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Background: Cardiac regenerative medicine is a rapidly evolving field, with promising future developments
for effective personalized treatments. Several stem/progenitor cells are candidates for cardiac cell therapy,
and emerging evidence suggests how multiple metabolic and biochemical pathways strictly regulate their
fate and renewal.
Scope of review: In this review, we will explore a selection of areas of common interest for biology and bio-
chemistry concerning stem/progenitor cells, and in particular cardiac progenitor cells. Numerous regulatory
mechanisms have been identified that link stem cell signaling and functions to the modulation of metabolic
pathways, and vice versa. Pharmacological treatments and culture requirements may be exploited to modu-
late stem cell pluripotency and self-renewal, possibly boosting their regenerative potential for cell therapy.
Major conclusions:Mitochondria and theirmany relatedmetabolites andmessengers, such as oxygen, ROS, calcium
and glucose, have a crucial role in regulating stem cell fate and the balance of their functions, together with many
metabolic enzymes. Furthermore, protein biochemistry and proteomics can provide precious clues on the definition

of different progenitor cell populations, their physiology and their autocrine/paracrine regulatory/signaling net-
works.
General significance: Interdisciplinary approaches between biology and biochemistry can provide productive in-
sights on stem/progenitor cells, allowing the development of novel strategies and protocols for effective cardiac
cell therapy clinical translation. This article is part of a Special Issue entitled Biochemistry of Stem Cells.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

As a leading cause of worldwide morbidity and mortality, heart
failure (HF) has pushed basic, pharmacological and clinical research
efforts to develop novel effective therapeutic treatments, particularly
in the last two/three decades, also for the rising number of affected
individuals, parallel to the progressive aging of the global population.
The result is that, while seen in the past as an untreatable condition,
HF is now considered a chronic disease, nevertheless with a highly
demanding human and social cost.

Pharmacological therapies and primary/secondary prevention have
traditionally targeted the heart's pump function and the quality of life
for end-stage HF patients, without leading to actual replacement of dis-
eased tissue and, thus, without stopping or reversing the progression of
adverse left ventricular (LV) remodeling [1]. The use of stem/progenitor
cell-based therapy is becoming increasingly important as a powerful
strategy to recover damaged myocardium and to promote endogenous
repair of cardiac tissue [2,3]. The final aim is obviously the regeneration
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of functional, vascularized and integrated contractile tissue to compen-
sate for the functional loss of the organ. Although the available data in
this area is highly debatable, the potential of cell-based therapy for
the treatment of HF remains an alternative option, with the result that
widespread laboratory and clinical studies on their use for cardiac repair
are ongoing, raising great expectations, as well as controversies. In fact,
examining the basic and clinical studies concerning cardiogenic cells
used for therapeutic purposes, major efforts have been spent to compare
different kinds of possible adult cell sources and candidates (autologous/
heterologous, bone marrow/skeletal/cardiac resident biopsy-derived),
the delivery methods (intracoronary/direct injection, tissue-engineering
combined) and the timing of sampling and intervention. Thus far, cell
therapy with ectopic cells has reduced LV end-systolic volume (LVESV),
a result that is consistent with a systolic functional benefit, but different
from what has been obtained by other therapies. In fact, treatments
based on pharmacological intervention or assist devices are able to re-
verse cardiac remodeling, but still cannot impart long-term benefits for
patients.

The mechanism by which cell therapy reduces LVESV is most likely
linked to paracrine signaling and the possible cross-talk with the sur-
rounding environment, inducing a more or less prolonged angio-
vasculogenesis [4].

After the introduction of the first method for the isolation and ex-
pansion of cardiac progenitor cells (CPCs) from human heart biopsies
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[5] (Patent number: WO2005012510), multiple basic and preclinical
studies have rapidly brought this technology to clinical application,
with at least three phase I/II clinical trials almost completed (SCIPIO
[6], CADUCEUS [7], ALCADIA [8]; see www.clinicaltrials.gov for details).
Better clinical results, in terms of cardiac regeneration, have been
reported by Makkar RR et al. [7] (CADUCEUS), who have isolated and
expanded CPCs from endomyocardial bioptic samples obtained from
the diseased human heart of patients with recent myocardial infarction
(MI), followed by autologous retransplantation via intracoronary injec-
tion, thus suggesting that this therapeutic approach is feasible and has
the potential to provide a treatment strategy for cardiac regeneration
after MI. However, improvement in ejection fraction (EF) is not consis-
tentwithwhatwas expected frompreclinical studies [9,10]. Thus, other
factors, such as the beneficial cell paracrine activity, the host tissue or
even its cross-talk with the bone marrow, as well as other (still)
unpredictable variables, represent open questions.Moreover,methodo-
logical bias would be introduced if the individual patient's specific fea-
tures were not taken into account.

Over the past decade, the shifting of research interest from revers-
ing the remodeling process to cell-based therapies has promoted the
rationale of the two approaches being adequately combined together.
This conceptual hole needs to be filled by figuring out how patients'
specific cardiac remodeling (involving structural changes, such as hy-
pertrophy, fibrosis, and dilation, and multiple abnormalities of cellu-
lar and molecular function, as well as inflammatory cytokines and
growth factors) should be challenged and integrated with the indi-
vidual molecular, biochemical and functional modifications occurring
to cells during sampling, in vitro growth and in vivo interaction with
the evolving microenvironment. These concepts are attracting partic-
ular interest from the scientific community, while acquiring potent
tools with the integration of “omics” strategies with personalized med-
icine. The availability of genomic, proteomic, transcriptomic and
metabolomic data combined, allows us to revisit the scientific basic
and translational potential of these individual tools, which are expected
to provide a much extended impact on regenerative medicine, and in
other medical and biotechnological fields, as well.

Cardiac regenerative medicine is becoming oriented toward bio-
chemistry, metabolism and related functions, in a more integrated
and personalized approach. In order to use stem/progenitor cells for
therapeutic purposes, it is important to control their differentiation
and regulate their pluripotency and self-renewal. So far most of iden-
tified regulators of stem cell fate are growth factors, transcription fac-
tors, cell cycle regulators, as well as their associated downstream
signaling pathways [11]. Recent evidences suggest that also mito-
chondria have a crucial role in regulating stem cell fate, both as the
center of cellular respiration and as a central platform in the regula-
tion of diverse cellular events [12].

Several regulatory mechanisms are well known that either link cell
signaling to the modulation of metabolic pathways or enable cells to
sense fuel availability and regulate signaling networks accordingly [13],
overall influencing metabolism and gene expression. In the field of re-
generative medicine, the importance of these networks is obviously
gaining particular interest, to discover and exploit new metabolic key
regulators of stem/progenitor cell proliferation/differentiation, in the
contest of each individual diseased tissue.

In this regard, taking advantage of the extensive scientific knowl-
edge on embryonic development and cancer biology, as a paradigmatic
example of how a shift in metabolic pathways can strongly influence
cell biology and functions, a fundamental question can be raised, that
is why experts in the field of stem cells biology and biochemists should
be mutually interested in their respective expertise, and should share
their specialized knowledge. In this review we will attempt to provide
some perspectives on this, particularly in the field of cardiac regenera-
tive medicine or under a more general light for topics that have not
been thoroughly investigated in cardiovascular biology, by focusing
and discussing the following issues:
• stem cells and energy metabolism: external versus internal signal-
ing networks and possible targets for preconditioning pharmaco-
logical interventions,

• stem cells and in vitro culture conditions: physical (oxygen), chem-
ical (calcium) and nutrient (glucose) requirements,

• control of regulatory pathways and metabolic changes induced by
different environmental conditions, stimulatory factors and small
molecules,

• proteomic perspectives to discover novel networks and markers as
diagnostic, tracing and therapeutic tools for clinical applications.

2. A brief overview: resident cardiac progenitor cells

The difficulty of regenerating damaged myocardial tissue has led re-
searchers to test different stem/progenitor cell types as possible sources
for cell therapy, including embryonic stem cells (ESCs), myoblasts (mus-
cle stem cells), adult bone marrow-derived cells, mesenchymal stem
cells (MSCs), endothelial progenitor cells (EPCs), umbilical cord blood
cells and cardiac progenitor cells (CPCs) that naturally reside within
the heart. All have been tested in mouse or rat models, while some of
them in large animal as well, such as pigs, and in human clinical trials
[14–18].

The most appropriate cells for replacing dead cardiomyocytes ap-
pear to be cardiomyocytes of fetal or embryonic origin, since they can
functionally integrate with the host tissue [19,20]. The ideal cell to be
transplanted for cardiac regeneration, though, should probably be in
between a highly undifferentiated phenotype (e.g. ESCs) and terminal
differentiation (cardiomyocyte). It should be characterized by defined
proliferative potential in the host without induction of immune reac-
tion; cardiac commitment and capacity to develop gap-junctions with
the host cells, and should preferably be resistant to ischemia, in order
to avoid massive cell death and apoptosis, that currently are the big-
gest hurdles for cell therapy clinical translation.

With these premises, it seems obvious that the best cells to replace
lost cardiomyocytes may be cells derived from the heart itself. Emerging
evidence suggests that several populations of CPCs are present in the
heart, and extensive basic research still needs to be performed to better
understand the relationship among these different populations. CPCs
are positive for various stem/progenitor cell markers (c-Kit, Sca-1, Isl-1)
and have Side Population (SP) properties. In fact, their presence into
the heart, the frequent co-expression of early cardiac progenitor tran-
scription factors, and the capability for ex vivo and in vivo differentiation
toward cardiac lineages offer the promise of enhanced cardiogenicity
compared to other non-cardiac cell sources.

Different methods have been used to isolate CPCs from the heart,
based on multiple criteria, and that have been characterized in vitro
and tested in vivo in animal models:

• Ability to efflux Hoescht dye (side population, SP).
SP cells, which have the ability to efflux Hoechst dye (a process de-
pendent on the expression ofMDR1, Abcg2 or similar ABCmembrane
transporters), have been identified not only in the developing, but
also in the adult heart of mice [21,22]. These cells are rare and their
ability to differentiate into contracting cardiacmyocytes or to contrib-
ute to functional repair of damaged heart muscle has not been exten-
sively evaluated yet.

• Expression of cell-surface stemness markers (c-kit or Sca-1).
In the adult heart a distinct population of c-kit+ CPCs has been
isolated. These relatively small and primitive cells are negative for
blood lineage markers and positive for c-kit, the receptor for the stem
cell factor. These cells are self-renewing, clonogenic and multipotent,
giving rise to cardiomyocytes, smooth muscle and endothelial cells.
When injected into the infarct border zone in adult rats, these CPCs dif-
ferentiated into newly formedmyocardium, including cardiomyocytes,
capillaries and arterioles in the infarcted area [23]. C-kit positive cells
have been tested in the SCIPIO clinical trial [6].
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Moreover, in the non-myocyte fraction ofmice hearts, a resident pop-
ulation of CPCs, characterized by the expression of Sca-1, but lacking
blood lineage markers or c-kit, has been reported [24,25]. Even
though these cells do not spontaneously differentiate in vitro, a
small fraction of them demonstrates biochemical evidence of cardiac
myocyte differentiationwhen exposed to 5-azacytidine [24] or oxyto-
cin [25]. After intravenous injection in mice subjected to myocardial
ischemia–reperfusion, Sca-1+ cells homed to the heart and differen-
tiated into cardiomyocytes, partially because of fusion with host cells
[24].

• Expression of the islet-1 gene (isl1+ cells).
Another population of CPCs, characterized by the expression of the
LIM-homeodomain transcription factor islet-1 (isl1+), has been re-
cently described. These cells reside in the mature heart of newborn
mice, rats and humans, and they are negative for c-kit or Sca-1, but
express the early cardiac transcription factors Nkx2.5 and GATA4.
When co-cultured with cardiomyocytes, isl1+ cells convert very ef-
ficiently tomature cardiomyocytes without cell fusion [26]. However,
their low abundance and mere presence in very young animals and
humans prevent their short-term clinical application.

• Expression of the stage-specific embryonic antigen 1 (SSEA-1).
Recently, uncommitted cardiac precursor cells (UPCs) have been iden-
tified in the heart of adult rats through a typical embryonic antigen,
SSEA-1, that is expressed early in heart development [27]. SSEA-1+
cells isolated from adult rats differ from neonatal cells because they
do not express cardiac specific transcription factors (Nkx2.5, GATA4).
This suggests that only uncommitted stem cells persist in the adult
heart. Beating colonies are obtained by culturing UPCs in differentiat-
ing media or in co-culture with neonatal cardiomyocytes. UPCs im-
proved ventricular function when injected in infarcted hearts, and
SSEA-1+ cells are capable of forming new cardiomyocytes and endo-
thelial cells in the infarct area [27].

• Origin from the epicardium (epicardially derived cells, EPDCs).
Limana et al. [28] first identified in human and mouse epicardium
CPCs outside of the previously described “niche”. They can migrate
into the sub-epicardium where they generate a population of EPDCs.
Authors described two distinct populations of myocardial and vascular
precursor cells, expressing c-kit or CD34 respectively [28]. A subset of
c-Kit+ and CD34+ cells express cardiac transcription factors (Nkx2.5,
GATA4). Their differentiation potential has been demonstrated only
for c-kit+ cells when acute MI was induced in the mouse in the pres-
ence of an intact pericardial cavity.

• Spontaneous ability of cardiac explant-derived cells to form 3D
cardiospheres.
CPCs can be isolated from explant cultures of adult or pediatric human
surgical or endomyocardial biopsies using an intermediate selective
cardiosphere (CSp) step [5,29–31]. After few weeks in the primary
culture, CSp-forming cells are harvested from the fibroblast-like
monolayer of cells that have migrated from the tissue explants. CSps
are clonogenic, self-assembling spherical clusters that grow in semi-
suspension culture, and that constitute a niche-like microenviron-
ment [32,33]: undifferentiated cells, expressing stemness markers
like c-kit, proliferate in the core, while cardiac-committed cells grow
on the periphery in a gradient fashion, expressing markers such as
CD105, myosin heavy chain (MHC), troponin I (TnI), connexin-43
(Cx43), smooth muscle actin (SMA) and Von Willebrand factor
(vWF). The CSp isolation protocol is based on intrinsic and spontane-
ous functional properties of the cells, which is the ability to migrate
from tissue explants and to grow as 3D-structures. CSp-derived cells
(CDCs) can be expanded many fold as monolayers on fibronectin
(FN), achieving cell numbers suitable for cell therapy. The vast major-
ity of this heterogeneous population is CD105+, and significant sub-
populations are CD90+, cKit+, CD34+ and CD31+. CDCs are also
MDR1−, CD133− and CD45−, and negative for a wide cocktail of
blood lineagemarkers, resembling overall amixture of CPCs andmes-
enchymal supporting cells. CDCs have been shown [29] to improve
left ventricular ejection fraction (LVEF) after 3 weeks in a SCID beige
mousemodel of acuteMI,when compared tomice injectedwith vehi-
cle or with adult normal human dermal fibroblasts, as control groups.
In a porcine pre-clinicalmodel of post-infarct left ventricular dysfunc-
tion intracoronary delivery of CDCs has been shown to result in
formation of new cardiac tissue, to reduce relative infarct size, to at-
tenuate adverse remodeling, and to improve hemodynamics [9]. The
evidence of efficacy of this study offered the fundamental background
for human studies in patients after MI and in chronic ischemic cardio-
myopathy [7].

3. The role of oxygen in stemness and differentiation

One of the most finely regulated parameters in tissues and cells is
O2 tension [34]. Nevertheless, hypoxic microenvironments normally
occur in many developmental and physiological stages in mammals.
Various experiments on knock-out mice for molecular regulators of
oxygen response, such as members of the HIF family of transcription
factors, have shown how disruption of adequate hypoxia signaling
networks leads to embryonic lethality or severe post-natal complica-
tions [35], and how much “physiological hypoxia” can be important.

For obvious reasons of space impediment and diffusion, tissue O2

concentrations are much lower than the atmospheric ones. In the
human organisms, for example, O2 concentration varies significantly
among tissues, ranging from 14 to 4% from the lung parenchyma
and circulation [36–38] to well perfused organs, such as the liver, kid-
neys and heart [39–41]. In most other tissues which are less irrigated,
such as the brain or the bone marrow, O2 concentration can go as low
as 0.5% [42,43], while in the eye (retina, corpus vitreous) it ranges
from 1 to 5% [44].

In fact, cellularmetabolismof different cell types has adapted tomod-
erate, albeit variable, oxygenation. Therefore, the rationale of in vitro re-
search should be to study cell biology at appropriate O2 concentrations,
approximating the most physiologic in situ normoxia for each cell type.
Cell culture, instead, is routinely performed, inmost cases, at atmospher-
ic O2 concentration (20–21%), representing a hyperoxic state for most
mammalian cells, excludingmature cells from tissueswhich are in direct
contact with air (e.g. skin surface, mouth and respiratory epithelium).

Together with the need for O2 as a metabolic substrate, goes the
risk of oxidative damage on cellular macromolecules due to ROS gen-
eration during oxydative phosphorilation (OXPHOS), and this is why
its intracellular concentration is always kept within a narrow range,
optimizing the balance between supply and demand. Nevertheless,
cells are able to compensate ROS in excess, although such system
has limits, beyond which the well-being of cells cannot be guaranteed
[45].

The balance between proliferation and differentiation is highly
influenced by O2 concentration, and it has been shown that some stem
cells are highly sensitive to O2 [46] and that there is a strong coupling be-
tween intrinsic metabolic parameters and stem cell fate [47].

Thus, it is not surprising that changing O2 concentration in culture
can affect multiple tightly-regulated typical features of stem/progenitor
cells [35], such as their self-renewal, quiescence and commitment
(Fig. 1), and, other than impairing their therapeutic potency in regener-
ative medicine [48], genomic alterations of stem cells due to oxidative
stress [49] may also increase in vivo carcinogenesis.

As a general rule, hypoxia promotes the undifferentiated state,
self-renewal capacity and maintenance of pluripotency in several stem/
progenitor cell populations, but the underlying molecular mechanisms
remained unknown until recently. Hypoxia not only directly suppresses
OXPHOS by reducing the available oxygen, but also activates hypoxia-
inducible factors (HIFs), transcription factors which reduce the expres-
sion of mitochondrial enzymes and further enhances the shift to glycol-
ysis by upregulating glucose transporters and glycolytic enzymes
[35,50,51]. This kind of metabolic shift is strictly involved in the regula-
tion of stemness, as we will discuss in the next sections.
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Fig. 1. Glucose and oxygen influence on stem cell functions. Scheme of the key role of
glucose and oxygen availability in the metabolic and biological regulations of stem cell
fate.
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ESCs are able to maintain their pluripotency for longer when cul-
tivated in hypoxic conditions [52], and hypoxia seems to substantially
enhance fibroblast reprogramming to induced pluripotent stem cells
(iPSs) [53]. In adult stem cells, such as HSCs and MSCs, hypoxia pro-
longs lifespan, increases proliferation and reduces differentiation in
culture [54], probably because the hypoxic culture conditions more
closely resemble an in vivo microenvironment. In fact most of the
identified adult stem cells occupy hypoxic niches within the tissue,
while others (spermatogonial stem cells [55] and brain tumor stem
cells [56]) occupy relatively well-oxygenated perivascular microenvi-
ronments, thus conflicting results on the metabolic activity of adult
stem cells may reflect particular properties of the tissue from which
they derive, or may depend on the target lineages into which these
cells differentiate.

In addition to inducing a glycolitic shift, hypoxia may also directly act
on stem cell fate via other HIF-dependent pathways. A clear link, in fact,
has been demonstrated between hypoxia, HIFs and molecules that are
crucial for the regulation of the differentiation of stem/progenitor cells,
such as Notch, β-catenin, OCT4, and c-MYC [57–64].

In the field of adult resident CPCs, the influence of oxygen tension
and ROS on their functions and differentiation has been recently in-
vestigated on CPCs isolated through the CSp method [65,66]. The au-
thors tried to reduce the incidence of genomic alterations by culturing
CDCs under physiological oxygen (5% O2) or by culture in a traditional
20% O2 incubator with the addition of antioxidants to routine culture
media. A complex bidirectional effect of intracellular ROS on genomic
stability was discovered both in CPCs and ESCs, indicating that opti-
mal physiological levels are required to activate the DNA repair path-
way for maintaining genomic stability in stem/progenitor cells. In
fact, modest ROS suppression by culture in physiological oxygen
(5%) decreased karyotypic abnormalities, but profound ROS suppres-
sion by antioxidant supplements paradoxically enhanced genomic
alterations.

The authors also tried to improve cell therapeutic quality by
expanding human CPCs in physiological low oxygen (5% O2) condi-
tions. CPCs expanded in 5% O2 increased cell yield, showed lower se-
nescence and higher resistance to oxidative stress than those grown
in 20% O2. The expression of stem cell markers and CPC phenotype
were comparable between the two conditions, as well as the para-
crine secretion of selected growth factors into conditioned media. In
vivo, the implantation of cells grown in 5% O2 into mice infarcted
hearts resulted in greater cell engraftment and better functional re-
covery than with conventionally cultured cells [65].

Overall these results suggest that oxygen tension is a key biochemi-
cal parameter in both research- and clinical-grade stem cell production,
which needs to be carefully considered as potentially affecting cell qual-
ity, phenotype and stability.
4. Calcium and cardiac progenitor cells

During the development of the vertebrate embryo, controlled re-
lease and/or accumulation of calcium ions is important in a variety
of events, affecting cell fate specification and morphogenesis. Wnt,
calcium and beta-catenin signaling integrated pathways appear to
regulate the formation and organization of polarized cell migratory
movements in the early embryo [67].

In the cardiovascular system, the dynamics of gene expression levels
of calcium-regulatory proteins reflect functional specification during
development [68]. Studies on the pattern of expression of Ca2+ han-
dling proteins in mouse embryos from embryonic stage 9.5 to 18.5
and adulthood [69] showed an increased expression of proteins such
as the ryanodine receptor 2 (RyR2), the sarcoplasmic reticulum pump
(SERCA2), and phospholamban. Consistently, the amplitude of the volt-
age sensitive Ca2+‐current increased with time.

Several studies are beginning to show a role for Ca2+ signaling in
post-natal stem cell development as well. Human bone marrow-
derived MSCs show inositol 1,4,5-triphosphate receptor- (IP3R) and
ER-dependent Ca2+ oscillations, as well as Ca2+ entry and extrusion
via plasma membrane pumps and exchangers [70,71]. Further studies
found that Ca2+ oscillationsmay depend on an autocrine/paracrine sig-
naling pathway, where secreted ATP stimulates P2Y1 receptors to acti-
vate PLC-β to produce IP3 [72]. The trigger of induced Ca2+ oscillations
promotes the activation of the downstream transcription factor NFAT,
whose nuclear translocation instead disappears as MSCs differentiate
into adipocytes. Conversely, an increase in intracellular Ca2+ results in
the inhibition of human adipocyte differentiation [73], suggesting a
link between intracellular Ca2+ oscillations and the maintenance of
undifferentiated human MSCs.

An interesting correlation appears between the above-mentioned
calcium-handling regulation of the developing cardiovascular system in
the embryo and adult CPCs. In fact, Ca2+ oscillations have been identified
in c-kit+ CPCs, independently from coupling with cardiomyocytes or
extracellular Ca2+. Such oscillations seem to be regulated by release
from the endoplasmic reticulum, through activation of IP3Rs, and
following Ca2+ uptake by SERCA. Importantly, Ca2+ oscillations in
CPCs are coupledwith the entry into the cell cycle andDNA synthesis. In-
duction of Ca2+ oscillations seems also to improve their regenerative
effects in animal models of cell therapy [74]. Spontaneous calcium tran-
sients occur also in c-kit+ embryonic cardiac stem cells, leading to cell
cycle progression, and such Ca2+ spikes seem to be associated with the
regulation of symmetrical versus asymmetrical division [75], thus
possibly being involved in regulating stem cell fate decisions.

Differentiation of a muscle-type Ca2+ release mechanism also cor-
relates with cardiac commitment and functional differentiation of
CPCs [76]. In particular, the peculiar niche-like 3D-culture stage of
the CSp seems to be inductive and/or selective of caffeine responsive-
ness (indicative of the expression of cardiac-specific Ca2+-handling
proteins), leading to muscle-specific functional response and promot-
ing cardiac differentiation of adult resident CPCs. Furthermore, anoth-
er clue on the role of calcium in cardiac commitment in the post-natal
heart comes from experiments on the effects of electromagnetic fields
on adult CPCs [77]. Exposure to specific combinations of frequencies,
tuned on the calcium ion cyclotron resonance, is able to drive specific
cardiac differentiation versus vascular or stem-like phenotypes, and
these effects are consistently associatedwith increased intracellular cal-
cium storage and trafficking among different compartments (Fig. 2).

5. Stemness, reprogramming and glucose metabolism

It has been recently proven that metabolism tightly regulates mul-
tiple aspects of stem cell fate. While studies on adult stem cells may
give conflicting results [78,79], studies on ESCs and iPSs consistently
show that undifferentiated pluripotent stem cells rely mainly on an-
aerobic glycolysis and are characterized by reduced mitochondrial
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Fig. 2. Oregon Green labeled CPCs after electromagnetic field stimulation. CPCs, cultured
as cardiosphere-derived cells, show responsiveness to electromagnetic fields tuned on
calcium resonance frequencies. Increased calcium storage, as shown by Oregon Green
labeling, specifically correlates to increased cardiac commitment and differentiation.
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mass and mitochondrial activity (ATP production, ROS release) com-
pared to differentiated cells [80,81], thus suggesting a metabolic profile
similar to cancer stem cells [82]. Instead, cells undergoing differentia-
tion are characterized by an increase in mitochondrial mass, mitochon-
drial activity and ROS. ROS and othermitochondrial signalingmediators
and products, such asATP and Ca2+,may act as signalingmediators that
regulate cell differentiation or self-renewal [12] (Fig. 1).

An example of the basic role of glucose and its metabolism in stem
cell biology comes from studies on ESC. ESCs are normally maintained
and differentiated in medium containing supraphysiological levels of
glucose (25 mM), a condition which is known to result in enhanced cel-
lular ROS formation. When cultured in physiological glucose (5 mM),
ESCsmaintain their general stemness qualities, but display an alteredmi-
tochondrial metabolism, resulting in lower ROS production. Low glucose
concentrations also correlated with failure to generate cardiomyocyte
structures, and such effect can bemimickedwith antioxidant treatments.
Therefore, endogenous ROS seem to control cardiomyocyte formation
from ESCs, and supraphysiological glucose, by supplying ROS, is abso-
lutely required for efficient cardiac differentiation [83].

A recent strikingdiscovery in the stem cell field has been the possibil-
ity of nuclear reprogramming of adult somatic cells into embryonic-like
pluripotent cells by exogenous transfer of few genes. The metabolic in-
terplay involved is starting to become clear. It has been previously
established that somatic cells primarily utilize mitochondrial OXPHOS
for their energy production, whereas pluripotent cells rely on glycolysis
[84]. A recent interesting paper [85,86] examined the bioenergetic cellu-
lar changes occurring before (mouse fibroblasts) and after (mouse iPSs)
reprogramming, and showed how metabolism manipulation can affect
reprogramming efficiency. Mitochondria change during reprogramming
from a mature cristae-rich morphology in somatic cells to more imma-
ture spherical and cristae-poor structures in iPSs. Consistently, glucose
utilization and glycolytic enzyme expression are higher in iPSs, com-
pared to their somatic sources of origin, whereas oxygen consumption
and levels of electron transport chains are lower. Altering the metabolic
balance affects reprogramming: for example, stimulating glycolysis by
elevating media glucose increases efficiency, and vice versa. These find-
ings fit the above mentioned model of glycolysis being associated to
undifferentiated features and phenotypes, showing howmetabolism ad-
aptation occurs in the direction of somatic-to-pluripotency as well, as
discussed in reverse for maturation from stem cells to more advanced
differentiation stages. This may be of particular interest for CPC cell cul-
ture considering that some evidences suggest that prolonged in vitro
culture of cardiac cells favors dedifferentiation and redifferentiation
[87]. It is still under investigation, though, whether such metabolic
changes play a causative role in reprogramming/differentiative process-
es, or if they are simply a natural consequence of changes in phenotypes
and cell functions.

6. Metabolism and signaling intersection: growth factors

Growth factors and extracellular signaling are important regulators
of stem cell fate and biology, and their pathways are often integrated
as well. The PI3K/Akt/mTOR pathway is a clear example of the integra-
tion between signal transduction and metabolic activity. In most mam-
malian cells, growth is promoted by extracellular ligands which
recognize their specific receptor and activate signal transduction path-
ways, such as the phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian
target of rapamycin (mTOR) pathway. Activation of this and other path-
ways alters the phosphorylation states of numerous targets, which to-
gether coordinate the cellular activities that culminate in cell division.
A successful transition from a resting state to growth requires a cellular
metabolism that is able to sustain the rising demands of proliferation,
and this kind of balance is particularly important for a cell type, such as
stem cells, in which self-renewal must be under tight control.

Growth factor-induced signaling participates in coordinating these
functions, including maintaining a bioenergetic state permissive for
growth [88]. In particular, the PI3K/Akt/mTOR pathway stimulates
both a rapid increase in essential nutrient uptake and the proper alloca-
tion of these nutrients into catabolic and anabolic pathways to produce
energy and macromolecules, respectively. Interruption of any of these
metabolic effects renders the growth factor ineffective [13].

The knowledge of signals that control stem cell proliferation/
differentiation balance can be also used to create specific enriched
culture media to promote specific commitment. The manipulation
of the main characters of biological signal transduction, like growth
factors, chemokines and their receptors, plays an important role in
stem cell signaling and functions, such as differentiation, homing
and engraftment to target tissue. We will focus our attention mostly
on cardiovascular-related issues and perspectives concerning examples
of proteins of interest, stem cells and possible approaches to optimize
their use in preclinical and clinical protocols.

7. Proteins of interest for stem cells fate modulation and
cardiac regeneration

Several studies [89,90] demonstrated that chemokines are
upregulated in ischemic cardiac diseases and play a role in post-
infarction remodeling, recruiting inflammatory leukocytes and in-
ducing stem cell homing. SDF1 (stromal cells derived factor) is an
α-chemokine that binds exclusively its G protein-coupled receptor
CXCR4. This interaction leads to several signaling pathways that involve
cell motility, chemotactic response, gene transcription and cell adhesion,
exerting an important role in cardiogenesis and angiogenesis [91]. Many
subsequent studies [92–95] demonstrated that after ischemia SDF1 is
upregulated from the damage tissue and in the peri-infarct region. This
up-regulation recruits circulating progenitor cells and stimulates stem
cell-mediated regenerative response in the injuredmuscle. Unfortunate-
ly this action is very short-lived and tissue recruitment is very low. Novel
strategies to prolong and reinforce this effect include the incapsulation of
SDF1 into alginatemicrospheres and incorporation of thesewithin an in-
jectable collagen-basedmatrix [96]. Thisway, prolonged in vivo SDF1 re-
lease, CXCR4+ angiogenic cell recruitment and increased mobilization
of bone marrow-derived progenitor cells were obtained. In these condi-
tions SDF1 is able to increase angiogenic cytokine production and create
a more suitable microenvironment for regeneration.

FGF-2, also known as basic FGF (bFGF), is a member of heparin-
binding growth factors that bind tyrosine kinase receptors. After receptor
binding, autophosphorylation and subsequent activation of the GRB2/
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SOS (growth factor receptor-bound protein 2/Son of sevenless) complex
occur. SOS, a guanine nucleotide exchange factor, activates RAS, a small G
protein, leading to a cascade of phosphorylation inducing the activation
of RAF, MEK, and mitogen-activated protein kinase (ERK) kinases.
p-ERK phosphorylates target transcription factors to activate gene
expression.

The cellular localization of bFGF changes during development,
suggesting and reflecting themultiple roles played by this growth factor.
FGF-2 participates in the process of tissue repair, in survival, proliferation
and differentiation of immature neural cells, showsmitogenic and angio-
genic properties [97]. It has been shown that FGF2 also has a fundamen-
tal role in the induction of cardiac differentiation on a population of
Sca1+ undifferentiated precursors in the non-myocyte population of
the mouse neonatal heart [98]. These cells can be expanded in vitro
and, after induction, they are able to give rise to functional mature
cardiomyocytes. Their differentiation appears to be dependent on the
cells' own capacity to produce FGF-2, showing that FGF-2 induces the ex-
pression of cardiac transcription factors. This was confirmed by in vivo
experiments. Following infusion into immunocompetent recipient
mice, these progenitor cells home to the heart, and participate in physi-
ological cardiac remodeling, due to the production of FGF-2 from the sur-
rounding tissues. Nevertheless, differentiation is abolished in the
absence of FGF-2 expression in the transferred population or the recipi-
ent animals.

A combined strategy for the delivery of autologous CPCs with basic
bFGF under controlled release through a gelatin hydrogel is currently
under clinical investigation in the ALCADIA trial (see www.clinicaltrials.
gov for details). This protocol was validated in a preclinical study, also
showing that the therapeutic enhancement to cell therapy efficacy due
to FGF was only synergic in combination with CPCs, and not with MSCs
[8].

Administration of stem cell factor (SCF) is emerging as a new thera-
peutic approach for cardiovascular regenerative medicine for MI treat-
ment. SCF binds its receptor c-kit and promotes survival, proliferation,
mobilization and adhesion of responsive cells, like hematopoietic and
cardiac stem cells [99]. C-kit signaling can promote cardiac repair after
MI. The intravenous injection of c-kit+ stem cells into the infarcted
myocardium improves cardiac function, enhances angiogenesis and
impairs cardiac remodeling. SCF is increased in the bone marrow after
myocardial damage leading to EPC mobilization, and improvement in
myocardial neovascularization and cardiac function [100].

Unfortunately in the damaged heart SCF expression is decreased
[101]. Xiang et al. [102] generated a cardiomyocyte-specific membrane-
associated human SCF-overexpressing mouse. They observed increased
EPC recruitment to the infarcted myocardium, decreased apoptosis and
remodeling, and a subsequent increase in capillary density, cell survivor
and myocardial function, due to increased release of soluble factors,
such as VEGF-A, FGF and insulin-like growth factor-1 (IGF-1). These re-
sults suggest a possible therapeutic potential of SCF in heart failure treat-
ment after MI.

The role of the SCF receptor, c-kit, in CPC biology is debated. Despite
being one of the criteria used to identify or isolate putative stem cells,
which have been shown to have high regenerative potential [23,103]
and have been also tested in the SCIPIO clinical trial [6], several data
suggest that it may not be sufficient or comprehensive as a single pa-
rameter to univocally define cardiac stem cells, or at least to define
the most potent therapeutic cell population [104–106]. Indeed, the no-
tion that a pure homogenous population of cells would not be the best
therapeutic tool for cardiac cell therapy is emerging. Future direct com-
parisons in vivo will provide more and deeper insights.

Vascular endothelial growth factor (VEGF) is predominantly
expressed in endothelial cells and acts through its two receptors,
FLK-1, a tyrosin kinase receptor, stimulating endothelial cell prolifera-
tion, and FLT-1, a FMS-like tyrosine receptor, promoting vascular orga-
nization. Many studies demonstrated VEGF influence on angiogenic
stimuli, left ventricular remodeling after MI, and its upregulated
expression in chronically ischemic myocardium and after myocar-
dial ischemia [107].

A recent work [108] focused the attention on a newmethod to im-
prove VEGF actions. An MI episode brings to hyperhomocysteinemia
that inhibits angiogenesis by the downregulation of 5-methyl-
tetrahydrofolate (5-MTHFR), cystathionine-β-synthase (CBS) and
cystathionine-γ-lyase (CSE). In normal conditions CSE and CBS catalyze
the production of hydrogen sulfide (H2S) starting from L-cysteine, which
promotes smooth muscle relaxation and, consequently, vasodilation.
Moreover, during an MI episode the levels of angiostatin, endostatin
and parstatin (inhibitors of angiogenesis and endothelial cell prolifera-
tion andmigration) increase [109,110]. In this study itwas demonstrated
that, in a MI mouse model, exogenous H2S administration at the time of
MI leads to a cytoprotective and angioprotective action compared to
untreated mice. This beneficial action mediated by exogenous H2S is
due, on one side, to a down-regulation in the production of myocardial
anti-angiogenic factors, like angiostatin, endostatin and parstatin, and
also to CSE stimulation. Opening K+/ATP channels in cardiomyocytes,
stimulates CSE that brings to an upregulation in VEGF, FLK-1 and FLT-1
expressions. This event leads to a down-regulation of inflammatory
response and apoptosis, new vessel formation and a considerable limita-
tion of infarct size. These results suggest H2S therapy like a promising
candidate for MI treatment.

VEGF is produced and released by a wide variety of cells, including
adult resident CPCs [111]. In this latter model it has been shown to
play a direct role in mediating pro-angiogenic and anti-apoptotic ef-
fects, and to correlate with tissue viability preservation and capillary
density in vivo in a model of cell therapy after acute MI.

Thrombin is a serine protease, obtained from its inactive precur-
sor, pro-thrombin, with multiple actions [112]. It is a fundamental
procoagulant factor for its ability to convert fibrinogen in an insolu-
ble fibrin clot. Other important thrombin-mediated cellular actions
are due to the interaction with proteinase-activated receptors (PARs).
PARs are a G-protein-coupled receptor family, and PAR-1 has the highest
affinity for thrombin. Interaction between thrombin and PAR-1 stimu-
lates endothelial cells by expression, release and activation of angiogen-
esis mediators, in particular VEGF and Ang-2. Thrombin is able to
increase mRNA levels of VEGF receptor, VEGFR-2, and consequently en-
hance its mitogenic activity on endothelial cells [113].

On the other side, thrombin and its receptors are able to yield di-
rect mitogenic effects on endothelial cells by the phosphorylation of
extracellular signal-regulated protein kinase 1/2 (Erk1/2-MAPK), me-
diated by EGF receptor transactivation [114].

Adult CPCs in the form of cardiospheres (CSps) could represent a
candidate for cardiac cell therapy. For their formation the composi-
tion of the growth medium represents an important step. Thrombin
is one of the factors included in CSp medium. The understanding of
thrombin's effects on CSps is strategic for the study of the potential
of these cells and for GMP translation of the medium formulation.
The role of thrombin in different culture conditions of human CPCs
cultured as CSps, has been recently investigated, including treatment
with PAR-1 agonist TFLLR and antagonist MUMB-2 [115]. In the pres-
ence of TFLLR, CSps increase their proliferation activity, associated to
a higher phosphorylation level of the cell cycle inhibitor GSK3. Activation
of PAR-1-dependent signaling is important to support CSp proliferative
potential and does not affect their cardiac and vascular commitment.

Analogous results have been obtained on adipose tissue-derived
stem cells (ASCs). The synthetic peptide TP508, representing the
receptor-binding domain of human thrombin, known to promote an-
giogenesis and accelerate wound healing in animal models, is able to
stimulate ASCproliferation, by increasedAkt phosphorylation, and the in-
creased BrdU incorporation induced by TP508 can be abolished by a PI3
kinase (PI3K) inhibitor [116]. Under these perspectives, the availability
of biochemically-defined agonists could represent an improvement for
cost-effective, easy-to-handle and translatable synthetic media, avoiding
lot variability and contaminants from human and animal additives.
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Fig. 3. Overview of selected pathways of interest. Multiple growth factors and proteins
play a role in regulating stem/progenitor cell functions and fate. Represented in the figure
are examples of proteins (SDF1, FGF2, thrombin, VEGF, SCF) modulating cell behaviors, of
particular interest for cardiovascular repair/regeneration.
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Other growth factors, together with the above mentioned, could be
useful to achievemyocardial and vascular regeneration after cardiac dam-
age. For instance, the small secreted peptide thymosin-β4 could be used
to inhibit myocardial cell death and stimulate vessel growth, and can
activate an endogenous CPCs population [117], perhaps epicardium-
derived [118]. EGF seems to be another promising one, and appears to
have a great effect on CPC proliferation and migration, even compared
to other widely used growth factors, such as VEGF, IGF1, FGF and HGF
[119].

Summarizing, the study and selection of specific bioactive pro-
teins, including chemokines, growth factors and enzymes, can help
the design of novel experimental strategies to investigate, among
other subjects, stem cells and CPC biology, with the final aim of opti-
mizing and controlling their self-renewal and commitment (Fig. 3).

8. Small molecules for cardiac induction

In the last years, many studies on cardiac regenerative medicine ap-
proaches have focused on a new type of biological active molecules, the
so called smallmolecules. A smallmolecule, in thefields of pharmacology
and biochemistry, is a lowmolecular weight organic compound which is
by definition not a polymer, but it is able to bind, with high affinity, a bio-
polymer such as proteins, nucleic acids or polysaccharides, and to alter
their activity or function. Their molecular weight limit is approximately
800 Da, which allows for the possibility of rapidly diffusing across cell
membranes, easily reaching intracellular targets and sites of action.
Their advantages are manifold: they are easily manufactured, stored
and administered, and their effects are mostly specific, dose-dependent,
rapid and reversible.

From an economical, productive and versatility point of view,
small molecules represent an important tool for research and are a
clear example of the need for a very close synergy between biologists
and biochemists. Starting from a common central structure, biochem-
ical functional groups can be added based on biological needs, which
can act as “switches” for specific molecules or mechanisms. To identi-
fy small molecules able to interact with a specific single protein is
possible to use screening assays [120]. Normally in these assays the
target molecule is in solution, and direct biochemical readouts enable
the report of an enzymatic activity or a protein–peptide interaction.
In high-throughput screening (HTS) multiple measures can be read,
such as the intensity of a fluorescent signal, or, in case of cell-based
assays, a reporter fluorescent protein, associated to a biological pro-
cess within the cell. It is also possible with cell-based assays to exploit
image analysis and develop so called high-content screenings (HCS),
which offer the possibility to analyze many cellular processes and to
discover compounds that cannot be associated to a simple readout.

Concerning stem cell therapy for MI, the high rate of inefficiency
and the risk of tumorigenicity following transplantation (especially
considering ESCs and iPS) require caution for clinical translation.
Therefore, developing strategies to direct the differentiation potential
of stem cells to a cardiac phenotype is of great importance. One of the
best models to study and test cardiogenic induction protocols is of
course ESCs. To generate cardiomyocytes from human ESC, first forma-
tion of mesoderm is required, then its subsequent maturation toward a
cardiogenic mesoderm, and finally the last step of maturation into early
cardiomyocytes.

TheWnt/beta-catenin pathway is amajor regulator of heart develop-
ment and stemcell self-renewal. TheWnt family comprises cysteine-rich
glycoproteins, of approximately 350–400 amino acids, that contain an
N-terminal signal peptide for secretion. When Wnt binds its seven-
pass transmembrane receptor (frizzled or Fzd) and the LDL receptor-
related proteins 5 and 6 (LRP5 and LRP6), a signal cascade is activated
resulting in displacement of the multifunctional kinase GSK-3β from
the APC/Axin/GSK-3β-complex. Normally this complex promotes beta-
catenin proteolytic degradation, butWnt binding prevents this degrada-
tion, and beta-catenin is able to reach the nucleus and interact with the
TCF/LEF family transcription factors to promote specific gene expression
by displacement of Groucho–HDAC co-repressors.

Mercola et al. [121] developed a human ESC-basedHCS assay that al-
lows small-molecule screens in serum-free conditions. Screening ap-
proximately 550 pathway modulators, they identified small-molecule
inhibitors of the Wnt pathway (IWR-1, IWP-3, 53AH, XAV939). They
showed that Wnt inhibition, most of all due to IWP-3, was sufficient
to drive ESC-derived mesoderm to a cardiac fate in the absence of
other signalingmodulators, and no other inhibitors had comparable ac-
tivity, not even the natural Wnt inhibitor DKK1 [122].

Further confirming that inhibition of Wnt/β-catenin signaling ap-
pears to be crucial in cardiomyocyte formation across many models,
H. Wang et al. [123] showed that XAV939, another synthetic Wnt/
β-catenin inhibitor, can induce cardiomyogenesis in mouse ESCs.
XAV939 stimulates β-catenin degradation by stabilizing Axin, a compo-
nent of the β-catenin degradation complex. XAV939 treatment of ESCs
from day 3 to 5 of differentiation led to an increase in the expression
of several cardiac genes like cardiac myosin heavy chain gene (Myh6)
and Nkx2.5.

A similar result, in terms of cardiac commitment, was described by
Parson et al. [124] using nicotinamide (NAM), a natural small molecule.
Nicotinamide, also known as nicotinic acid amide, is the amide of nico-
tinic acid (vitamin B3). It is normally used in medicine for its anti-
inflammatory actions in patients with inflammatory skin conditions
(acne vulgaris). In their work Parson et al. found that nicotinamide,
under defined culture conditions, is able to induced pluripotent hESCs to-
ward a cardiac-lineage commitment, and up to beating cardiomyocytes,
with high efficiency (>95% embryonic cardiac precursors and >50%
beating cardiomyocytes). NAM appears to trigger cardiac induction pro-
moting the expressionofNkx2.5, a cardiac-specific transcription factor, in
a process thatmight emulate the specification of cardiacmesoderm from
the pluripotent epiblast in human embryonic cardiogenesis.

As previously said, small molecules represent an important tool,
showing not only that exogenous factors can be important for effi-
cient differentiation, but also how endogenous cellular signals and
pathways can be modulated to control differentiation. For this pur-
pose, it is important to enhance our understanding of cell-fate mech-
anisms, from both biological and biochemical points of view. In fact, it
is very difficult to know how to improve a particular signal to obtain a
specific result, without a prior synergic work of these two branches,
which could be translated into greater clinical success for cardiovas-
cular cell therapy.
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9. Protein biochemistry and stem cells: proteomic perspectives

Human adult CPCs have the ability to differentiate into
cardiomyocytes, endothelial and smooth muscle cells. Also, the pro-
cesses of stemness maintenance and differentiation entail changes
in types and amount of proteins expressed by stem cells. Thus, in
order to discover and track regulatory pathways andmolecules involved
in themany aspects of stem cell biology, the utilization of proteomics as a
screening strategy seems to be essential [125,126]. Proteomics, in fact, is
an approach for the simultaneous study ofmany proteins and their func-
tions in complex biological systems through analytical protein biochem-
istry, and is a powerful tool to obtain a huge amount of new, otherwise
unavailable, information about stem cell biological regulators. It allows
the quantification of proteins and also distinguishing among isoforms
arising from mRNA splice variants or genes, as well as characterizing
their post-translational modification (PTM) status (phosphorylation,
glycosylation, etc.), responsible most of the times for the regulation of
their functions. Different strategies have been developed in recent
years to optimize this kind of approach, in particular related to increasing
protein solubility or detectability (for low abundant proteins), mostly
optimizing detergent solutions, or pre-fractionation of complex mix-
tures, or methods for enrichment/purification of subgroups of proteins
of interest. Mass spectrometry (MS) is obviously the ultimate tool used
to identify proteins, either single MS or tandem instruments.

Proteomic approaches have been applied from multiple perspec-
tives. First, global profiling aims at characterizing the complete physiol-
ogy of a specific cell type, as published, for example, concerning MSCs
[127], neural stem cells [128,129] or ESCs [130], providing so far a
wide library of stemness-related proteins. From this profiling strategy,
comparative studies can be performed as well, in order to identify pro-
tein modulation related to commitment and differentiation progres-
sion. Important clues can be derived on intermediate stages, gene
activation and specific regulatory pathways controlling the maturation
from stem cells to progenitors, and to functionally differentiated cells
[131]. These studies are important for both basic developmental biology
and translational regenerative medicine. One example is the study of
Baharvand et al. [132], who compared mouse embryonic stem cells
with neonatal-derived cardiomyocytes, and identified a large number
of proteins involved in protein synthesis, processing, and trafficking.
Such finding suggests that human ESCs are able to maintain the
undifferentiated state until signals of lineage determination are re-
ceived, upon which they quickly change phenotype and produce the
necessary proteins. Moreover, a large number of proteins, particularly
the highly abundant ones, were identified as chaperones, heat shock
proteins, ubiquitin/proteasome, and oxidative stress responsive pro-
teins; such high expression levels fit the interesting ability of ESCs to re-
sist oxidative stress, consistently with their required long life-span.

A second proteomic approach is directed toward the discovery of
novel markers for the identification and definition of stem cell
populations, in particular surface markers. Cell-surface proteins are
involved in basic cellular processes such as signal reception and
transduction, internal/external cell communication and transportation.
They are often targets for therapeutic molecules, and thus their study
and understanding might help in both diagnostics and therapy. Proteo-
mics, in fact, can provide valuable information about cell signaling
mechanisms [133,134] and add to the number of cell-specific bio-
markers already known.Multiple difficulties exist for the study ofmem-
brane proteins, such as hydrophobicity and low solubility, alterations
due to PTMs and relatively lower abundance compared to other cellular
proteins. Therefore new methods are continuously being developed
(e.g. subcellular fractionation, chemical labeling/tagging methods for
surface protein enrichment). Upon protocol optimization, many infor-
mation can be obtained from this kind of studies, for example diverse
cell-surface proteins have been identified in mouse ESCs, with specific
receptors, transporters and adhesion molecules as the major identified
protein groups [135].
A third study perspective concerns the analysis of the panel of se-
creted proteins, the “secretome”, of stem/progenitor cells. Humoral sig-
nals are important since their secretions are specific for each cell type,
and reflect the cellular state. It has been shown in studies on stem
cell-based therapies that the number of new cells forming at the injury
site does not often correspond to the observed functional improvement
[29] and that indirect beneficial mechanisms are also involved in the
therapeutic effects of cell therapy, even with resident cardiac commit-
ted CPCs [111]. Thus, the so called paracrine hypothesis has been intro-
duced, supporting the notion that paracrine/autocrine mechanisms,
mediated by various exogenous stem cells, contribute to tissue preser-
vation and activation of endogenous regeneration [4]. In the case of
non-cardiac adult stem cells, paracrine effects are most likely the only
responsible for the short-term conflicting results observed, both in
pre-clinical and clinical models [2,3], while for resident CPCs both direct
and indirect regenerative effects occur [111]. Released paracrine factors
can influence neovascularization, myocardial protection, cardiac re-
modeling, and contractility. Therefore it seems logical as a combined
strategy to boost the efficacy of cell therapy, to study and possibly im-
prove the paracrine potency of candidate therapeutic cells. Under this
respect, the proteomic study of the panel of secreted proteins released
by stem cells can serve the purpose of both discovering novel or distinc-
tive regulators and pathways, and assessing the possible enhancement
of paracrine potency.

Several groups have investigatedparacrine/autocrine factors secreted
by adult stem cells, such as MSCs, and their effects on cardiac functional
improvement [136], which can bemediated also by concentrated condi-
tioned media alone [137,138]. Recently, a first secretomic profile of
resident CPCs has been obtained by comparative analysis of their condi-
tionedmediawith that of neonatal rat ventricularmyocytes (NRVMs) by
RPLC analysis and identification by MS [139]. The specificity and func-
tionality of both secretomeswere investigated, considering that proteins
secreted from either or both CPCs and NRVMs in vivo can build an inter-
active network. 83 unique proteins were identified, of whichmanywere
NRVM-specific (49%) or CPC-specific (23%), while 63% were integral
plasma membrane and/or known secreted proteins, providing many
hits for candidate regulatory molecules. From wide database and lit-
erature search, multiple potential functions have been identified, such
as positive/negative regulation of the cardiac system, and structural/
functional regulation of the extracellular matrix, which could further
contribute to the understanding of pathologic alterations of heart func-
tion. Furthermore, most of the identified proteins that met the criteria
for paracrine/autocrine factors had not been previously linked to stem
cells, confirming the powerful discovery contribution of this approach
to stem cell biology. Among the selected proteins that met the criteria
of paracrine factors, some were of particular interest. ST2 is a member
of the IL-1-receptor family and it is expressed in CPCs in a membrane-
bound or in a soluble decoy isoform. Increased quantities of ST2 are
known to occur with neurohormonal and biomechanical stress activa-
tion, and increased serum levels of ST2 are predictors of mortality and
clinical outcome in patients with MI [140–142]. IL-33 has been identi-
fied as a specific ligand for ST2 [143] and IL-33/ST2 signaling has been
shown to be a cardioprotective paracrine system between fibroblasts
and cardiomyocytes activated by mechanical stimuli [144]. ST2 acts as
an autocrine factor, being secreted into conditioned media by CDCs
and exerting an anti-proliferative effect on rat CDCs themselves. In
this same study two other molecules were identified as potential para-
crine factors acting on CPCs, that is connective tissue growth factor
(CTCF) and atrial natriuretic peptide (ANP), which had opposite effects
on CPC proliferation.

Finally, secretomes are a potential rich source of biomarkers, as
they reflect various specific cellular states that may mark disease de-
velopment, and therefore may be used for diagnosis, prognosis, risk
stratification and therapeutic monitoring [145]. They can provide a
complementary in vitro approach to direct blood/plasma/fluids analysis
of patients, providing identification and pre-selection of candidate
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protein biomarkers for subsequent validation in clinical samples. In fact,
blood and other body fluids consist of proteins derived from all tissues
and organs. Thus, a preliminary screening in vitro can serve the purpose
of focusing only on candidatemolecule of particular interest for the sys-
tem under analysis, e.g. the cardiovascular system.

Overall, proteomics may allow the understanding of multiple as-
pects of stem cells biology, and in particular for adult progenitor cells,
providing insights on the definition of different population, their phys-
iology and their autocrine/paracrine regulatory and signaling networks.

10. Conclusions and future perspectives

The integration of different scientific expertise seems to be an in-
creasingly pressing need for science. Interdisciplinary approaches can
provide novel and precious insights on rapidly evolving research areas,
further pushing forward discovery and optimization. Regenerative med-
icine is a fast-pace field, encountering great interest and excitement for
future effective personalized treatments, where the cooperation and
sharing of common interests between biology and biochemistry repre-
sent a remarkable example of productive scientific integration. In the
field of cardiac regenerative medicine, many hurdles still need to be
overcome for cell therapy, mostly related to low delivery, engraftment
and differentiation efficiencies of injected therapeutic cells. Moreover,
indirect paracrine effects seem to play a significant role on the overall
beneficial outcome observed, both in preclinical and clinical settings.
Thus, efforts are needed in order to discover and modulate possible reg-
ulatory pathways for boosting the regenerative potential of promising
stem cells candidates, particularly resident CPCs. Sensible targets may
be related to multiple biochemical networks, such as calcium trafficking,
glucose metabolism, oxygen tension response and small molecules,
affecting different signal transduction pathways and modulating the
balance between stemness and differentiation. Novel integrated ap-
proaches are needed to discover and optimize protocols for these pur-
poses, with the ultimate goal of finely regulating CPC commitment and
potency for exogenous and endogenous tissue repair.

Acknowledgements

EF was supported by a Pasteur Institute, Cenci Bolognetti Founda-
tion fellowship.

References

[1] P.Z. Gerczuk, D.G. Breckenridge, J.T. Liles, G.R. Budas, J.C. Shryock, L. Belardinelli,
R.A. Kloner, W. Dai, An apoptosis signal-regulating kinase 1 inhibitor reduces
cardiomyocyte apoptosis and infarct size in a rat ischemia–reperfusion model,
J. Cardiovasc. Pharmacol. (2012).

[2] R. Gaetani, L. Barile, E. Forte, I. Chimenti, V. Ionta, A. Di Consiglio, F. Miraldi, G.
Frati, E. Messina, A. Giacomello, New perspectives to repair a broken heart,
Cardiovasc. Hematol. Agents Med. Chem. 7 (2009) 91–107.

[3] P. Menasche, Cardiac cell therapy: lessons from clinical trials, J. Mol. Cell. Cardiol.
50 (2011) 258–265.

[4] M. Gnecchi, Z. Zhang, A. Ni, V.J. Dzau, Paracrine mechanisms in adult stem cell
signaling and therapy, Circ. Res. 103 (2008) 1204–1219.

[5] E. Messina, L. De Angelis, G. Frati, S. Morrone, S. Chimenti, F. Fiordaliso, M. Salio, M.
Battaglia,M.V. Latronico,M. Coletta, E. Vivarelli, L. Frati, G. Cossu, A. Giacomello, Iso-
lation and expansion of adult cardiac stem cells from human and murine heart,
Circ. Res. 95 (2004) 911–921.

[6] R. Bolli, A.R. Chugh,D. D'Amario, J.H. Loughran,M.F. Stoddard, S. Ikram, G.M. Beache,
S.G.Wagner, A. Leri, T. Hosoda, F. Sanada, J.B. Elmore, P. Goichberg, D. Cappetta, N.K.
Solankhi, I. Fahsah, D.G. Rokosh,M.S. Slaughter, J. Kajstura, P. Anversa, Cardiac stem
cells in patients with ischaemic cardiomyopathy (SCIPIO): initial results of a
randomised phase 1 trial, Lancet 378 (9806) (Nov 26 2011) 1847–1857.

[7] R.R. Makkar, R.R. Smith, K. Cheng, K. Malliaras, L.E. Thomson, D. Berman, L.S.
Czer, L. Marban, A. Mendizabal, P.V. Johnston, S.D. Russell, K.H. Schuleri, A.C.
Lardo, G. Gerstenblith, E. Marban, Intracoronary cardiosphere-derived cells for
heart regeneration after myocardial infarction (CADUCEUS): a prospective,
randomised phase 1 trial, Lancet 379 (2012) 895–904.

[8] N. Takehara, Y. Tsutsumi, K. Tateishi, T. Ogata, H. Tanaka, T. Ueyama, T.
Takahashi, T. Takamatsu, M. Fukushima, M. Komeda, M. Yamagishi, H. Yaku, Y.
Tabata, H. Matsubara, H. Oh, Controlled delivery of basic fibroblast growth factor
promotes human cardiosphere-derived cell engraftment to enhance cardiac re-
pair for chronic myocardial infarction, J. Am. Coll. Cardiol. 52 (2008) 1858–1865.
[9] P.V. Johnston, T. Sasano, K. Mills, R. Evers, S.T. Lee, R.R. Smith, A.C. Lardo, S. Lai, C.
Steenbergen, G. Gerstenblith, R. Lange, E. Marban, Engraftment, differentiation,
and functional benefits of autologous cardiosphere-derived cells in porcine is-
chemic cardiomyopathy, Circulation 120 (2009) 1075–1083 (1077 p following
1083).

[10] S.T. Lee, A.J. White, S. Matsushita, K. Malliaras, C. Steenbergen, Y. Zhang, T.S. Li, J.
Terrovitis, K. Yee, S. Simsir, R. Makkar, E. Marban, Intramyocardial injection of au-
tologous cardiospheres or cardiosphere-derived cells preserves function and min-
imizes adverse ventricular remodeling in pigs with heart failure post-myocardial
infarction, J. Am. Coll. Cardiol. 57 (2011) 455–465.

[11] E. Forte, I. Chimenti, L. Barile, R. Gaetani, F. Angelini, V. Ionta, E. Messina, A.
Giacomello, Cardiac cell therapy: the next (re)generation, Stem Cell Rev. 7 (2011)
1018–1030.

[12] J. Rehman, Empowering self-renewal and differentiation: the role of mitochon-
dria in stem cells, J. Mol. Med. 88 (2010) 981–986.

[13] R.J. Deberardinis, C.B. Thompson, Cellular metabolism and disease: what do
metabolic outliers teach us? Cell 148 (2012) 1132–1144.

[14] A.J. Boyle, S.P. Schulman, J.M.Hare, P. Oettgen, Is stemcell therapy ready for patients?
Stem cell therapy for cardiac repair. Ready for the next step, Circulation 114 (2006)
339–352.

[15] H.J. Cho, N. Lee, J.Y. Lee, Y.J. Choi, M. Ii, A. Wecker, J.O. Jeong, C. Curry, G. Qin, Y.S.
Yoon, Role of host tissues for sustained humoral effects after endothelial pro-
genitor cell transplantation into the ischemic heart, J. Exp. Med. 204 (2007)
3257–3269.

[16] H. Reinecke, E. Minami, W.Z. Zhu, M.A. Laflamme, Cardiogenic differentiation
and transdifferentiation of progenitor cells, Circ. Res. 103 (2008) 1058–1071.

[17] K. Guan, G. Hasenfuss, Do stem cells in the heart truly differentiate into
cardiomyocytes? J. Mol. Cell. Cardiol. 43 (2007) 377–387.

[18] N. Christoforou, J.D. Gearhart, Stem cells and their potential in cell-based cardiac
therapies, Prog. Cardiovasc. Dis. 49 (2007) 396–413.

[19] H.F. Tse, C.W. Siu, S.G. Zhu, L. Songyan, Q.Y. Zhang, W.H. Lai, Y.L. Kwong, J.
Nicholls, C.P. Lau, Paracrine effects of direct intramyocardial implantation of
bone marrow derived cells to enhance neovascularization in chronic ischaemic
myocardium, Eur. J. Heart Fail. 9 (2007) 747–753.

[20] E. Skobel, A. Schuh, E.R. Schwarz, E.A. Liehn, A. Franke, S. Breuer, K. Gunther, T.
Reffelmann, P. Hanrath, C. Weber, Transplantation of fetal cardiomyocytes into
infarcted rat hearts results in long-term functional improvement, Tissue Eng.
10 (2004) 849–864.

[21] A.M. Hierlihy, P. Seale, C.G. Lobe, M.A. Rudnicki, L.A. Megeney, The post-natal heart
contains a myocardial stem cell population, FEBS Lett. 530 (2002) 239–243.

[22] C.M. Martin, A.P. Meeson, S.M. Robertson, T.J. Hawke, J.A. Richardson, S. Bates,
S.C. Goetsch, T.D. Gallardo, D.J. Garry, Persistent expression of the ATP-binding
cassette transporter, Abcg2, identifies cardiac SP cells in the developing and
adult heart, Dev. Biol. 265 (2004) 262–275.

[23] A.P. Beltrami, L. Barlucchi, D. Torella, M. Baker, F. Limana, S. Chimenti, H.
Kasahara, M. Rota, E. Musso, K. Urbanek, A. Leri, J. Kajstura, B. Nadal-Ginard, P.
Anversa, Adult cardiac stem cells are multipotent and support myocardial re-
generation, Cell 114 (2003) 763–776.

[24] H. Oh, S.B. Bradfute, T.D. Gallardo, T. Nakamura, V. Gaussin, Y. Mishina, J. Pocius,
L.H. Michael, R.R. Behringer, D.J. Garry, M.L. Entman, M.D. Schneider, Cardiac
progenitor cells from adult myocardium: homing, differentiation, and fusion
after infarction, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 12313–12318.

[25] K. Matsuura, T. Nagai, N. Nishigaki, T. Oyama, J. Nishi, H. Wada, M. Sano, H.
Toko, H. Akazawa, T. Sato, H. Nakaya, H. Kasanuki, I. Komuro, Adult cardiac
Sca-1-positive cells differentiate into beating cardiomyocytes, J. Biol. Chem.
279 (2004) 11384–11391.

[26] K.L. Laugwitz, A. Moretti, J. Lam, P. Gruber, Y. Chen, S. Woodard, L.Z. Lin, C.L. Cai,
M.M. Lu, M. Reth, O. Platoshyn, J.X. Yuan, S. Evans, K.R. Chien, Postnatal isl1+
cardioblasts enter fully differentiated cardiomyocyte lineages, Nature 433
(2005) 647–653.

[27] H.C. Ott, T.S. Matthiesen, J. Brechtken, S. Grindle, S.K. Goh,W. Nelson, D.A. Taylor, The
adult human heart as a source for stem cells: repair strategies with embryonic-like
progenitor cells, Nat. Clin. Pract. 4 (Suppl. 1) (2007) S27–S39.

[28] F. Limana, A. Zacheo, D. Mocini, A. Mangoni, G. Borsellino, A. Diamantini, R. De Mori,
L. Battistini, E. Vigna,M. Santini, V. Loiaconi,G. Pompilio, A.Germani,M.C. Capogrossi,
Identification of myocardial and vascular precursor cells in human and mouse epi-
cardium, Circ. Res. 101 (12) (Dec 7 2007) 1255–1265.

[29] R.R. Smith, L. Barile, H.C. Cho, M.K. Leppo, J.M. Hare, E. Messina, A. Giacomello,
M.R. Abraham, E. Marban, Regenerative potential of cardiosphere-derived cells
expanded from percutaneous endomyocardial biopsy specimens, Circulation
115 (2007) 896–908.

[30] D.R. Davis, Y. Zhang, R.R. Smith, K. Cheng, J. Terrovitis, K. Malliaras, T.S. Li, A.
White, R. Makkar, E. Marbán, Validation of the cardiosphere method to culture
cardiac progenitor cells from myocardial tissue, PLoS One 4 (2009) e7195.

[31] R. Mishra, K. Vijayan, E.J. Colletti, D.A. Harrington, T.S. Matthiesen, D. Simpson,
S.K. Goh, B.L. Walker, G. Almeida-Porada, D. Wang, C.L. Backer, S.C. Dudley Jr.,
L.E. Wold, S. Kaushal, Characterization and functionality of cardiac progenitor
cells in congenital heart patients, Circulation 123 (2011) 364–373.

[32] D.R. Davis, Y. Zang, R.R. Smith, K. Cheng, J. Terrovitis, K. Malliaras, T.S. Li, A.
White, R. Makkar, E. Marban, Validation of the cardiosphere method to culture
cardiac progenitor cells from myocardial tissue, PLoS One 4 (2009) e7195.

[33] T.S. Li, K. Cheng, S.T. Lee, S. Matsushita, D. Davis, K. Malliaras, Y. Zhang, N.
Matsushita, R.R. Smith, E. Marban, Cardiospheres recapitulate a niche-like mi-
croenvironment rich in stemness and cell-matrix interactions, rationalizing
their enhanced functional potency for myocardial repair, Stem Cells 28 (2010)
2088–2098.
ITM Exhibit 1029, Page 9 of 11 
ITM v. JHU, PGR2025-00012 



2468 I. Chimenti et al. / Biochimica et Biophysica Acta 1830 (2013) 2459–2469
[34] Z. Ivanovic, Hypoxia or in situ normoxia: the stem cell paradigm, J. Cell. Physiol.
219 (2009) 271–275.

[35] M.C. Simon, B. Keith, The role of oxygen availability in embryonic development
and stem cell function, Nat. Rev. Mol. Cell Biol. 9 (2008) 285–296.

[36] P.C. Johnson, K. Vandegriff, A.G. Tsai, M. Intaglietta, Effect of acute hypoxia on
microcirculatory and tissue oxygen levels in rat cremaster muscle, J. Appl. Physiol.
98 (2005) 1177–1184.

[37] B.A. McKinley, B.D. Butler, Comparison of skeletal muscle PO2, PCO2, and pH
with gastric tonometric P(CO2) and pH in hemorrhagic shock, Crit. Care Med.
27 (1999) 1869–1877.

[38] D.J. Saltzman, A. Toth, A.G. Tsai, M. Intaglietta, P.C. Johnson, Oxygen tension dis-
tribution in postcapillary venules in resting skeletal muscle, Am. J. Physiol. Heart
Circ. Physiol. 285 (2003) H1980–H1985.

[39] K. Jungermann, T. Kietzmann, Role of oxygen in the zonation of carbohydrate
metabolism and gene expression in liver, Kidney Int. 51 (1997) 402–412.

[40] E.G. Mik, T.G. van Leeuwen, N.J. Raat, C. Ince, Quantitative determination of lo-
calized tissue oxygen concentration in vivo by two-photon excitation phospho-
rescence lifetime measurements, J. Appl. Physiol. 97 (2004) 1962–1969.

[41] W.J. Welch, H. Baumgartl, D. Lubbers, C.S. Wilcox, Nephron pO2 and renal oxy-
gen usage in the hypertensive rat kidney, Kidney Int. 59 (2001) 230–237.

[42] J.C. Hemphill III, D. Morabito, M. Farrant, G.T. Manley, Brain tissue oxygen mon-
itoring in intracerebral hemorrhage, Neurocrit. Care 3 (2005) 260–270.

[43] C.I. Nwaigwe, M.A. Roche, O. Grinberg, J.F. Dunn, Effect of hyperventilation on
brain tissue oxygenation and cerebrovenous PO2 in rats, Brain Res. 868 (2000)
150–156.

[44] D.Y. Yu, S.J. Cringle, E.N. Su, Intraretinal oxygen distribution in the monkey retina
and the response to systemic hyperoxia, Invest. Ophthalmol. Vis. Sci. 46 (2005)
4728–4733.

[45] I. Papandreou, A. Powell, A.L. Lim, N. Denko, Cellular reaction to hypoxia: sensing
and responding to an adverse environment, Mutat. Res. 569 (2005) 87–100.

[46] Y.Y. Jang, S.J. Sharkis, A low level of reactive oxygen species selects for primitive
hematopoietic stem cells that may reside in the low-oxygenic niche, Blood 110
(2007) 3056–3063.

[47] S.M. Schieke, M. Ma, L. Cao, J.P. McCoy Jr., C. Liu, N.F. Hensel, A.J. Barrett, M.
Boehm, T. Finkel, Mitochondrial metabolism modulates differentiation and tera-
toma formation capacity in mouse embryonic stem cells, J. Biol. Chem. 283
(2008) 28506–28512.

[48] D. Furlani, W. Li, E. Pittermann, C. Klopsch, L. Wang, A. Knopp, P. Jungebluth, E.
Thedinga, C. Havenstein, I. Westien, M. Ugurlucan, R.K. Li, N. Ma, G. Steinhoff,
A transformed cell population derived from cultured mesenchymal stem cells
has no functional effect after transplantation into the injured heart, Cell Trans-
plant. 18 (2009) 319–331.

[49] D.C. van Gent, J.H. Hoeijmakers, R. Kanaar, Chromosomal stability and the DNA
double-stranded break connection, Nat. Rev. Genet. 2 (2001) 196–206.

[50] N.C. Denko, Hypoxia, HIF1 and glucose metabolism in the solid tumour, Nat. Rev.
Cancer 8 (2008) 705–713.

[51] B. Keith, M.C. Simon, Hypoxia-inducible factors, stem cells, and cancer, Cell 129
(2007) 465–472.

[52] T. Ezashi, P. Das, R.M. Roberts, Low O2 tensions and the prevention of differen-
tiation of hES cells, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 4783–4788.

[53] Y. Yoshida, K. Takahashi, K. Okita, T. Ichisaka, S. Yamanaka, Hypoxia enhances the
generation of induced pluripotent stem cells, Cell Stem Cell 5 (2009) 237–241.

[54] C. Fehrer, R. Brunauer, G. Laschober, H. Unterluggauer, S. Reitinger, F. Kloss, C.
Gully, R. Gassner, G. Lepperdinger, Reduced oxygen tension attenuates differen-
tiation capacity of human mesenchymal stem cells and prolongs their lifespan,
Aging Cell 6 (2007) 745–757.

[55] S. Yoshida, M. Sukeno, Y. Nabeshima, A vasculature-associated niche for
undifferentiated spermatogonia in themouse testis, Science 317 (2007) 1722–1726.

[56] C. Calabrese, H. Poppleton, M. Kocak, T.L. Hogg, C. Fuller, B. Hamner, E.Y. Oh,
M.W. Gaber, D. Finklestein, M. Allen, A. Frank, I.T. Bayazitov, S.S. Zakharenko,
A. Gajjar, A. Davidoff, R.J. Gilbertson, A perivascular niche for brain tumor stem
cells, Cancer Cell 11 (2007) 69–82.

[57] K.L. Covello, J. Kehler, H. Yu, J.D. Gordan, A.M. Arsham, C.J. Hu, P.A. Labosky, M.C.
Simon, B. Keith, HIF-2alpha regulates Oct-4: effects of hypoxia on stem cell func-
tion, embryonic development, and tumor growth, Genes Dev. 20 (2006) 557–570.

[58] C. Dahlqvist, A. Blokzijl, G. Chapman, A. Falk, K. Dannaeus, C.F. Ibanez, U.
Lendahl, Functional Notch signaling is required for BMP4-induced inhibition of
myogenic differentiation, Development 130 (2003) 6089–6099.

[59] J.L. de la Pompa, A. Wakeham, K.M. Correia, E. Samper, S. Brown, R.J. Aguilera, T.
Nakano, T. Honjo, T.W.Mak, J. Rossant, R.A. Conlon, Conservation of theNotch signal-
ling pathway in mammalian neurogenesis, Development 124 (1997) 1139–1148.

[60] J.D. Gordan, J.A. Bertout, C.J. Hu, J.A. Diehl, M.C. Simon, HIF-2alpha promotes
hypoxic cell proliferation by enhancing c-myc transcriptional activity, Cancer
Cell 11 (2007) 335–347.

[61] E.M. Hansson, U. Lendahl, G. Chapman, Notch signaling in development and disease,
Semin. Cancer Biol. 14 (2004) 320–328.

[62] A. Kaidi, A.C. Williams, C. Paraskeva, Interaction between beta-catenin and HIF-1
promotes cellular adaptation to hypoxia, Nat. Cell Biol. 9 (2007) 210–217.

[63] M. Koshiji, Y. Kageyama, E.A. Pete, I. Horikawa, J.C. Barrett, L.E. Huang,
HIF-1alpha induces cell cycle arrest by functionally counteracting Myc, EMBO
J. 23 (2004) 1949–1956.

[64] D. Nofziger, A. Miyamoto, K.M. Lyons, G. Weinmaster, Notch signaling imposes
two distinct blocks in the differentiation of C2C12 myoblasts, Development 126
(1999) 1689–1702.

[65] T.S. Li, K. Cheng, K. Malliaras, N. Matsushita, B. Sun, L. Marban, Y. Zhang, E. Marban,
Expansion of human cardiac stem cells in physiological oxygen improves cell
production efficiency and potency for myocardial repair, Cardiovasc. Res. 89
(2010) 157–165.

[66] T.S. Li, E. Marban, Physiological levels of reactive oxygen species are required to
maintain genomic stability in stem cells, Stem Cells 28 (2010) 1178–1185.

[67] D.C. Slusarski, F. Pelegri, Calcium signaling in vertebrate embryonic patterning
and morphogenesis, Dev. Biol. 307 (2007) 1–13.

[68] M. Puceat, M. Jaconi, Ca2+ signalling in cardiogenesis, Cell Calcium 38 (2005)
383–389.

[69] W. Liu, K. Yasui, T. Opthof, R. Ishiki, J.K. Lee, K. Kamiya, M. Yokota, I. Kodama, De-
velopmental changes of Ca(2+) handling in mouse ventricular cells from early
embryo to adulthood, Life Sci. 71 (2002) 1279–1292.

[70] S. Kawano, K. Otsu, S. Shoji, K. Yamagata,M. Hiraoka, Ca(2+) oscillations regulated
byNa(+)-Ca(2+) exchanger and plasmamembrane Ca(2+) pump induce fluctu-
ations of membrane currents and potentials in human mesenchymal stem cells,
Cell Calcium 34 (2003) 145–156.

[71] S. Kawano, S. Shoji, S. Ichinose, K. Yamagata, M. Tagami, M. Hiraoka, Character-
ization of Ca(2+) signaling pathways in human mesenchymal stem cells, Cell
Calcium 32 (2002) 165–174.

[72] S. Kawano, K. Otsu, A. Kuruma, S. Shoji, E. Yanagida, Y. Muto, F. Yoshikawa, Y.
Hirayama, K. Mikoshiba, T. Furuichi, ATP autocrine/paracrine signaling induces
calcium oscillations and NFAT activation in human mesenchymal stem cells,
Cell Calcium 39 (2006) 313–324.

[73] J.M. Ntambi, T. Takova, Role of Ca2+ in the early stages of murine adipocyte differ-
entiation as evidenced by calcium mobilizing agents, Differentiation 60 (1996)
151–158.

[74] J. Ferreira-Martins, C. Rondon-Clavo, D. Tugal, J.A. Korn, R. Rizzi, M.E. Padin-Iruegas,
S. Ottolenghi, A. De Angelis, K. Urbanek, N. Ide-Iwata, D. D'Amario, T. Hosoda, A.
Leri, J. Kajstura, P. Anversa, M. Rota, Spontaneous calcium oscillations regulate
human cardiac progenitor cell growth, Circ. Res. 105 (2009) 764–774.

[75] J. Ferreira-Martins, B. Ogorek, D. Cappetta, A. Matsuda, S. Signore, D. D'Amario, J.
Kostyla, E. Steadman, N. Ide-Iwata, F. Sanada, G. Iaffaldano, S. Ottolenghi, T.
Hosoda, A. Leri, J. Kajstura, P. Anversa, M. Rota, Cardiomyogenesis in the devel-
oping heart is regulated by C-kit-positive cardiac stem cells, Circ. Res. 110
(2012) 701–715.

[76] C. Altomare, L. Barile, S. Marangoni, M. Rocchetti, M. Alemanni, G. Mostacciuolo,
A. Giacomello, E. Messina, A. Zaza, Caffeine-induced Ca(2+) signaling as an
index of cardiac progenitor cells differentiation, Basic Res. Cardiol. 105 (2010)
737–749.

[77] R. Gaetani, M. Ledda, L. Barile, I. Chimenti, F. De Carlo, E. Forte, V. Ionta, L.
Giuliani, E. D'Emilia, G. Frati, F. Miraldi, D. Pozzi, E. Messina, S. Grimaldi, A.
Giacomello, A. Lisi, Differentiation of human adult cardiac stem cells exposed
to extremely low-frequency electromagnetic fields, Cardiovasc. Res. 82 (2009)
411–420.

[78] T. Lonergan, C. Brenner, B. Bavister, Differentiation-related changes in mito-
chondrial properties as indicators of stem cell competence, J. Cell. Physiol. 208
(2006) 149–153.

[79] C.T. Chen, Y.R. Shih, T.K. Kuo, O.K. Lee, Y.H. Wei, Coordinated changes of mito-
chondrial biogenesis and antioxidant enzymes during osteogenic differentiation
of human mesenchymal stem cells, Stem Cells 26 (2008) 960–968.

[80] Y.M. Cho, S. Kwon, Y.K. Pak, H.W. Seol, Y.M. Choi, J. Park do, K.S. Park, H.K. Lee,
Dynamic changes in mitochondrial biogenesis and antioxidant enzymes during
the spontaneous differentiation of human embryonic stem cells, Biochem.
Biophys. Res. Commun. 348 (2006) 1472–1478.

[81] A. Prigione, B. Fauler, R. Lurz, H. Lehrach, J. Adjaye, The senescence-related
mitochondrial/oxidative stress pathway is repressed in human induced pluripo-
tent stem cells, Stem Cells 28 (2010) 721–733.

[82] V. Gogvadze, S. Orrenius, B. Zhivotovsky, Mitochondria in cancer cells: what is so
special about them? Trends Cell Biol. 18 (2008) 165–173.

[83] F.L. Crespo, V.R. Sobrado, L. Gomez, A.M. Cervera, K.J. McCreath, Mitochondrial
reactive oxygen species mediate cardiomyocyte formation from embryonic
stem cells in high glucose, Stem Cells 28 (2010) 1132–1142.

[84] J.M. Facucho-Oliveira, J.C. St John, The relationship between pluripotency and
mitochondrial DNA proliferation during early embryo development and embry-
onic stem cell differentiation, Stem Cell Rev. 5 (2009) 140–158.

[85] C.D. Folmes, T.J. Nelson, A. Martinez-Fernandez, D.K. Arrell, J.Z. Lindor, P.P. Dzeja,
Y. Ikeda, C. Perez-Terzic, A. Terzic, Somatic oxidative bioenergetics transitions
into pluripotency-dependent glycolysis to facilitate nuclear reprogramming,
Cell Metab. 14 (2011) 264–271.

[86] C.D. Folmes, T.J. Nelson, A. Terzic, Energy metabolism in nuclear reprogramming,
Biomark. Med. 5 (2011) 715–729.

[87] Y. Zhang, T.S. Li, S.T. Lee, K.A. Wawrowsky, K. Cheng, G. Galang, K. Malliaras, M.R.
Abraham, C. Wang, E. Marban, Dedifferentiation and proliferation of mammalian
cardiomyocytes, PLoS One 5 (2010) e12559.

[88] J.J. Lum, D.E. Bauer, M. Kong, M.H. Harris, C. Li, T. Lindsten, C.B. Thompson, Growth
factor regulation of autophagy and cell survival in the absenceof apoptosis, Cell 120
(2005) 237–248.

[89] N.G. Frangogiannis, M.L. Entman, Chemokines in myocardial ischemia, Trends
Cardiovasc. Med. 15 (2005) 163–169.

[90] D.E. Wright, E.P. Bowman, A.J. Wagers, E.C. Butcher, I.L. Weissman, Hematopoietic
stem cells are uniquely selective in their migratory response to chemokines, J. Exp.
Med. 195 (2002) 1145–1154.

[91] T. Nagasawa, K. Tachibana, T. Kishimoto, A novel CXC chemokine PBSF/SDF-1
and its receptor CXCR4: their functions in development, hematopoiesis and
HIV infection, Semin. Immunol. 10 (1998) 179–185.

[92] J.D. Abbott, Y. Huang, D. Liu, R. Hickey, D.S. Krause, F.J. Giordano, Stromal cell-
derived factor-1alpha plays a critical role in stem cell recruitment to the heart
ITM Exhibit 1029, Page 10 of 11 
ITM v. JHU, PGR2025-00012 



2469I. Chimenti et al. / Biochimica et Biophysica Acta 1830 (2013) 2459–2469
after myocardial infarction but is not sufficient to induce homing in the absence
of injury, Circulation 110 (2004) 3300–3305.

[93] A.T. Askari, S. Unzek, Z.B. Popovic, C.K. Goldman, F. Forudi, M. Kiedrowski, A.
Rovner, S.G. Ellis, J.D. Thomas, P.E. DiCorleto, E.J. Topol, M.S. Penn, Effect of
stromal-cell-derived factor 1 on stem-cell homing and tissue regeneration in
ischaemic cardiomyopathy, Lancet 362 (2003) 697–703.

[94] K. Pillarisetti, S.K. Gupta, Cloning and relative expression analysis of rat stromal
cell derived factor-1 (SDF-1)1: SDF-1 alpha mRNA is selectively induced in rat
model of myocardial infarction, Inflammation 25 (2001) 293–300.

[95] Y.R. Zou, A.H. Kottmann, M. Kuroda, I. Taniuchi, D.R. Littman, Function of the
chemokine receptor CXCR4 in haematopoiesis and in cerebellar development,
Nature 393 (1998) 595–599.

[96] D. Kuraitis, P. Zhang, Y. Zhang, D.T. Padavan, K. McEwan, T. Sofrenovic, D. McKee, J.
Zhang, M. Griffith, X. Cao, A. Musaro, M. Ruel, E.J. Suuronen, A stromal cell-derived
factor-1 releasing matrix enhances the progenitor cell response and blood vessel
growth in ischaemic skeletal muscle, Eur. Cell Mater. 22 (2011) 109–123.

[97] N. Itoh, The Fgf families in humans, mice, and zebrafish: their evolutional pro-
cesses and roles in development, metabolism, and disease, Biol. Pharm. Bull.
30 (2007) 1819–1825.

[98] N. Rosenblatt-Velin, M.G. Lepore, C. Cartoni, F. Beermann, T. Pedrazzini, FGF-2 con-
trols the differentiation of resident cardiac precursors into functional cardiomyocytes,
J. Clin. Invest. 115 (2005) 1724–1733.

[99] C.E. Murry, H. Reinecke, L.M. Pabon, Regeneration gaps: observations on stem
cells and cardiac repair, J. Am. Coll. Cardiol. 47 (2006) 1777–1785.

[100] S.S. Fazel, L. Chen, D. Angoulvant, S.H. Li, R.D. Weisel, A. Keating, R.K. Li, Activa-
tion of c-kit is necessary for mobilization of reparative bone marrow progenitor
cells in response to cardiac injury, FASEB J. 22 (2008) 930–940.

[101] S. Vandervelde, M.J. van Luyn, M.H. Rozenbaum, A.H. Petersen, R.A. Tio, M.C.
Harmsen, Stem cell-related cardiac gene expression early after murine myocar-
dial infarction, Cardiovasc. Res. 73 (2007) 783–793.

[102] F.L. Xiang, X. Lu, L. Hammoud, P. Zhu, P. Chidiac, J. Robbins, Q. Feng, Cardiomyocyte-
specific overexpression of human stem cell factor improves cardiac function and sur-
vival after myocardial infarction in mice, Circulation 120 (2009) 1065–1074 (1069
p following 1074).

[103] C. Bearzi, M. Rota, T. Hosoda, J. Tillmanns, A. Nascimbene, A. De Angelis, S.
Yasuzawa-Amano, I. Trofimova, R.W. Siggins, N. Lecapitaine, S. Cascapera, A.P.
Beltrami, D.A. D'Alessandro, E. Zias, F. Quaini, K. Urbanek, R.E. Michler, R. Bolli,
J. Kajstura, A. Leri, P. Anversa, Human cardiac stem cells, Proc. Natl. Acad. Sci.
U. S. A. 104 (2007) 14068–14073.

[104] I. Chimenti, R. Gaetani, L. Barile, G. Frati, E. Messina, A. Giacomello, c-kit cardiac
progenitor cells: what is their potential? Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
E78 (author reply E79).

[105] T.S. Li, K. Cheng, K. Malliaras, R.R. Smith, Y. Zhang, B. Sun, N. Matsushita, A.
Blusztajn, J. Terrovitis, H. Kusuoka, L. Marban, E. Marban, 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 (2012) 942–953.

[106] R.R. Smith, I. Chimenti, E. Marban, Unselected human cardiosphere-derived cells
are functionally superior to c-Kit- or CD90-purified cardiosphere-derived cells,
in: Circulation (Ed.) AHA Scientific Session 2008, vol. 118, Circulation, Orlando,
FL, USA, 2008, pp. S_420.

[107] N. Maulik, Angiogenic signal during cardiac repair, Mol. Cell. Biochem. 264
(2004) 13–23.

[108] N. Qipshidze, N. Metreveli, P.K. Mishra, D. Lominadze, S.C. Tyagi, Hydrogen sul-
fide mitigates cardiac remodeling during myocardial infarction via improve-
ment of angiogenesis, Int. J. Biol. Sci. 8 (2012) 430–441.

[109] L. Claesson-Welsh, M. Welsh, N. Ito, B. Anand-Apte, S. Soker, B. Zetter, M.
O'Reilly, J. Folkman, Angiostatin induces endothelial cell apoptosis and activa-
tion of focal adhesion kinase independently of the integrin-binding motif RGD,
Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 5579–5583.

[110] N. Yamaguchi, B. Anand-Apte,M. Lee, T. Sasaki, N. Fukai, R. Shapiro, I. Que, C. Lowik,
R. Timpl, B.R. Olsen, Endostatin inhibits VEGF-induced endothelial cell migration
and tumor growth independently of zinc binding, EMBO J. 18 (1999) 4414–4423.

[111] I. Chimenti, R.R. Smith, T.S. Li, G. Gerstenblith, E. Messina, A. Giacomello, E. Marban,
Relative roles of direct regeneration versus paracrine effects of human cardiosphere-
derived cells transplanted into infarcted mice, Circ. Res. 106 (2010) 971–980.

[112] N.E. Tsopanoglou, M.E. Maragoudakis, Thrombin's central role in angiogenesis
and pathophysiological processes, Eur. Cytokine Netw. 20 (2009) 171–179.

[113] M. Caunt, Y.Q. Huang, P.C. Brooks, S. Karpatkin, Thrombin induces neoangiogenesis
in the chick chorioallantoic membrane, J. Thromb. Haemost. 1 (2003) 2097–2102.

[114] P. Zania,M. Papaconstantinou, C.S. Flordellis, M.E.Maragoudakis, N.E. Tsopanoglou,
Thrombin mediates mitogenesis and survival of human endothelial cells through
distinct mechanisms, Am. J. Physiol. Cell Physiol. 294 (2008) C1215–C1226.

[115] C. Fabrizi, F. Angelini, I. Chimenti, E. Pompili, F. Somma, R. Gaetani, E. Messina, L.
Fumagalli, A. Giacomello, G. Frati, Thrombin and thrombin-derived peptides
promote proliferation of cardiac progenitor cells in the form of cardiospheres
without affecting their differentiation potential, J. Biol. Regul. Homeost. Agents
25 (2011) S43–S51.

[116] S. Freyberg, Y.H. Song, F. Muehlberg, E. Alt, Thrombin peptide (TP508) promotes
adipose tissue-derived stem cell proliferation via PI3 kinase/Akt pathway, J. Vasc.
Res. 46 (2009) 98–102.

[117] I. Bock-Marquette, S. Shrivastava, G.C. Pipes, J.E. Thatcher, A. Blystone, J.M.
Shelton, C.L. Galindo, B. Melegh, D. Srivastava, E.N. Olson, J.M. DiMaio, Thymosin
beta4 mediated PKC activation is essential to initiate the embryonic coronary
developmental program and epicardial progenitor cell activation in adult mice
in vivo, J. Mol. Cell. Cardiol. 46 (2009) 728–738.
[118] N. Smart, S. Bollini, K.N. Dube, J.M. Vieira, B. Zhou, S. Davidson, D. Yellon, J.
Riegler, A.N. Price, M.F. Lythgoe, W.T. Pu, P.R. Riley, De novo cardiomyocytes
from within the activated adult heart after injury, Nature 474 (2011) 640–644.

[119] K.G. Aghila Rani, C.C. Kartha, Effects of epidermal growth factor on proliferation
and migration of cardiosphere-derived cells expanded from adult human heart,
Growth Factors 28 (2010) 157–165.

[120] E. Willems, P.J. Bushway, M. Mercola, Natural and synthetic regulators of embryonic
stem cell cardiogenesis, Pediatr. Cardiol. 30 (2009) 635–642.

[121] E. Willems, S. Spiering, H. Davidovics, M. Lanier, Z. Xia, M. Dawson, J. Cashman,
M. Mercola, Small-molecule inhibitors of the Wnt pathway potently promote
cardiomyocytes from human embryonic stem cell-derived mesoderm, Circ.
Res. 109 (2011) 360–364.

[122] M. Lanier, D. Schade, E. Willems, M. Tsuda, S. Spiering, J. Kalisiak, M. Mercola,
J.R. Cashman, Wnt inhibition correlates with human embryonic stem cell
cardiomyogenesis: a structure-activity relationship study based on inhibitors
for the Wnt response, J. Med. Chem. 55 (2012) 697–708.

[123] H. Wang, J. Hao, C.C. Hong, Cardiac induction of embryonic stem cells by a small
molecule inhibitor of Wnt/beta-catenin signaling, ACS Chem. Biol. 6 (2011)
192–197.

[124] X.H. Parsons, Y.D. Teng, J.F. Parsons, E.Y. Snyder, D.B. Smotrich, D.A. Moore, Efficient
derivation of human cardiac precursors and cardiomyocytes from pluripotent
human embryonic stemcellswith smallmolecule induction, J. Vis. Exp. (2011) e3274.

[125] M. Stastna, M.R. Abraham, J.E. Van Eyk, Cardiac stem/progenitor cells, secreted
proteins, and proteomics, FEBS Lett. 583 (2009) 1800–1807.

[126] D. Van Hoof, A.J. Heck, J. Krijgsveld, C.L. Mummery, Proteomics and human em-
bryonic stem cells, Stem Cell Res. 1 (2008) 169–182.

[127] S. Roche, M. Provansal, L. Tiers, C. Jorgensen, S. Lehmann, Proteomics of primary
mesenchymal stem cells, Regen. Med. 1 (2006) 511–517.

[128] R. Hoffrogge, S. Beyer, U. Volker, A.M. Uhrmacher, A. Rolfs, 2-DE proteomic pro-
filing of neuronal stem cells, Neurodegener. Dis. 3 (2006) 112–121.

[129] M.H. Maurer, R.E. Feldmann Jr., C.D. Futterer, W. Kuschinsky, The proteome of
neural stem cells from adult rat hippocampus, Proteome Sci. 1 (2003) 4.

[130] J. Graumann, N.C. Hubner, J.B. Kim, K. Ko, M. Moser, C. Kumar, J. Cox, H. Scholer,
M. Mann, Stable isotope labeling by amino acids in cell culture (SILAC) and pro-
teome quantitation of mouse embryonic stem cells to a depth of 5,111 proteins,
Mol. Cell. Proteomics 7 (2008) 672–683.

[131] M.Y. Choi, Y.J. An, S.H. Kim, S.H. Roh, H.K. Ju, S.S. Hong, J.H. Park, K.J. Cho, D.W.
Choi, S.W. Kwon, Mass spectrometry based proteomic analysis of human stem
cells: a brief review, Exp. Mol. Med. 39 (2007) 690–695.

[132] H. Baharvand, M. Hajheidari, R. Zonouzi, S.K. Ashtiani, S. Hosseinkhani, G.H. Salekdeh,
Comparative proteomic analysis ofmouse embryonic stemcells andneonatal-derived
cardiomyocytes, Biochem. Biophys. Res. Commun. 349 (2006) 1041–1049.

[133] S.M. Ahn, R.J. Goode, R.J. Simpson, Stem cell markers: insights from membrane
proteomics? Proteomics 8 (2008) 4946–4957.

[134] R.L. Gundry, K.R. Boheler, J.E. Van Eyk, B. Wollscheid, A novel role for proteomics
in the discovery of cell-surface markers on stem cells: scratching the surface,
Proteomics Clin. Appl. 2 (2008) 892–903.

[135] K. Nunomura, K. Nagano, C. Itagaki, M. Taoka, N. Okamura, Y. Yamauchi, S.
Sugano, N. Takahashi, T. Izumi, T. Isobe, Cell surface labeling andmass spectrom-
etry reveal diversity of cell surface markers and signaling molecules expressed
in undifferentiated mouse embryonic stem cells, Mol. Cell. Proteomics 4
(2005) 1968–1976.

[136] C. Nakanishi, M. Yamagishi, K. Yamahara, I. Hagino, H. Mori, Y. Sawa, T. Yagihara, S.
Kitamura, N. Nagaya, Activation of cardiac progenitor cells through paracrine effects
of mesenchymal stem cells, Biochem. Biophys. Res. Commun. 374 (2008) 11–16.

[137] M. Gnecchi, H. He, O.D. Liang, L.G. Melo, F. Morello, H. Mu, N. Noiseux, L. Zhang, R.E.
Pratt, J.S. Ingwall, V.J. Dzau, Paracrine action accounts formarked protection of ische-
mic heart by Akt-modified mesenchymal stem cells, Nat. Med. 11 (2005) 367–368.

[138] M. Gnecchi, H. He, N. Noiseux, O.D. Liang, L. Zhang, F. Morello, H. Mu, L.G. Melo,
R.E. Pratt, J.S. Ingwall, V.J. Dzau, Evidence supporting paracrine hypothesis for
Akt-modified mesenchymal stem cell-mediated cardiac protection and func-
tional improvement, FASEB J. 20 (2006) 661–669.

[139] M. Stastna, I. Chimenti, E. Marban, J.E. Van Eyk, Identification and functionality
of proteomes secreted by rat cardiac stem cells and neonatal cardiomyocytes,
Proteomics 10 (2010) 245–253.

[140] M. Shimpo, D.A. Morrow, E.O. Weinberg, M.S. Sabatine, S.A. Murphy, E.M.
Antman, R.T. Lee, Serum levels of the interleukin-1 receptor family member
ST2 predict mortality and clinical outcome in acute myocardial infarction, Circu-
lation 109 (2004) 2186–2190.

[141] E.O. Weinberg, M. Shimpo, S. Hurwitz, S. Tominaga, J.L. Rouleau, R.T. Lee, Identi-
fication of serum soluble ST2 receptor as a novel heart failure biomarker, Circu-
lation 107 (2003) 721–726.

[142] E.O. Weinberg, M. Shimpo, G.W. De Keulenaer, C. MacGillivray, S. Tominaga, S.D.
Solomon, J.L. Rouleau, R.T. Lee, Expression and regulation of ST2, an interleukin-1
receptor family member, in cardiomyocytes and myocardial infarction, Circulation
106 (2002) 2961–2966.

[143] J. Schmitz, A. Owyang, E. Oldham, Y. Song, E. Murphy, T.K. McClanahan, G.
Zurawski, M. Moshrefi, J. Qin, X. Li, D.M. Gorman, J.F. Bazan, R.A. Kastelein, IL-33,
an interleukin-1-like cytokine that signals via the IL-1 receptor-related protein
ST2 and induces T helper type 2-associated cytokines, Immunity 23 (2005)
479–490.

[144] S. Sanada, D. Hakuno, L.J. Higgins, E.R. Schreiter, A.N. McKenzie, R.T. Lee, IL-33
and ST2 comprise a critical biomechanically induced and cardioprotective sig-
naling system, J. Clin. Invest. 117 (2007) 1538–1549.

[145] M. Stastna, J.E. Van Eyk, Secreted proteins as a fundamental source for biomarker
discovery, Proteomics 12 (2012) 722–735.
ITM Exhibit 1029, Page 11 of 11 
ITM v. JHU, PGR2025-00012 




