

18. Pompilio G, Cannata A, Peccatori F, Bertolini F, Nascimbene A, Capo-
grossi MC, Biglioli P. Autologous peripheral blood stem cell transplan-
tation for myocardial regeneration: a novel strategy for cell collection
and surgical injection. Ann Thorac Surg. 2004;78:1808–1812.

19. Ripa RS, Jorgensen E, Wang Y, Thune JJ, Nilsson JC, Sondergaard L,
Johnsen HE, Kober L, Grande P, Kastrup J. Stem cell mobilization
induced by subcutaneous granulocyte-colony stimulating factor to
improve cardiac regeneration after acute ST-elevation myocardial
infarction: result of the double-blind, randomized, placebo-controlled
stem cells in myocardial infarction (STEMMI) trial. Circulation. 2006;
113:1983–1992.

20. Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV,
Kogler G, Wernet P. Repair of infarcted myocardium by autologous
intracoronary mononuclear bone marrow cell transplantation in humans.
Circulation. 2002;106:1913–1918.

21. Symes JF, Losordo DW, Vale PR, Lathi KG, Esakof DD, Mayskiy M,
Isner JM. Gene therapy with vascular endothelial growth factor for
inoperable coronary artery disease. Ann Thorac Surg. 1999;68:
830–836.

22. Beltrami AP, Barlucchi L, Torella D, Baker M, Limana F, Chimenti S,
Kasahara H, Rota M, Musso E, Urbanek K, Leri A, Kajstura J, Nadal-
Ginard B, Anversa P. Adult cardiac stem cells are multipotent and
support myocardial regeneration. Cell. 2003;114:763–776.

23. Oh H, Bradfute SB, Gallardo TD, Nakamura T, Gaussin V, Mishina Y,
Pocius J, Michael LH, Behringer RR, Garry DJ, Entman ML, Schneider
MD. Cardiac progenitor cells from adult myocardium: homing, differ-
entiation, and fusion after infarction. Proc Natl Acad Sci U S A. 2003;
100:12313–12318.

24. Martin CM, Meeson AP, Robertson SM, Hawke TJ, Richardson JA,
Bates S, Goetsch SC, Gallardo TD, Garry DJ. Persistent expression of
the ATP-binding cassette transporter, Abcg2, identifies cardiac SP cells
in the developing and adult heart. Dev Biol. 2004;265:262–275.

25. Messina E, De Angelis L, Frati G, Morrone S, Chimenti S, Fiordaliso F,
Salio M, Battaglia M, Latronico MV, Coletta M, Vivarelli E, Frati L,
Cossu G, Giacomello A. Isolation and expansion of adult cardiac stem
cells from human and murine heart. Circ Res. 2004;95:911–921.

26. Pfister O, Mouquet F, Jain M, Summer R, Helmes M, Fine A, Colucci
WS, Liao R. CD31- but Not CD31� cardiac side population cells
exhibit functional cardiomyogenic differentiation. Circ Res. 2005;97:
52–61.

27. Ziegelhoeffer T, Fernandez B, Kostin S, Heil M, Voswinckel R, Helisch
A, Schaper W. Bone marrow-derived cells do not incorporate into the
adult growing vasculature. Circ Res. 2004;94:230–238.

28. Urbich C, Aicher A, Heeschen C, Dernbach E, Hofmann WK, Zeiher
AM, Dimmeler S. Soluble factors released by endothelial progenitor
cells promote migration of endothelial cells and cardiac resident pro-
genitor cells. J Mol Cell Cardiol. 2005;39:733–742.

29. Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, Epstein
SE. Marrow-derived stromal cells express genes encoding a broad
spectrum of arteriogenic cytokines and promote in vitro and in vivo
arteriogenesis through paracrine mechanisms. Circ Res. 2004;94:
678–685.

30. Kinnaird T, Stabile E, Burnett MS, Shou M, Lee CW, Barr S, Fuchs S,
Epstein SE. Local delivery of marrow-derived stromal cells augments
collateral perfusion through paracrine mechanisms. Circulation. 2004;
109:1543–1549.

31. Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, Ishida A, Fujita Y, Kothari
S, Mohle R, Sauvage LR, Moore MA, Storb RF, Hammond WP.

1124 Circulation Research April 27, 2007

 by guest on June 19, 2014http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


Evidence for circulating bone marrow-derived endothelial cells. Blood.
1998;92:362–367.

32. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T,
Witzenbichler B, Schatteman G, Isner JM. Isolation of putative pro-
genitor endothelial cells for angiogenesis. Science. 1997;275:964–967.

33. Shintani S, Murohara T, Ikeda H, Ueno T, Sasaki K, Duan J, Imaizumi
T. Augmentation of postnatal neovascularization with autologous bone
marrow transplantation. Circulation. 2001;103:897–903.

34. Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky MW,
Entman ML, Michael LH, Hirschi KK, Goodell MA. Regeneration of
ischemic cardiac muscle and vascular endothelium by adult stem cells.
J Clin Invest. 2001;107:1395–1402.

35. Orlic D, Kajstura J, Chimenti S, Limana F, Jakoniuk I, Quaini F,
Nadal-Ginard B, Bodine DM, Leri A, Anversa P. Mobilized bone
marrow cells repair the infarcted heart, improving function and survival.
Proc Natl Acad Sci U S A. 2001;98:10344–10349.

36. Ayach BB, Yoshimitsu M, Dawood F, Sun M, Arab S, Chen M, Higuchi
K, Siatskas C, Lee P, Lim H, Zhang J, Cukerman E, Stanford WL,
Medin JA, Liu PP. Stem cell factor receptor induces progenitor and
natural killer cell-mediated cardiac survival and repair after myocardial
infarction. Proc Natl Acad Sci U S A. 2006;103:2304–2309.

37. Makino S, Fukuda K, Miyoshi S, Konishi F, Kodama H, Pan J, Sano M,
Takahashi T, Hori S, Abe H, Hata J, Umezawa A, Ogawa S. Cardio-
myocytes can be generated from marrow stromal cells in vitro. J Clin
Invest. 1999;103:697–705.

38. Fukuhara S, Tomita S, Yamashiro S, Morisaki T, Yutani C, Kitamura S,
Nakatani T. Direct cell-cell interaction of cardiomyocytes is key for
bone marrow stromal cells to go into cardiac lineage in vitro. J Thorac
Cardiovasc Surg. 2003;125:1470–1480.

39. Eisenberg LM, Burns L, Eisenberg CA. Hematopoietic cells from bone
marrow have the potential to differentiate into cardiomyocytes in vitro.
Anat Rec A Discov Mol Cell Evol Biol. 2003;274:870–882.

40. Badorff C, Brandes RP, Popp R, Rupp S, Urbich C, Aicher A, Fleming
I, Busse R, Zeiher AM, Dimmeler S. Transdifferentiation of blood-
derived human adult endothelial progenitor cells into functionally active
cardiomyocytes. Circulation. 2003;107:1024–1032.

41. Orlic D, Kajstura J, Chimenti S, Bodine DM, Leri A, Anversa P.
Transplanted adult bone marrow cells repair myocardial infarcts in mice.
Ann N Y Acad Sci. 2001;938:221–229.

42. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel
J, McKay R, Nadal-Ginard B, Bodine DM, Leri A, Anversa P. Bone
marrow cells regenerate infarcted myocardium. Nature. 2001;410:
701–705.

43. Kuramochi Y, Fukazawa R, Migita M, Hayakawa J, Hayashida M,
Uchikoba Y, Fukumi D, Shimada T, Ogawa S. Cardiomyocyte regen-
eration from circulating bone marrow cells in mice. Pediatr Res. 2003;
54:319–325.

44. Xaymardan M, Tang L, Zagreda L, Pallante B, Zheng J, Chazen JL,
Chin A, Duignan I, Nahirney P, Rafii S, Mikawa T, Edelberg JM.
Platelet-derived growth factor-AB promotes the generation of adult bone
marrow-derived cardiac myocytes. Circ Res. 2004;94:e39–e45.

45. Saito T, Kuang JQ, Lin CC, Chiu RC. Transcoronary implantation of
bone marrow stromal cells ameliorates cardiac function after myocardial
infarction. J Thorac Cardiovasc Surg. 2003;126:114–123.

46. Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM, Fike JR, Lee HO,
Pfeffer K, Lois C, Morrison SJ, Alvarez-Buylla A. Fusion of bone-
marrow-derived cells with Purkinje neurons, cardiomyocytes and hepa-
tocytes. Nature. 2003;425:968–973.

47. Nygren JM, Jovinge S, Breitbach M, Sawen P, Roll W, Hescheler J,
Taneera J, Fleischmann BK, Jacobsen SE. Bone marrow-derived hema-
topoietic cells generate cardiomyocytes at a low frequency through cell
fusion, but not transdifferentiation. Nat Med. 2004;10:494–501.

48. Kajstura J, Rota M, Whang B, Cascapera S, Hosoda T, Bearzi C,
Nurzynska D, Kasahara H, Zias E, Bonafe M, Nadal-Ginard B, Torella
D, Nascimbene A, Quaini F, Urbanek K, Leri A, Anversa P. Bone
marrow cells differentiate in cardiac cell lineages after infarction inde-
pendently of cell fusion. Circ Res. 2005;96:127–137.

49. Kim CH, Broxmeyer HE. In vitro behavior of hematopoietic progenitor
cells under the influence of chemoattractants: stromal cell-derived
factor-1, steel factor, and the bone marrow environment. Blood. 1998;
91:100–110.

50. Pillarisetti K, Gupta SK. Cloning and relative expression analysis of rat
stromal cell derived factor-1 (SDF-1)1: SDF-1 alpha mRNA is selec-
tively induced in rat model of myocardial infarction. Inflammation.
2001;25:293–300.

51. Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kiedrowski
M, Rovner A, Ellis SG, Thomas JD, DiCorleto PE, Topol EJ, Penn MS.
Effect of stromal-cell-derived factor 1 on stem-cell homing and tissue
regeneration in ischaemic cardiomyopathy. Lancet. 2003;362:697–703.

52. De Falco E, Porcelli D, Torella AR, Straino S, Iachininoto MG, Orlandi
A, Truffa S, Biglioli P, Napolitano M, Capogrossi MC, Pesce M. SDF-1
involvement in endothelial phenotype and ischemia-induced recruitment
of bone marrow progenitor cells. Blood. 2004;104:3472–3482.

53. Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, Iwaguro H,
Inai Y, Silver M, Isner JM. VEGF contributes to postnatal neovas-
cularization by mobilizing bone marrow-derived endothelial pro-
genitor cells. EMBO J. 1999;18:3964 –3972.

54. Lee SH, Wolf PL, Escudero R, Deutsch R, Jamieson SW, Thistlethwaite
PA. Early expression of angiogenesis factors in acute myocardial ische-
mia and infarction. N Engl J Med. 2000;342:626–633.

55. Cho SW, Gwak SJ, Kim IK, Cho MC, Hwang KK, Kwon JS, Choi CY,
Yoo KJ, Kim BS. Granulocyte colony-stimulating factor treatment
enhances the efficacy of cellular cardiomyoplasty with transplantation of
embryonic stem cell-derived cardiomyocytes in infarcted myocardium.
Biochem Biophys Res Commun. 2006;340:573–582.

56. Ballard VL, Sharma A, Duignan I, Holm JM, Chin A, Choi R, Hajjar
KA, Wong SC, Edelberg JM. Vascular tenascin-C regulates cardiac
endothelial phenotype and neovascularization. FASEB J. 2006;20:
717–719.

57. Imanaka-Yoshida K, Hiroe M, Nishikawa T, Ishiyama S, Shimojo T,
Ohta Y, Sakakura T, Yoshida T. Tenascin-C modulates adhesion of
cardiomyocytes to extracellular matrix during tissue remodeling after
myocardial infarction. Lab Invest. 2001;81:1015–1024.

58. Fazel S, Cimini M, Chen L, Li S, Angoulvant D, Fedak P, Verma S,
Weisel RD, Keating A, Li RK. Cardioprotective c-kit� cells are from
the bone marrow and regulate the myocardial balance of angiogenic
cytokines. J Clin Invest. 2006;116:1865–1877.

59. Deleted in proof.
60. Leri A, Malhotra A, Liew CC, Kajstura J, Anversa P. Telomerase

activity in rat cardiac myocytes is age and gender dependent. J Mol Cell
Cardiol. 2000;32:385–390.

61. Leri A, Franco S, Zacheo A, Barlucchi L, Chimenti S, Limana F,
Nadal-Ginard B, Kajstura J, Anversa P, Blasco MA. Ablation of
telomerase and telomere loss leads to cardiac dilatation and heart failure
associated with p53 upregulation. EMBO J. 2003;22:131–139.

62. Franco S, Segura I, Riese HH, Blasco MA. Decreased B16F10
melanoma growth and impaired vascularization in telomerase-deficient
mice with critically short telomeres. Cancer Res. 2002;62:552–559.

63. Martin I, Grotewiel MS. Oxidative damage and age-related functional
declines. Mech Ageing Dev. 2006;127:411–423.

64. Lapenna D, de Gioia S, Ciofani G, Mezzetti A, Ucchino S, Calafiore
AM, Napolitano AM, Di Ilio C, Cuccurullo F. Glutathione-related anti-
oxidant defenses in human atherosclerotic plaques. Circulation. 1998;
97:1930–1934.

65. Galasso G, Schiekofer S, Sato K, Shibata R, Handy DE, Ouchi N,
Leopold JA, Loscalzo J, Walsh K. Impaired angiogenesis in glutathione
peroxidase-1-deficient mice is associated with endothelial progenitor
cell dysfunction. Circ Res. 2006;98:254–261.

66. Herbig U, Sedivy JM. Regulation of growth arrest in senescence:
telomere damage is not the end of the story. Mech Ageing Dev. 2006;
127:16–24.

67. Glagov S, Zarins C, Giddens DP, Ku DN. Hemodynamics and athero-
sclerosis. Insights and perspectives gained from studies of human
arteries. Arch Pathol Lab Med. 1988;112:1018–1031.

68. Anversa P, Rota M, Urbanek K, Hosoda T, Sonnenblick EH, Leri A,
Kajstura J, Bolli R. Myocardial aging—a stem cell problem. Basic Res
Cardiol. 2005;100:482–493.

69. Torella D, Rota M, Nurzynska D, Musso E, Monsen A, Shiraishi I, Zias
E, Walsh K, Rosenzweig A, Sussman MA, Urbanek K, Nadal-Ginard B,
Kajstura J, Anversa P, Leri A. Cardiac stem cell and myocyte aging,
heart failure, and insulin-like growth factor-1 overexpression. Circ Res.
2004;94:514–524.

70. Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C, Martin H, Zeiher
AM, Dimmeler S. Number and migratory activity of circulating endo-
thelial progenitor cells inversely correlate with risk factors for coronary
artery disease. Circ Res. 2001;89:e1–e7.

71. Ballard VL, Edelberg JM. Harnessing hormonal signaling for cardio-
protection. Sci Aging Knowledge Environ. 2005;2005:re6.

Ballard and Edelberg Stem Cells for the Aging Cardiovascular System 1125

 by guest on June 19, 2014http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


72. Imanishi T, Hano T, Nishio I. Estrogen reduces endothelial progenitor
cell senescence through augmentation of telomerase activity.
J Hypertens. 2005;23:1699–1706.

73. Strehlow K, Werner N, Berweiler J, Link A, Dirnagl U, Priller J, Laufs
K, Ghaeni L, Milosevic M, Bohm M, Nickenig G. Estrogen increases
bone marrow-derived endothelial progenitor cell production and
diminishes neointima formation. Circulation. 2003;107:3059–3065.

74. Iwakura A, Luedemann C, Shastry S, Hanley A, Kearney M, Aikawa R,
Isner JM, Asahara T, Losordo DW. Estrogen-mediated, endothelial
nitric oxide synthase-dependent mobilization of bone marrow-derived
endothelial progenitor cells contributes to reendothelialization after ar-
terial injury. Circulation. 2003;108:3115–3121.

75. Matsushita H, Chang E, Glassford AJ, Cooke JP, Chiu CP, Tsao PS.
eNOS activity is reduced in senescent human endothelial cells: preser-
vation by hTERT immortalization. Circ Res. 2001;89:793–798.

76. Bernardini D, Ballabio E, Mariotti M, Maier JA. Differential expression
of EDF-1 and endothelial nitric oxide synthase by proliferating, qui-
escent and senescent microvascular endothelial cells. Biochim Biophys
Acta. 2005;1745:265–272.

77. Papapetropoulos A, Garcia-Cardena G, Madri JA, Sessa WC. Nitric
oxide production contributes to the angiogenic properties of vascular
endothelial growth factor in human endothelial cells. J Clin Invest.
1997;100:3131–3139.

78. Lantin-Hermoso RL, Rosenfeld CR, Yuhanna IS, German Z, Chen Z,
Shaul PW. Estrogen acutely stimulates nitric oxide synthase activity in
fetal pulmonary artery endothelium. Am J Physiol. 1997;273:
L119–L126.

79. Ma FX, Zhou B, Chen Z, Ren Q, Lu SH, Sawamura T, Han ZC.
Oxidized low density lipoprotein impairs endothelial progenitor cells by
regulation of endothelial nitric oxide synthase. J Lipid Res. 2006;47:
1227–1237.

80. Chen JZ, Zhang FR, Tao QM, Wang XX, Zhu JH, Zhu JH. Number and
activity of endothelial progenitor cells from peripheral blood in patients
with hypercholesterolaemia. Clin Sci (Lond). 2004;107:273–280.

81. Michaud SE, Dussault S, Haddad P, Groleau J, Rivard A. Circulating
endothelial progenitor cells from healthy smokers exhibit impaired func-
tional activities. Atherosclerosis. 2006;187:423–432.

82. Kondo T, Hayashi M, Takeshita K, Numaguchi Y, Kobayashi K, Iino S,
Inden Y, Murohara T. Smoking cessation rapidly increases circulating
progenitor cells in peripheral blood in chronic smokers. Arterioscler
Thromb Vasc Biol. 2004;24:1442–1447.

83. Libby P. Vascular biology of atherosclerosis: overview and state of the
art. Am J Cardiol. 2003;91:3A–6A.

84. Walter DH, Rittig K, Bahlmann FH, Kirchmair R, Silver M, Murayama
T, Nishimura H, Losordo DW, Asahara T, Isner JM. Statin therapy
accelerates reendothelialization: a novel effect involving mobilization
and incorporation of bone marrow-derived endothelial progenitor cells.
Circulation. 2002;105:3017–3024.

85. Walter DH, Schachinger V, Elsner M, Mach S, Auch-Schwelk W,
Zeiher AM. Effect of statin therapy on restenosis after coronary stent
implantation. Am J Cardiol. 2000;85:962–968.

86. Werner N, Priller J, Laufs U, Endres M, Bohm M, Dirnagl U, Nickenig
G. Bone marrow-derived progenitor cells modulate vascular reendothe-
lialization and neointimal formation: effect of 3-hydroxy-3-
methylglutaryl coenzyme a reductase inhibition. Arterioscler Thromb
Vasc Biol. 2002;22:1567–1572.

87. Kong D, Melo LG, Mangi AA, Zhang L, Lopez-Ilasaca M, Perrella MA,
Liew CC, Pratt RE, Dzau VJ. Enhanced inhibition of neointimal
hyperplasia by genetically engineered endothelial progenitor cells.
Circulation. 2004;109:1769 –1775.

88. Rauscher FM, Goldschmidt-Clermont PJ, Davis BH, Wang T, Gregg D,
Ramaswami P, Pippen AM, Annex BH, Dong C, Taylor DA. Aging,
progenitor cell exhaustion, and atherosclerosis. Circulation. 2003;108:
457–463.

89. George J, Afek A, Abashidze A, Shmilovich H, Deutsch V, Kopolovich
J, Miller H, Keren G. Transfer of endothelial progenitor and bone
marrow cells influences atherosclerotic plaque size and composition in
apolipoprotein E knockout mice. Arterioscler Thromb Vasc Biol. 2005;
25:2636–2641.

90. Moreno PR, Purushothaman KR, Fuster V, Echeverri D, Truszczynska
H, Sharma SK, Badimon JJ, O’Connor WN. Plaque neovascularization
is increased in ruptured atherosclerotic lesions of human aorta: impli-
cations for plaque vulnerability. Circulation. 2004;110:2032–2038.

91. Sata M, Saiura A, Kunisato A, Tojo A, Okada S, Tokuhisa T, Hirai H,
Makuuchi M, Hirata Y, Nagai R. Hematopoietic stem cells differentiate

into vascular cells that participate in the pathogenesis of atherosclerosis.
Nat Med. 2002;8:403–409.

92. Xaymardan M, Zheng J, Duignan I, Chin A, Holm JM, Ballard VL,
Edelberg JM. Senescent impairment in synergistic cytokine pathways
that provide rapid cardioprotection in the rat heart. J Exp Med. 2004;
199:797–804.

93. Urbanek K, Rota M, Cascapera S, Bearzi C, Nascimbene A, De Angelis
A, Hosoda T, Chimenti S, Baker M, Limana F, Nurzynska D, Torella D,
Rotatori F, Rastaldo R, Musso E, Quaini F, Leri A, Kajstura J, Anversa
P. Cardiac stem cells possess growth factor-receptor systems that after
activation regenerate the infarcted myocardium, improving ventricular
function and long-term survival. Circ Res. 2005;97:663–673.

94. Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, Quyyumi
AA, Finkel T. Circulating endothelial progenitor cells, vascular
function, and cardiovascular risk. N Engl J Med. 2003;348:593–600.

95. Fadini GP, Sartore S, Albiero M, Baesso I, Murphy E, Menegolo M,
Grego F, Vigili de Kreutzenberg S, Tiengo A, Agostini C, Avogaro A.
Number and function of endothelial progenitor cells as a marker of
severity for diabetic vasculopathy. Arterioscler Thromb Vasc Biol. 2006;
26:2140–2146.

96. Kusuyama T, Omura T, Nishiya D, Enomoto S, Matsumoto R, Takeuchi
K, Yoshikawa J, Yoshiyama M. Effects of treatment for diabetes
mellitus on circulating vascular progenitor cells. J Pharmacol Sci. 2006;
102:96–102.

97. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de
Boer HC, Verhaar MC, Braam B, Rabelink TJ, van Zonneveld AJ.
Endothelial progenitor cell dysfunction: a novel concept in the patho-
genesis of vascular complications of type 1 diabetes. Diabetes. 2004;
53:195–199.

98. Kuki S, Imanishi T, Kobayashi K, Matsuo Y, Obana M, Akasaka T.
Hyperglycemia accelerated endothelial progenitor cell senescence via
the activation of p38 mitogen-activated protein kinase. Circ J. 2006;70:
1076–1081.

99. Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz
GR, Levine JP, Gurtner GC. Human endothelial progenitor cells from
type II diabetics exhibit impaired proliferation, adhesion, and incorpo-
ration into vascular structures. Circulation. 2002;106:2781–2786.

100. Klibansky DA, Chin A, Duignan IJ, Edelberg JM. Synergistic targeting
with bone marrow-derived cells and PDGF improves diabetic vascular
function. Am J Physiol Heart Circ Physiol. 2006;290:H1387–1392.

101. Ii M, Takenaka H, Asai J, Ibusuki K, Mizukami Y, Maruyama K, Yoon
YS, Wecker A, Luedemann C, Eaton E, Silver M, Thorne T, Losordo
DW. Endothelial progenitor thrombospondin-1 mediates diabetes-
induced delay in reendothelialization following arterial injury. Circ Res.
2006;98:697–704.

102. Aicher A, Brenner W, Zuhayra M, Badorff C, Massoudi S, Assmus B,
Eckey T, Henze E, Zeiher AM, Dimmeler S. Assessment of the tissue
distribution of transplanted human endothelial progenitor cells by radio-
active labeling. Circulation. 2003;107:2134–2139.

103. Edelberg JM, Tang L, Hattori K, Lyden D, Rafii S. Young adult bone
marrow-derived endothelial precursor cells restore aging-impaired
cardiac angiogenic function. Circ Res. 2002;90:e89–e93.

104. Stamm C, Westphal B, Kleine HD, Petzsch M, Kittner C, Klinge H,
Schumichen C, Nienaber CA, Freund M, Steinhoff G. Autologous bone-
marrow stem-cell transplantation for myocardial regeneration. Lancet.
2003;361:45–46.

105. Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Bre-
idenbach C, Fichtner S, Korte T, Hornig B, Messinger D, Arseniev L,
Hertenstein B, Ganser A, Drexler H. Intracoronary autologous bone-
marrow cell transfer after myocardial infarction: the BOOST ran-
domised controlled clinical trial. Lancet. 2004;364:141–148.

106. Fernandez-Aviles F, San Roman JA, Garcia-Frade J, Fernandez ME,
Penarrubia MJ, de la Fuente L, Gomez-Bueno M, Cantalapiedra A,
Fernandez J, Gutierrez O, Sanchez PL, Hernandez C, Sanz R, Garcia-
Sancho J, Sanchez A. Experimental and clinical regenerative capability
of human bone marrow cells after myocardial infarction. Circ Res.
2004;95:742–748.

107. Sun B, Zhang S, Ni C, Zhang D, Liu Y, Zhang W, Zhao X, Zhao C, Shi
M. Correlation between melanoma angiogenesis and the mesenchymal
stem cells and endothelial progenitor cells derived from bone marrow.
Stem Cells Dev. 2005;14:292–298.

108. Qian HS, de Resende MM, Beausejour C, Huw LY, Liu P, Rubanyi GM,
Kauser K. Age-dependent acceleration of ischemic injury in endothelial
nitric oxide synthase-deficient mice: potential role of impaired VEGF
receptor 2 expression. J Cardiovasc Pharmacol. 2006;47:587–593.

1126 Circulation Research April 27, 2007

 by guest on June 19, 2014http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


109. Poole TJ, Coffin JD. Vasculogenesis and angiogenesis: two distinct
morphogenetic mechanisms establish embryonic vascular pattern. J Exp
Zool. 1989;251:224–231.

110. Carmeliet P, Collen D. Transgenic mouse models in angiogenesis and
cardiovascular disease. J Pathol. 2000;190:387–405.

111. Gill M, Dias S, Hattori K, Rivera ML, Hicklin D, Witte L, Girardi L,
Yurt R, Himel H, Rafii S. Vascular trauma induces rapid but transient
mobilization of VEGFR2(�)AC133(�) endothelial precursor cells. Circ
Res. 2001;88:167–174.

112. Kalka C, Masuda H, Takahashi T, Gordon R, Tepper O, Gravereaux E,
Pieczek A, Iwaguro H, Hayashi SI, Isner JM, Asahara T. Vascular
endothelial growth factor(165) gene transfer augments circulating endo-
thelial progenitor cells in human subjects. Circ Res. 2000;86:
1198–1202.

113. Kalka C, Tehrani H, Laudenberg B, Vale PR, Isner JM, Asahara T,
Symes JF. VEGF gene transfer mobilizes endothelial progenitor cells in
patients with inoperable coronary disease. Ann Thorac Surg. 2000;70:
829–834.

114. Hattori K, Dias S, Heissig B, Hackett NR, Lyden D, Tateno M, Hicklin
DJ, Zhu Z, Witte L, Crystal RG, Moore MA, Rafii S. Vascular endo-
thelial growth factor and angiopoietin-1 stimulate postnatal hemato-
poiesis by recruitment of vasculogenic and hematopoietic stem cells.
J Exp Med. 2001;193:1005–1014.

115. Iwaguro H, Yamaguchi J, Kalka C, Murasawa S, Masuda H, Hayashi S,
Silver M, Li T, Isner JM, Asahara T. Endothelial progenitor cell vascular
endothelial growth factor gene transfer for vascular regeneration.
Circulation. 2002;105:732–738.

116. Xu HX, Li GS, Jiang H, Wang J, Lu JJ, Jiang W, Qian HY, Jiang XJ,
Li XY, Li JJ, Liu WH. Implantation of BM cells transfected with
phVEGF165 enhances functional improvement of the infarcted heart.
Cytotherapy. 2004;6:204–211.

117. Isner JM, Pieczek A, Schainfeld R, Blair R, Haley L, Asahara T,
Rosenfield K, Razvi S, Walsh K, Symes JF. Clinical evidence of angio-
genesis after arterial gene transfer of phVEGF165 in patient with
ischaemic limb. Lancet. 1996;348:370–374.

118. Baumgartner I, Pieczek A, Manor O, Blair R, Kearney M, Walsh K,
Isner JM. Constitutive expression of phVEGF165 after intramuscular
gene transfer promotes collateral vessel development in patients with
critical limb ischemia. Circulation. 1998;97:1114–1123.

119. Schuster MD, Kocher AA, Seki T, Martens TP, Xiang G, Homma S,
Itescu S. Myocardial neovascularization by bone marrow angioblasts
results in cardiomyocyte regeneration. Am J Physiol Heart Circ Physiol.
2004;287:H525–H532.

120. Edelberg JM, Lee SH, Kaur M, Tang L, Feirt NM, McCabe S, Bramwell
O, Wong SC, Hong MK. Platelet-derived growth factor-AB limits the
extent of myocardial infarction in a rat model: feasibility of restoring
impaired angiogenic capacity in the aging heart. Circulation. 2002;105:
608–613.

121. Pallante BA, Duignan I, Okin D, Chin A, Bressan MC, Mikawa T,
Edelberg JM. Bone marrow Oct3/4� cells differentiate into cardiac
myocytes via age-dependent paracrine mechanisms. Circ Res. 2007;100:
e1–e11.

122. D’Amore PA, Smith SR. Growth factor effects on cells of the vascular
wall: a survey. Growth Factors. 1993;8:61–75.

123. Heissig B, Hattori K, Dias S, Friedrich M, Ferris B, Hackett NR, Crystal
RG, Besmer P, Lyden D, Moore MA, Werb Z, Rafii S. Recruitment of
stem and progenitor cells from the bone marrow niche requires MMP-9
mediated release of kit-ligand. Cell. 2002;109:625–637.

124. Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M, Oz MC,
Hicklin DJ, Witte L, Moore MA, Rafii S. Expression of VEGFR-2 and
AC133 by circulating human CD34(�) cells identifies a population of
functional endothelial precursors. Blood. 2000;95:952–958.

125. Yamaguchi J, Kusano KF, Masuo O, Kawamoto A, Silver M, Murasawa
S, Bosch-Marce M, Masuda H, Losordo DW, Isner JM, Asahara T.
Stromal cell-derived factor-1 effects on ex vivo expanded endothelial
progenitor cell recruitment for ischemic neovascularization. Circulation.
2003;107:1322–1328.

126. Li Q, Li B, Wang X, Leri A, Jana KP, Liu Y, Kajstura J, Baserga R,
Anversa P. Overexpression of insulin-like growth factor-1 in mice
protects from myocyte death after infarction, attenuating ventricular
dilation, wall stress, and cardiac hypertrophy. J Clin Invest. 1997;100:
1991–1999.

127. Anversa P. Aging and longevity: the IGF-1 enigma. Circ Res. 2005;97:
411–414.

128. Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney M,
Magner M, Isner JM, Asahara T. Ischemia- and cytokine-induced mobi-
lization of bone marrow-derived endothelial progenitor cells for neovas-
cularization. Nat Med. 1999;5:434–438.

129. Llevadot J, Murasawa S, Kureishi Y, Uchida S, Masuda H, Kawamoto
A, Walsh K, Isner JM, Asahara T. HMG-CoA reductase inhibitor
mobilizes bone marrow-derived endothelial progenitor cells. J Clin
Invest. 2001;108:399–405.

130. Spyridopoulos I, Haendeler J, Urbich C, Brummendorf TH, Oh H,
Schneider MD, Zeiher AM, Dimmeler S. Statins enhance migratory
capacity by upregulation of the telomere repeat-binding factor TRF2 in
endothelial progenitor cells. Circulation. 2004;110:3136–3142.

131. Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D, Lefer DJ, Sessa WC,
Walsh K. The HMG-CoA reductase inhibitor simvastatin activates the
protein kinase Akt and promotes angiogenesis in normocholesterolemic
animals. Nat Med. 2000;6:1004–1010.

132. Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V,
Ferrara N. Vascular endothelial growth factor regulates endothelial cell
survival through the phosphatidylinositol 3�-kinase/Akt signal trans-
duction pathway. Requirement for Flk-1/KDR activation. J Biol Chem.
1998;273:30336–30343.

Ballard and Edelberg Stem Cells for the Aging Cardiovascular System 1127

 by guest on June 19, 2014http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/

