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Cardiovascular disease remains a leading cause of mortality in developed nations, despite continued ad-
vancement in modern therapy. Progenitor and stem cell-based therapy is a novel treatment for cardiovascular
disease, and modest benefits in cardiac recovery have been achieved in small clinical trials. This therapeutic
modality remains challenged by limitations of low donor-cell survival rates, transient recovery of cardiac
function, and the technical difficulty of applying directed cell therapy. Understanding the signaling mechanisms
involved in the stem cell response to ischemia has revealed opportunities to modify directly aspects of these
pathways to improve their cardioprotective abilities. This review highlights general considerations of stem cell
therapy for cardiac disease, reviews the major proinflammatory signaling pathways of mesenchymal stem cells,
and reviews ex vivo modifications of stem cells based on these pathways. Antioxid. Redox Signal. 11, 1883-1896.

Introduction

CARDIOVASCULAR DISEASE (CVD) remains a leading cause
of death in developed countries. In the United States,
CVD resulted in 1 in 2.8 deaths in 2004. CVD causes more
deaths annually in the United States than the next four causes
combined, including cancer, accidents, Alzheimer disease,
and HIV/AIDS (113). Although medical, percutaneous, and
surgical interventions for CVD have improved over the past
two decades, the limits of their therapeutic efficacy are evi-
dent in these statistics. Moreover, a significant population of
patients with chronic ischemic heart disease may not be suit-
able candidates for revascularization procedures. The need
for improved intervention for these patients as well as those
with acute cardiac ischemia led to the development of cell-
based therapy with progenitor cells.

Various progenitor cell types have been studied in animal
models, and several small human trials have been conducted
for both acute and chronic cardiac ischemia (22). These studies
have shown at least modest benefit with stem cell transplan-
tation for cardiac ischemia, but the magnitude and durability
of this therapy have yet to be fully defined. Proposed mech-
anisms for progenitor cell-mediated cardioprotection include
local production of growth factors, decreased inflammatory

cytokine production, promotion of cell survival, neovascu-
larization, and decreased negative myocardial remodeling
(30). Low survival rates of transplanted cells, as well as the
desire to optimize this therapy, have sparked new interest in
delineating proinflammatory signaling pathways involved in
cardiac ischemia with regard to stem cells. In addition, many
efforts to modify aspects of these pathways to enhance their
protective effects are under way. This review discusses gen-
eral considerations of stem cell therapy for cardiac ischemia,
the major signaling pathways relevant to these stem cells, in
vitro and in vivo modifications of these pathways, and impli-
cations for future study.

Stem Cells and Cardiovascular Disease

Stem cells are undifferentiated cells that have the potential
for long-term self-renewal and the ability to differentiate into
multiple cell types (pluripotency). Compared with embryonic
stem cells, adult stem cells have more-limited ability to differ-
entiate and for self-renewal. However, adult stem cells are less
politically opposed, are less oncogenic, and may be less capa-
ble of inducing an immune response, as evidenced by their use
in bone marrow transplantation (91). Consequently, adult stem
cells have been more widely studied in the treatment of
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ischemic heart disease through a variety of delivery methods
(3, 23).

To date, human clinical studies have only used adult
autologous bone marrow—derived progenitor cells. These pro-
genitor populations include hematopoietic and nonhemato-
poietic (or mesenchymal) stem cells. Hematopoietic stem cells
(HSCs) are precursors to blood cell lineages and exhibit ex-
tensive self-renewal capacity. They typically express CD34
and CD133 cell-surface markers (27,158); however, other
populations of primitive CD34~ HSC expression may exist
(50, 102, 120). HSCs may differentiate into cardiomyocytes
(34, 162) or fuse with donor cardiomyocytes in vivo (5, 101).

Mesenchymal stem cells possess the ability to differentiate
into several nonhematopoietic cell types, particularly of adi-
pocytic, chondrocytic, and osteocytic lineages (108). Com-
pared with HSCs, they are easier to expand in culture after
isolation. MSCs lack expression of CD31, CD34, and CD 45
but do express CD44, CD90, CD105, CD106, and CD166 (55).
They are able to mobilize to damaged myocardium during
ischemia, differentiate into cardiomyocytes (69, 114, 154), and
fuse with cardiomyocytes to effect functional recovery (101).
Studies of their cardioprotective effects have demonstrated a
strong role for the paracrine release of growth factors and
other cytokines (24). MSCs have unique immunologic prop-
erties, including the lack of MHC class Il molecule expression
and the ability to modulate local inflammatory responses,
particularly lymphocyte activation, thereby making them use-
ful for allogeneic cell transfers (63, 115). Their ease of culture,
paracrine signaling, differentiation, and immunologic prop-
erties make them ideal candidates for cell-based therapy for
myocardial ischemia.

More recently, the existence of resident native cardiac stem
cells (CSCs) has been demonstrated through cell surface—
marker identification. These CSCs may lack significant im-
munogenicity, and their transfer may yield greater functional
benefit, based on their native morphology (8, 9). In addition,
CSCs may also exhibit cellular senescence similar to that of
cardiomyocytes, as evidenced by increased p16™<** and
telomeric shortening with aging (140).

Signaling Pathways

A primary component of stem cell-mediated cardiopro-
tection is the paracrine release of growth factors in response to
cytokines generated during ischemia and tissue injury (22).
The primary pathways involved in proinflammatory MSC sig-
naling include the nuclear factor kappa-B (NF-«B), mitogen-
activated protein kinase (MAPK) family, Jak/STAT, and Akt/
PI3K pathways (25, 48, 145, 148). Understanding the key
components of these signaling pathways may allow targeted
therapeutic interventions to promote antiinflammatory path-
ways while mitigating proinflammatory signals.

Nuclear factor kappa-B (NF-xB)

The NF-xB family of proteins consists of five transcription
factors including NF-«xB1 (p50 and 105), NF-xB2 (p52,) c-Rel,
RelA (p65), and RelB (47). They regulate activation of numer-
ous genes involved in inflammatory, immunoregulatory,
survival, carcinogenic, and metastatic processes (14, 46, 57,
104). After signal activation, the protein subunits homo-
dimerize to form transcriptionally active (p50:p65) or repres-
sive (p50:p50) units (Fig. 1) (14, 57). The IxB proteins (IxBa,
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IxBp, and IxBe) bind and sequester the transcription-factor
units in the cytoplasm in the inactivated state. Signal activa-
tion induces phosphorylation of IxBa by IxB kinase (IKK).
IxBf is then ubiquitinated by IxB ubiquitin ligase and de-
graded within the proteasome (152). This exposes the nuclear-
localization signals on the p50:p65 heterodimer. Once p65 is
phosphorylated, the heterodimer translocates to the nucleus,
binds specific DNA sequences, and induces transcription of
various genes, including cyclin D1, cyclooxygenase-2, and
matrix metalloproteinases (12, 134). The IxK complex consists
of two catalytic subunits (IxkKa and IxKf) with a noncatalytic
regulatory subunit (NF-xB essential modulator, or NEMO)
(126). IxKo and IxKp share similar structures; however, the
TNF-induced destruction of IxBu is mediated by IxKf and
NEMO (14).

A key role of NF-«B is facilitating cellular proliferation in
response to cytokine signaling. Widera and colleagues (152)
demonstrated this in adult neural stem cells stimulated by
TNF. Specifically, NF-«xB targets expression of cyclin D1,
which is necessary for progression from the G; to S phase in
the cell cycle (53, 60). Phosphorylation of the retinoblastoma
gene occurs after cyclin D1 binds its cyclin-dependent kinase,
thereby releasing the transcription factor E2F, which facili-
tates expression of S-phase—elated genes (60).

Mitogen-activated Protein Kinases

The mitogen-activated protein kinase (MAPK) family
consists of a group of highly conserved protein kinases in
eukaryotic organisms. Through their catalyzation of substrate
phosphorylation, they regulate numerous cellular functions,
such as gene expression, cell-cycle progression/apoptosis,
and metabolism, in response to various stimuli (65). The basic
MAPK pathway consists of three kinases sequentially activated
through phosphorylation (Fig. 2). MAPK kinases (MAP2Ks)
phosphorylate MAPK and are themselves phosphorylated
by MAPK kinase kinases (MAP3Ks). Each step is counter-
regulated by MAPK phosphatases, which dephosphorylate
and inactive the protein kinases. Numerous MAP3Ks exist
and allow more specific responses to stimuli by the cell (65).
Three subgroups of terminal MAPKSs exist in multicellular
organisms and include the p38 enzymes, c-Jun NH,-terminal
kinases (JNKs), and extracellular signal-regulated kinases
(ERKSs) (65).

p38 MAPK

The four p38 kinase isoforms are designated by «, f5, 7, and
0. The p38a kinase is expressed in most cell types and gen-
erally regulates inflammatory cytokine expression (65). In the
heart, p38 MAPK mediates VEGF and other growth-factor
expression by transplanted murine ESCs (121) and MSCs (146).
Additionally, it mediates increased caspase activation and
production of proinflammatory cytokines in the heart after
ischemia (147). Its activity is inversely correlated with cardiac
development: p38 MAPK overexpression blocks fetal cardio-
myocyte proliferation, whereas inhibition allows proliferation
of adult cardiomyocytes in rats (38). p38 MAPK appears to
regulate numerous cell-cycle proteins including cdc25B, cdc2,
cyclin B, and cyclin D (Fig. 2) (38, 124). Thus, it may be pos-
sible to enhance MSC function or proliferation or both during
ex vivo expansion by regulating p38 MAPK expression.
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FIG. 1. TNF-induced NF-kB pathway. Signal activation induces phosphorylation of Ixf by the IKK complex. Ixf is then
ubiquitinated and degraded in the proteasome. p50:p65 are released and translocate to the nucleus after phosphorylation.
Expression of multiple genes is upregulated by p50:p65.
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JNK

The JNKSs are stress-activated protein kinases (SAPKSs) en-
coded by three genes: JNK 1/SAPKa, JNK2/SAPKf, and
JNK3/SAPKy. INK1 and JNK2 are widely distributed, whereas
JNKS3 is primarily limited to the brain (109). They are activated
by inflammatory cytokines, growth factors, and cellular stres-
ses and facilitate the inflammatory response through regula-
tion of cytokine production, apoptosis, and metabolism (65,
77). These processes are mediated by transcription factors
phosphorylated by JNK, including c-Jun, ATF-2, p53, and nu-
clear factor of activated T cells (NFAT) (Fig. 2) (109). The
transcription complex AP-1 contains c-Jun and helps regu-
late gene expression and apoptosis (65, 141). JNK2 binds
c-Jun in the unstimulated to facilitate c-Jun degradation via
ubiquitination (4, 109, 116). MEK4 (MKK4) and MEK7 (MKK?)
are the primary MEKs for J]NK and may also activate the p38
pathway (43).

ERK

ERK 1 and 2 are the primary ERK isoforms expressed by
most differentiated cells and are activated by cytokines,
growth factors, ligands for G protein—coupled receptors, and
cellular stresses. They facilitate several cellular processes, in-
cluding proliferation, differentiation, and cell motility (65,
109). The MAP3Ks specific to the ERK 1/2 pathway include
the Raf isoforms: A-Raf, B-Raf, and C-Raf (Fig. 2). After signal
activation, the Raf enzymes are activated through a combi-
nation of binding small G proteins of the Ras family and
subsequent phosphorylation. MEK 1 and 2 are the MAPKs
specific to ERK 1/2 (109).

After signal activation, ERKs 1/2 translocate to the nucleus
where they affect gene expression through phosphorylation
or stabilization of other nuclear proteins (109). MEKs 1/2,
with a nuclear export sequence, regulate ERK nuclear locali-
zation by binding it in the dephosphorylated state and har-
boring it in the cytoplasm (2). Activated ERK 2 may enter the
nucleus via an active transport process, whereas both active
and inactive forms may enter by a passive process (92, 110).
ERKSs 1/2 are inactivated on dephosphorylation of either the
phospho-threonine or phospho-tyrosine residues in the acti-
vation loop. Protein phosphatase 2A (PP2A) dephosphory-
lates the C-Raf inhibitory site, which allows the Raf protein to
be activated by Ras (31). Much of ERK 1/2 binds cytoplasmic
microtubules where they affect polymerization (112).

Jak/STAT

The Janus kinase (Jak) and signal transducer and activator
of transcription (STAT) pathway facilitates signaling by the
IL-6 family of cytokines. These include IL-6, cardiotrophin-1
(CT-1), leukemia inhibitory factor (LIF), and IL-27(136). IL-6
binds its membrane-bound receptor (IL-6R or gp80), whereas
CT-1 and LIF bind the LIF receptor. After receptor ligand
binding, the signaling subunit gp130 dimerizes to form a
homodimer, which serves as the common signaling link for
these cytokines (Fig. 3). The gp130 molecule transduces the
signal through interaction with the tyrosine kinases known as
the Janus kinases (Jak 1, Jak2, and Tyk?2) (88, 129). Expression
of IL-6Rx may also be downregulated after ligand interaction
via an endocytotic mechanism mediated by gp130 (137, 163).

The Jaks phosphorylate tyrosine residues on gp130, thereby
allowing it to bind the signal transducers and activators of
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transcription (STAT) proteins (81, 96, 129). Dimerization of
gp130 also may crossactivate the ERK1/2 pathway (157). After
phosphorylation, the STAT proteins translocate to the nu-
cleus, where they influence gene expression by binding DNA
elements of IL-6 target genes (58, 151). In particular, STAT3
is a direct transcriptional activator of VEGF and facilitates
VEGEF release by MSC in response to hypoxia and TNF (149).

Negative feedback of the Jak/STAT pathway occurs
through multiple regulatory proteins. The Src homology do-
main 2—containing protein tyrosine phosphatase (SHP2) at-
tenuates IL-6 signaling via a tyrosine kinase mechanism. SHP2
is recruited to the phosphotyrosine-759 residue of activated
gp130 and is then tyrosine phosphorylated (72, 80, 123, 133).
The SHP2 molecule bears two N-terminal Src homology 2
(SH2) domains and a phosphotyrosine phosphatase (PTP)
domain at the C-terminus. When SHP?2 is activated through
phosphorylation of its tyrosine residues, the phosphorylated
residues interact with the SH2 domains and disinhibit the PTP
domain (87).

The suppressor of cytokine signaling (SOCS) family in-
cludes CIS and SOCS1-7 (59). They are rapidly expressed in
response to cytokine signaling via Jak/STAT. These proteins
contain an N-terminal SH2 domain, an extended SH2 (ESS)
domain, a kinase inhibitory region, and a SOCS-box homol-
ogy domain at the C-terminus (37, 97, 119, 130). Jak activity is
inhibited by SOCS1 and, to a lesser extent, by SOCS3. The
SOCS proteins inhibit Jak-mediated signaling via their SH2
domain, which binds tyrosine-phosphorylated residues in the
Jak activation loop (98, 119). SOCS3 regulates IL-6 signaling
through binding of its SH2 domain to the phosphotyrosine
759 residue in the SHP2 domain of gp130 (11, 98). Although
SOCS3 and SHP2 bind to the same gp130 domain, they in-
dependently negatively regulate IL-6 signaling (80). SOCS3
has also been shown to be a negative regulator of LIF signaling
via gp130 in neural precursor cells (36). Interestingly, TNF
may inhibit IL-6 signaling in macrophages by upregulating
SOCS via p38 MAPK (13). SOCS proteins contain a SOCS-box
motif that interacts with elongins B and C. Binding of the
elongins targets the SOCS proteins and their substrates for
destruction by E3 ubiquitin ligases and proteasomes (67, 160).

The STAT proteins are negatively regulated by the protein
inhibitor of activated STAT (PIAS) family of proteins. PIAS1
and PIAS3 specifically inhibit STAT1 and STATS3, respec-
tively. Even though the PIAS proteins lack phosphotyrosine-
binding domains, their interaction with STAT requires tyro-
sine-phosphorylation of STAT. The phosphorylation of STAT
may induce a conformational change necessary for binding by
PIAS (21, 83). STAT proteins may also be negatively regulated
by the ubiquitin-proteasome pathway (73, 84) and in the nu-
cleus by a STAT-inactivating phosphatase (56, 155).

Akt/ PI3K

The phosphatidylinositol 3-OH kinase (PI3K)-dependent
pathways participate in survival signaling in many cell types
(33, 75). Akt, or protein kinase B, is a serine/threonine pro-
tein kinase that is central to the PI3K pathway. Akt has
been implicated in multiple regulatory processes, including
cell growth, proliferation, metabolism, apoptosis, contractil-
ity, and coronary angiogenesis, and the mammalian genome
contains three Akt/PKB genes: Akt1/PKBuo, Akt2/PKBf, and
Akt3/PKBy (27). Much of the initial understanding of its
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FIG. 3. The Jak/STAT signaling pathway. Signal activation occurs through binding of IL-6, CT-1, or LIF. Increased gene
expression occurs after STAT is phosphorylated, dimerizes, and translocates to the nucleus. Inhibitory steps include the
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mechanism dealt with its role in IGF-1 signaling (78, 125).
Given its direct role in survival signaling, Akt has received
particular interest in the ex vivo modification of MSCs to im-
prove their survival on transplantation into hostile ischemic
environments (see later).

PI3K is activated in response to signal binding by growth
factors and generates second messengers, including phos-
phatidylinositol (3,4)-bisphosphate (PIP2) and phosphatidy-
linositol (3,4,5)-trisphosphate (PIP3) (Fig. 4) (68). The PI3K
family is antagonized by the phosphatase PTEN, which con-
verts PIP3 to PIP2 (17). The PI3K second messengers recruit
molecules bearing a PH domain, including Akt and phos-
phoinositide-dependent protein kinase-1 (PDK-1) to the
membrane (131). Akt is then activated by two sequential
phosphorylation events. First, PDK1 phosphorylates a Thr308
residue within the catalytic domain. Next, a Ser473 residue in
the hydrophobic motif is phosphorylated by mTORC2, the
mammalian target of rapamycin (mTOR)-Rictor complex (51,
118). Ultimately, Akt inhibits apoptosis by phosphorylating
and inhibiting BAD, FOXO transcription factors, and IxKp
(76). It also regulates cell-cycle progression, cell size, and
metabolism (particularly glucose metabolism) through phos-
phorylation of its downstream substrates (15, 76).

The TOR proteins are serine/threonine protein kinases of
the PIKK family. They play a central role in cell-growth reg-

ulation and primarily facilitate signaling by amino acids and
growth factors (61). The mTORC1 complex also contains the
regulatory components GSL/LSTS8, and raptor (51, 71, 100).
The mTOR1 complex is inhibited by the rapamycin/FKBP12
(FK506-binding protein) complex, which binds to the
FKBP12-rapamycin-binding (FRB) domain within the kinase
domain of mTOR (39). The mTORC2 complex is composed of
the mTOR, GBL/LSTS, Sin1, and rictor proteins (51, 118). The
mTORC2 complex is rapamycin insensitive, although its as-
sembly may be inhibited with prolonged (>24h) exposure to
rapamyecin (117). Its mSin1 isoform phosphorylates the Ser473
residue in the hydrophobic motif of Akt/PKB (42).

The tuberous sclerosis complex (TSC1/TSC2 complex)
functions as an upstream negative regulator of mTORCI1 (45).
TSC1 is required to stabilize TSC2 and prevent its ubiquiti-
nation (10). TSC2 is a GTPase-activating protein GAP that
hydrolyzes guanosine triphosphate (GTP) to guanosine di-
phosphate (GDP) on Rheb (Ras homolog enriched in brain). It
is through the conversion to Rheb-GDP that mTORC1 sig-
naling is downregulated (64). Rheb appears to be required for
amino acid signaling by mTORC1. In conditions of low amino
acids or growth factors, FKBP38 binds mTOR and down-
regulates mTORC1 activity. When amino acids or growth
factors are present, Rheb-GTP releases mTOR and upregu-
lates mTOR activity. FKBP38 associates with mTOR through
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the FRB domain (89). Akt-mediated phosphorylation of TSC2
inhibits the TSC complex activity (61). TSC1 is suppressed
through phosphorylation of the Ser 487 and Ser 511 residues
by IxKp after TNF signaling (79).

mTORC1 has two classes of substrates: the inhibitory
elF4E-binding proteins (eukaryotic translation initiation fac-
tor 4E-binding proteins, or 4E-BP) 1 and 2 and the ribosomal
56 kinases (S6K) 1 and 2. The 4E-BPs in the unphosphorylated
state inhibit translation. mTOR phosphorylates 4E-BP, which
releases elF4E, a cytoplasmic cap-binding protein that medi-
ates binding of the protein complex eIF4G to the 5’ mRNA cap
(111). Phosphorylation of 4E-BP is facilitated by the Ser/Arg-
rich protein, SF2/ASF (95).

S6K is a ribosomal kinase and belongs to the same ki-
nase family as Akt. It is activated through phosphorylation
of its Thr389 residue by mTOR (106). After activation, S6K
phosphorylates its downstream targets including the 4E-BPs.
Once phosphorylated, the 4E-BPs release elF4E, and protein
synthesis ensues (40). Akt is negatively regulated through
dephosphorylation by protein phosphatases: Protein phos-
phatase 2A (PP2A) dephosphorylates Thr308, whereas Ser473
is dephosphorylated by the PH domain leucine-rich repeat
protein phosphatase (PHLPP) (6, 16).

Ex Vivo Mesenchymal Stem Cell Modification

The interest in optimizing stem cells for therapeutic appli-
cations for cardiac ischemia stems from results of early clinical
trials involving administration of bone marrow-derived
mononuclear progenitor cells. Several trials with generally
small numbers of patients demonstrated the relative safety of
intracoronary stem cell injection for acute myocardial infarc-
tion (1). They also showed modest but significant benefits
with regard to improved left ventricular ejection fraction
(LVEF), decreased infarct size, and reduced frequency of re-
current ischemic events or need for intervention. Trials of
stem cell therapy for chronic postinfarction heart failure also

demonstrated improvements in natriuretic peptide levels,
exertional capacity, and mortality at longer than 1 year of
follow-up (7, 107). However, the benefit, at least in the acute
setting, may be limited, as the LVEF recovery did not persist
at 18 months of follow-up in the BOOST study (94). The
limited benefits of progenitor cell transplantation may in part
be due to low survival rates of donor cells, which may be as
low as 1% after transplantation (139). Methods of improving
specifically MSC survival and efficacy after transplantation
have been explored through in vitro and in vivo ischemia
models, and many approaches directly involve modifying
aspects of stem cell signaling. These methods include expos-
ing MSCs to hypoxic or growth factor-supplemented condi-
tions or genetically modifying them to overexpress specific
proteins before transplantation.

Preconditioning

Preconditioning of MSCs in vitro stimulates a nonspecific
activation, which, through upregulation of certain signaling
pathways, may result in increased tolerance of the trans-
planted cells to the ischemic environment. The advantage of
this technique is the relative ease of application in the labo-
ratory setting. Some of the earliest work with stem cell mod-
ification involved preconditioning MSCs with hypoxia, with
resultant increased cellular resistance to, and decreased apo-
ptosis with, subsequent ischemic events, with associated in-
creased activation of the Akt pathway, increased VEGF
production, and increased Bcl-2 expression (142). In addition,
MSCs exposed to anoxia have shown increased Akt activity
and cytoprotection of cocultured cardiomyocytes in vitro via
paracrine signaling (143).

Exposing MSCs to exogenous growth factors while in cul-
ture may also enhance their survival and function after
transplantation. Stromal cell-derived factor 1 (SDF-1) is a
CXC chemokine whose receptor is CXCR4. SDF-1 is tran-
siently overexpressed by ischemic myocardium and may
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augment increased MSC homing to ischemic tissue (19). Rat
MSCs preconditioned with SDF-1 showed improved survival
and engraftment along with greater recovery of cardiac func-
tion after ischemia (105). MSCs preconditioned with fibroblast
growth factor-2 (FGF-2), IGF-1, and bone morphogenetic
protein-2 demonstrated greater protection of cocultured car-
diomyocytes through increased gap-junction formation in
vitro and decreased infarct size, and improved cardiac
function after cardiac ischemia in rats in vivo (54).

Growth-factor overexpression

As growth factors and other cytokines secreted by MSCs in
response to ischemia have been elucidated, the targeted
overexpression of these molecules by MSCs has further en-
hanced their cardioprotective abilities. Growth-factor over-
expression may be accomplished by transfecting the cells with
plasmids or other viral vectors bearing the gene of interest.
These techniques offer the advantage of achieving a more-
specific modification; however, transfection efficiencies and
duration of effect are typically variable.

VEGF is a protective growth factor that promotes neo-
vascularization (18). Rat and murine MSCs overexpressing
VEGF have shown improved transplanted cell survival, in-
creased capillary density, decreased infarct size, and in-
creased functional cardiac recovery after transplantation of
these cells after ischemia (93, 150). These effects appear to be
greater with delivery of MSCs overexpressing VEGF than
with delivery of unmodified MSCs or VEGF-containing vec-
tors alone (44). Increased vascular density of the ischemic
border size appeared to persist at 6 months after transplan-
tation (70). FGF-2 mediates multiple cellular processes, in-
cluding proliferation, differentiation, survival/apoptosis, and
motility, and in myocardium, its main receptor, FGFR-1,
mediates these functions through a tyrosine kinase—initiated
pathway (29). FGF-2 overexpression by rat MSCs resulted in
increased Bcl2 expression, improved survival under hypoxic
stress, increased retention in the myocardium, and improved
neovascularization (127).

Angiopoietin-1 (Ang-1) is a growth factor that facilitates
vascular development by promoting remodeling of leakage-
resistant vascular networks (138). Ang-1 protects MSCs
against hypoxia-induced apoptosis, and this process may be
mediated by PI3K/Akt activation (85). Ang-1 has been shown
to enhance cardiomyocyte survival in rat hearts in vitro (26).
Transplantation of MSCs overexpressing Ang-1 after acute MI
in rats resulted in enhanced angiogenesis and arteriogenesis
as well as improved cardiac remodeling compared with MSCs
expressing green fluorescent protein; however, improvement
in cardiac function was similar between MSC groups (132).

Hepatocyte growth factor (HGF) is a mesenchymal cyto-
kine that promotes cellular proliferation, motility, survival,
angiogenesis, and differentiation in multiple cell types (41).
MSCs express a tyrosine kinase HGF receptor, and intracel-
lular signaling occurs via the ERK1/2, p38 MAPK, and Akt
pathways (12, 41). In vitro exposure to HGF may promote
differentiation of murine MSCs into cardiomyocytes, and
long-term HGF exposure may induce migration and actually
inhibit proliferation (41). Transplanted MSCs overexpressing
HGF improved infarct size, increased capillary density, im-
proved cardiac function, and developed a morphology simi-
lar to that of cardiomyocytes in rats (32, 52).
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Heme oxygenase-1 (HO-1; heat-shock protein 32) is a
stress-inducible enzyme that facilitates heme degradation to
carbon monoxide, iron, and biliverdin (103). In addition, HO-
1 protects endothelial cells from apoptosis, mediates vasor-
elaxation, attenuates vascular inflammation, and facilitates
angiogenesis and vasculogenesis (86). HO-1 upregulation
induced by lipopolysaccharide appears to result in increased
NF-«B and p38 MAPK activity (153). Transgenic mice over-
expressing HO-1 in the heart demonstrated decreased cardi-
omyocyte apoptosis and improved ventricular functional
recovery after ischemia (144), and murine MSCs transfected to
overexpress HO-1 showed improved resistance to I/R injury
as well as functional recovery in ischemic murine hearts (135).

In addition to preconditioning of MSCs, SDF-1 has been
targeted for overexpression in MSCs. These MSCs improved
cardiomyocyte survival and vascular densities after trans-
plantation after myocardial infarction (161). They also exhi-
bited improved MSC homing and cardiac functional recovery,
but demonstrated a possible increased risk for ventricular
arrhythmias (28). Transplanted skeletal myoblasts overex-
pressing SDF-1 showed increased mobilization and homing of
MSCs and CSCs to areas of ischemia (35). Likewise, MSCs and
CD34* progenitors overexpressing CXCR4 showed improved
localization to ischemic territories, survival, and recovery of
cardiac function (20, 66, 159).

Overexpression of multiple growth factors may offer ad-
ditive benefits to MSC survival and function. Rat MSCs co-
transfected with VEGF and IGF-1 improved donor cell survival
and functional recovery compared with transfection of either
growth factor alone (156). Furthermore, MSCs overexpressing
the combination of VEGF, FGF, and IGF-1 demonstrated the
greatest improvements in cardiac functional recovery and cell
survival after transmyocardial revascularization of infracted
rat hearts than with overexpression of any single growth
factor alone (128).

Survival Signaling Upregulation

Donor cell survival may be improved by upregulating key
elements of survival pathways before transplantation, in-
cluding Bcl-2 and Akt. Bel-2 is an antiapoptotic mitochondrial
membrane protein that regulates mitochondrial metabolism,
particularly calcium metabolism (62, 122) and has been shown
to suppress apoptosis of ventricular myocytes via NF-«B sig-
naling (74). MSCs overexpressing Bcl-2 through nonviral
transfection decreased cardiomyocyte apoptosis and in-
creased VEGF production in vitro while reducing infarct size
and improving functional recovery in vivo (82).

Intramyocardial injection of MSCs overexpressing Akt into
the perinfarct border zone in rat hearts after coronary artery
ligation resulted in decreased cardiac remodeling and im-
proved cardiac recovery compared with MSCs not over-
expressing Akt (90). The MSCs also appeared to differentiate
into cardiomyocytes 2 weeks after infusion. MSCs over-
expressing Akt plus reporter genes showed improved MSC
engraftment and cardiac recovery after coronary artery liga-
tion in mice; however, although cellular fusion between MSCs
and cardiomyocytes was observed as early as 3 days after
infusion, it occurred with low frequency and was unaffected
by Akt overexpression (99). Conditioned media from Akt-
overexpressing MSCs exposed to hypoxia reduced hypoxia-
related cardiomyocyte apoptosis compared with conditioned



1890

media from hypoxic MSCs without Akt overexpression in vitro
(49). When infused into isolated rat hearts, the conditioned
media from Akt-overexpressing MSCs reduced infarct size
and improved functional recovery. The cardioprotective
benefits observed after infusion of conditioned media alone
support the role of paracrine signaling by MSCs in the setting
of cardiac ischemia.

Conclusions

Progenitor cells hold great potential for treating both acute
and chronic ischemic heart disease. Understanding the sig-
naling mechanisms involved in the reaction of these cells to
the ischemic state will enable us to bolster their efficacy by
modifying their ability to home to ischemic tissue, secrete
protective paracrine factors, and incorporate into the myo-
cardium. These studies in animal models have revealed the
variety of modifications possible, particularly with regard to
upregulating growth-factor production or signaling mecha-
nisms involved in survival and proliferation. The greatest
benefit, though, may be in combining modifications to create
an ultraprotective stem cell. Further work to elucidate other
components of these signaling pathways that could serve as
targets of directed modifications (e.g., cell-surface receptors) is
ongoing. A challenge to this therapeutic modality includes
understanding the effects one modification may have on in-
terconnected pathways to predict results of these therapies.
Moreover, developing efficient strategies of translating these
techniques into effective clinical practice will be essential for
establishing their clinical utility. Despite these challenges,
progenitor cell-based therapy for myocardial ischemia re-
mains a promising possibility.
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