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Advances in the novel approach to control ischemic heart disease and heart failure using stem cells or
progenitor cells from bone marrow, mesenchyme, or myocardial tissue itself have demonstrated efficacy for
increasing left ventricular function, decreasing infarct scar tissue, improving exercise tolerance and heart
failure symptoms, and, in some studies, decreasing mortality and reducing rehospitalization for intractable
angina or subsequent myocardial infarction. The most common techniques utilize injections of cells into the
coronary vasculature or directly into specific areas of vulnerable myocardium. Although few adverse effects
have been noted in clinical trials of these procedures, further clinical trials over the next decade should provide
further advances in interventional techniques, ancillary supporting technologies to enhance cell regeneration,
and applications in ischemic heart disease, cardiomyopathies, and cardiac genetic disorders.

Introduction
Major issues in the management of ischemic heart
disease (IHD) and consequent left ventricular (LV)
dysfunction and failure include regeneration of insufficient
coronary vasculature and regeneration of cardiomyocytes
to decrease morbidity and mortality. In addition to
established interventional and supportive strategies to
decrease ischemia and maintain systolic performance, the
use of stem cells has been extensively studied in clinical
trials to bolster established interventions. This review
will focus on the development of stem-cell utilization and
possible future approaches to improve efficacy of this novel
therapy.

Cardiac stem-cell therapy has been focused on inter-
ventions in acute myocardial infarction (AMI), postinfarct
cardiac support including ischemic cardiomyopathy, and
refractory angina. Such therapy appears to protect the heart
against ischemic injury and decrease the development of
cardiac fibrosis.

Although the term stem cell has been utilized for this area
of intervention, such cells include not only bone marrow
stem cells, but more mature endothelial progenitor cells
(EPCs), resident cardiac stem cells (CSCs), mesenchymal
stem cells (MSCs), skeletal myoblasts, and embryonic
stem cells. Stem-cell therapy may lead to reversal of
pathophysiologic changes in coronary heart disease (CHD)
and heart failure (HF). It is utilized as an adjunct to coronary
interventions to bolster vascular support of the myocardium
and for regeneration of myocardial cells. Such vascular
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regeneration can provide relief from symptoms refractory
to maximal antianginal agents. Additionally, gene therapy
is being utilized to support generation and proliferation of
stem cells.

Physiologic and Pathophysiologic Considerations
Human pluripotent stem cells have the capability of
differentiating into coronary vascular endothelial cells or
cardiomyocytes. The inflammatory reaction during AMI
leads to mobilization of progenitor stem cells from bone
marrow by neural and humoral signal activation and
increased local production of chemoattractants in the
myocardium. This may lead to intrinsic neovascularization
of the myocardium as well as cardiomyocyte repopulation
(Figure 1). However, high-intensity inflammation may also
lead to EPC dysfunction. For example, elevated C-reactive
protein levels inhibit EPC differentiation and survival by
reducing EPC endothelial nitric oxide synthase (eNOS)
messenger RNA expression1 and decreasing angiogenic
activity.2 Therefore, depending upon the intensity of
inflammatory stimulus, EPC activity may be increased3

or decreased.4 Acute myocardial infarction is usually
associated with relatively low inflammatory activity.

Historical Perspective
Several approaches have been utilized for tissue regener-
ation. Therapeutic angiogenesis was initially evaluated by
vascular endothelial growth factor (VEGF) injection pro-
ducing collateral-artery proliferation.5 This was followed by
the generation of human stem cells in 1998.6,7 In 1997,
CD34+ marker progenitor cells from adult bone marrow
were reported to differentiate ex vivo into an endothelial

Received: September 22, 2014
Accepted with revision: December 1, 2014

Clin. Cardiol. 38, 5, 309–316 (2015) 309
Published online in Wiley Online Library (wileyonlinelibrary.com)

DOI:10.1002/clc.22381 © 2015 Wiley Periodicals, Inc.



           Bone Marrow 

 Paracrine Effects 

Transdifferentiation  

              or 

  Recruitment of 

Stem/Progenitor Cells Circulation Vascular Endothelium Coronary Revascularization 

Cardiomyocyte Proliferation Myocyte Recruitment Myocardial Function

Resident Stem Cells         

Figure 1. EPC administration into the coronary artery leads to engraftment into coronary endothelium. EPCs promote (1) revascularization of the coronary
vessel. Some EPCs can transdifferentiate into cardiomyocytes or through paracrine effects causing (2) recruitment of resident cardiomyocyte stem cells that
proliferate and regenerate myocardial tissue. Both effects can increase myocardial function. Abbreviations: EPC, endothelial progenitor cell.

phenotype.8 Moreover, these isolated cells incorporated
into new vessels in ischemic locations. The following year,
these newly termed EPCs were found to circulate in the
blood,9 and CSCs were described in human myocardium
with the marker c-kit + .10 In 2001, rapid mobilization of
bone marrow CD34+ was reported after AMI.11

It had previously been assumed that adult cardiomyocytes
could not be regenerated. However, an ingenious study
using C14 labeling, based on human exposure to nuclear
bomb tests in the early 1950s, demonstrated newly formed
cardiomyocytes.12 Further, about 1% of cardiomyocytes
were found to regenerate in younger adults, decreasing
to 0.25% to 0.5% in older adults. In 2001, evidence was
reported for human myocyte division after AMI.13 New
cardiomyocytes were found to proliferate at the border of
infarcted tissue. In 2004, CSCs were isolated from adult
murine hearts as self-adhered clusters of progenitor cells,
termed cardiospheres.14 Recently, introduced cardiospheres
were found to reduce infarct scar size and improve cardiac
function after AMI.15

Characterization of Endothelial Progenitor Cells
and Options for Expansion
In peripheral blood, several possible sources of EPCs
may exist, in increasing maturity: (1) myeloid cells,
which may mature into endothelial cells under cultivation;
(2) rare hematopoietic stem cells; (3) other circulating
progenitor cells; and (4) mature endothelial cells shed off
arterial walls. However, EPCs are isolated and cultured
primarily from bone marrow on the basis of surface
markers such as CD34+, CD133+, and the endothelial
marker protein vascular endothelial growth factor receptor
2 (VEGFR2). CD34+ is a marker of cells in later
stages of maturity, and CD133+ marker cells are barely
lineage committed. Circulating EPCs may also be used
as biomarkers for cardiovascular disease or for enriching
cells for angiogenesis.16 The number of circulating EPCs
varies inversely with the presence of cardiovascular risk
factors.17 After adjusting for other factors such as drug
therapy and concomitant disease, increased EPC levels are
independently associated with cardiovascular events and
mortality.18

Therapeutic agents that appear to increase mobiliza-
tion and activity of circulating EPCs include statins,19

Table 1. Stimulation of Increase in EPCs

Intrinsic Extrinsic

Inflammation EPC administration

Oxidative stress Statins

Exercise ACEIs/ARBs

Estrogens PPAR-γ agonists

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB,
angiotensin receptor blocker; EPC, endothelial progenitor cells; PPAR-γ,
peroxisome proliferator-activated receptor-γ.

angiotensin-converting enzyme inhibitors,20 and per-
oxisome proliferator-activated receptor–γ agonists
(pioglitazone21; Table 1).

Principles of Utilization
Stem-cell therapy is utilized to augment neovascularization
of myocardium of cardiac tissue and vascular endothelium.
Autologous stem cells are isolated from the iliac crest
bone marrow, harvested ex vivo, enriched using a special
centrifugation procedure, and subjected to quality-control
methods. In patients with AMI, this is usually accomplished
4 to 7 days after infarction. After enrichment, cells are
injected in the cardiac catheterization laboratory into a
coronary artery or directly into myocardium. Cells may be
mobilized using gene therapy with VEGF or isolated cells
treated with eNOS transcription to enhance migratory and
neovascularization capacity.22

Other cell populations have been harvested from
mesenchymal tissues, skeletal muscle (skeletal myoblasts),
myocardium (resident CSCs), and embryonic tissue
(embryonic stem cells), but these processes are still
primarily in the developmental stages. However, MSCs
have been shown to improve cardiomyocyte regeneration
in phase I/II clinical trials.23

A standard percutaneous coronary angioplasty procedure
is utilized with coronary infusion of EPCs multiple times
with balloon inflation. This procedure allows sufficient time
for the EPCs to come in contact with the microcirculation
site. Injection into a coronary vein has not been successful.
Location of specific myocardial areas of intervention utilizes
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Figure 2. Simultaneous electromechanical mapping system for determining location of cell injection sites. Voltage map (A) showing normal voltage activity
(blue). Mechanical activity map (B) showing absent local shortening (red). The superimposed information indicates hibernating but viable myocardium.
Illustration courtesy of Dr. Gary L. Schaer, Division of Cardiology, Rush University Medical Center; and Biologics Delivery Systems Group. Abbreviations:
LAO, left anterior oblique projection.

an electromechanical mapping system (Noga XP cardiac
navigation system; Biosense Webster, Diamond Bar, CA)
that maps the ischemic, infarcted, or scarred site. For
example, a voltage map might show adequate voltage
at a site, but the simultaneous mechanical map might
show poor contraction at the site, indicating hibernating
myocardium (Figure 2). For intramyocardial injections, a
catheter system is used with a retractable needle with Noga
guidance, contact is made with the endothelium in or near
nonviable myocardium, with injections of cells 1 cm apart.
With hibernating myocardium, direct injection into the area
may salvage the myocardium and improve angiogenesis.24

A trial of autologous EPCs under such conditions showed
a 75% decrease in perfusion defects and improved left
ventricular ejection fraction (LVEF) of ≥20%.25

Endothelial progenitor cells can be enriched in vivo, ex
vivo, and in local tissue, and modified by gene transfer.
Stimulation of EPC production in bone marrow can be
accomplished by using VEGF or granulocyte macrophage-
colony stimulating factor.26 Ex vivo, EPCs are placed in a
culture medium for up to 7 days.

In targeted tissue area, local accumulation of transplanted
EPCs can be expanded by local injection of factors such
as stroma derived factor.27 Gene transfer has also been
accomplished in animal models for dysfunctional cells, such
as from diabetics, to enhance the angiogenic response.28

Activity of transplanted cells may be influenced by the
cell type itself, the isolation and delivery method, and
the utilization of enhancing factors. Cell dose levels have
influenced the efficacy of myocardial tissue perfusion and
long-term reduction of infarct size.29 The baseline LVEF
after AMI may influence the efficacy of improvement
of function; an inverse correlation between LVEF and
improvement after 4 months was found, with the best results
with the lowest LVEF.30

Considerations in Intracoronary Interventions
Several concerns about vascular injury during and after
percutaneous coronary intervention (PCI) impact upon the
efficacy of intracoronary vasculogenesis therapy. Vascular
injury resulting from PCI may lead to acute stent thrombosis,
neointimal hyperplasia, or in-stent restenosis. Endothelial
progenitor cells can facilitate re-endothelialization in sites
of endothelial damage.9 Restenosis following PCI has
been associated with decreased circulating EPCs with
increased activity.31 Drug-eluting stents have associated
antiproliferating agents that may reduce vascular healing
and decrease local functioning endothelium. To counteract
this problem, studies are being focused on localizing EPC
installation in animal models.31 Further studies are needed
to determine a definitive role of supportive EPC injections
in preventing angioplasty and stent complications.
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Cardiomyocyte Regeneration
As indicated above, the heart has a low detectable
regenerative capacity.32 Cardiac stem cells may derive
from resident cardiomyocytes or from circulating stem cells
reaching the myocardium after AMI. Cardiac stem cells
themselves, expressing c-kit+, the stem cell receptor factor,
may not only generate cardiomyocytes, but also endothelial
and mesenchymal cells in the heart.13 C-kit + activation
binds stem cell factor to its ligand.33 Using c-kit + and
cardiosphere-derived cells via coronary artery injection in
patients with postinfarction LV dysfunction, investigators
have demonstrated increased LVEF and reduced scar
size. The engrafted cells are presumed to activate
endogenous systems for cardiac repair, mobilizing bone-
marrow EPCs and CSCs, which facilitates cardiomyocyte
reentry. Stimulation of cytokines by these engrafted cells
may lead to inhibition of apoptosis of cardiomyocytes,
preventing ventricular remodeling and expansion of
chamber size.13

Specific Conditions
Acute Myocardial Infarction

The relatively mild inflammatory reaction to AMI mobilizes
stem cells and EPCs from bone marrow into the circulation.
Local chemoattractants in the myocardium are produced
that attract these cells. Resident CSCs proliferate in areas
surrounding the infarcted myocardium. Circulating VEGFs
increase. Mobilized stem cells and EPCs in the circulation
reach a maximum within hours after an ischemic episode,
and increased levels may persist for several months.17

Although meta-analysis of clinical trials of
stem/progenitor cells will be discussed below, sev-
eral clinical trials deserve comment. Two studies in which
intracoronary injections were utilized within a week of
AMI, the randomized controlled trials (RCTs) Reinfusion
of Enriched Progenitor Cells and Infarct Remodeling in
Acute Myocardial Infarction (REPAIR-AMI; 204 patients)
and Bone Marrow Transfer to Enhance ST-Elevation
Infarct Regeneration (BOOST; 60 patients), demonstrated
improvement in LVEF in 4 to 6 months after cell transfer,
but no change in left ventricular end-diastolic volume
(LVEDV).34,35 Although the REPAIR-AMI study found
a sustained benefit after 12 months and a reduction in
adverse cardiovascular events after 2 years,36 initial LV
function benefit was not sustained in BOOST.29 The
Autologous Stem Cell Transplantation in Acute Myocardial
Infarction (ASTAMI) study of 100 patients also found no
change in LVEF, infarct size or chamber dimensions,
or adverse-event rate up to 6 months after treatment.37

However, in the nonrandomized but controlled Clinical
Benefit and Long-Term Outcome After Intracoronary
Autologous Bone Marrow Cell Transplantation in Patients
With Acute Myocardial Infarction (BALANCE) study (124
patients), infarct size, mortality, and exercise capacity were
improved after 5 years in the treatment vs control group.38

Thus, results demonstrate some efficacy in improving
LVEF and exercise capacity, and decreasing infarct size and
mortality, but results are mixed. With successful outcomes,
LVEF has increased by approximately 5%.

Recovery After Acute Myocardial Infarction and Ischemic
Cardiomyopathy

To support or improve LV function after AMI, 2
approaches to EPC/progenitor cell transfusions include
early postinfarct intervention and intervention when LV
function has decreased to the ischemic cardiomyopathy
level. As indicated above, early intervention has improved
LV function by approximately 5% vs controls. One
small nonrandomized study of cell intervention in 18
‘‘chronic MI’’ patients 5 months to 8 years post-MI
(Intracoronary Autologous Mononuclear Bone Marrow
Cell Transplantation [IACT] Study) suggested subsequent
smaller postinfarct area (−30%) and improved LVEF (15%)
and wall motion in the peri-infarct area.39

Several studies of intracoronary stem cell intervention
in ischemic cardiomyopathy have shown improvement in
LV function. One example is the Acute and Long-Term
Effects of Intracoronary Stem Cell Transplantation in 191
Patients With Chronic Heart Failure (STAR) study (391
patients including controls) in which intervention produced
an increase in LVEF, decreased mortality and improved
exercise capacity over 3 months to 5 years vs controls.40

A small study (8 ischemic cardiomyopathy patients)
using intramyocardial injection of progenitor cells over
5 years after AMI with 1 year follow-up demonstrated
improved regional contractility around the myocardial scar
and decreased LVEDV.41

As of 2013, 36 clinical trials of stem-cell intervention
for cardiomyopathy, mostly ischemic, had been reported,
of which 12 were RCTs.43 Sources of transplanted cells
included bone marrow progenitor cells or mononuclear
cells, MSCs, CSCs, or skeletal myoblasts. An analysis of
these studies indicated improvement in LVEF in 6 of 11
studies using bone marrow progenitor cells and in 11 of 15
studies using skeletal myoblasts. In all 36 clinical trials, the
most common complications were ventricular dysrhythmias
in trials of skeletal myoblasts.42 Only 2 studies used CSCs,
and 1 study used MSCs.

In summary, the use of stem-cell transplantation in
patients with ischemic cardiomyopathy appears promising
for improvement in LV function and possibly survival;
and, importantly, the use of stem cells in cardiomyopathy
provides the only alternative to cardiac transplantation itself
in improving the cardiomyocyte population rather than
stabilization of the cardiac function.

Intractable Angina

It is estimated that there are 850 000 patients in the United
States with refractory angina, despite optimal medical
therapy or mechanical intervention.43 A number of phase
I/II clinical trials have been concluded or are underway
to determine the efficacy of stem-cell transplantation in
alleviating anginal symptoms in this condition. Studies
in animal models have indicated increase in capillary
density with neovascularization produced by this technique.
Early-phase trials in patients with refractory angina have
demonstrated variable effects on angina frequency as well
as heart failure symptoms. For example, intramyocardial
application of EPCs resulted in improvement in angina
frequency and quality of life over 3 months.44 In the
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Prospective Randomized Trial of Direct Endomyocardial
Implantation of Bone Marrow Cells for Treatment of Severe
Coronary Artery Diseases (PROTECT-CAD) trial of 28
patients with refractory ischemia, direct intramyocardial
injection of bone marrow cells demonstrated improvement
in anginal symptoms, LV function, exercise time, and New
York Heart Association (NYHA) class.45 A randomized
phase II study of 167 patients with refractory angina
during electromechanical mapping of viable myocardial
sites demonstrated improvement in angina symptoms and
exercise tolerance over 6 to 12 months.43

Although phase III studies of intractable angina are
awaited, it must be emphasized that pharmacologic
intervention is frequently not optimal and that it is
imperative that future clinical trials in this area focus on
patients whose clinical course has demonstrated adequate
course of antianginal treatment, whether by pharmacologic
agents or mechanical intervention. The relative efficacy of
intracoronary vs direct intramyocardial injection of stem
cells also awaits evaluation.

Meta-Analyses
A number of meta-analyses have been published on
cardiovascular stem-cell studies. These include animal-
model studies and early- and late-phase trials. There
is, of course, some overlap in the studies included in
various analyses. We have selected several meta-analyses
published between 2007 and 2014 to review briefly with

further information in Table 2. Only patient studies are
reviewed, emphasizing salient findings and publication dates
indicated. Most of the studies evaluated were intracoronary
interventions; a few were intramyocardial. In reviewing
these meta-analyses, one should bear in mind that there
may considerable heterogeneity among studies for each
analysis. For example, in the meta-analysis by Abdel-Latif
et al,46 evaluations included RCTs and controlled cohort
studies; number of patients varied between 20 and 204; cell
injection from AMI or PCI was accomplished between 1
day and 81 months; the number of bone marrow cells used
varied between 2 × 106 and 60 × 109; and bone marrow cells
used included mononuclear cells, MSCs, and circulating
progenitor cells. Within individual trials, 4 of 12 RCTs
favored bone marrow treatment vs controls, and in the 6
cohort studies, 2 favored bone marrow treatment vs controls.
This analysis of 18 studies (2007) involving 999 patients with
IHD demonstrated improved LV function, reduced infarct
scar size, and reduced LVEDV.46

An analysis of 10 RCTs (2007) involving 422 participants
with chronic CHD in combination with PCI or coronary
bypass procedures found an increase in LVEF and reduced
systolic and diastolic dimensions at 6 months postprocedure.
There was a lack of adequate information about control
groups and co-interventions.47

An analysis of controlled trials with 14 days of AMI
involving 10 studies, 698 patients (2007), with median 6-
month follow-up with associated PCI, showed a 3% increase

Table 2. Summary of Selected Meta-Analyses of Clinical Stem-Cell Studies:
Intracoronary Injections Unless Otherwise Noted

Author
Trials Design and

Conditions Included
No. of Trials

(No. of Patients) Median F/U, mo Results

Abdel-Latif46 (2007) RCT/Co; IHD 18 (999) 3–18 ↑LVEF (3.7%), ↓scar size (−5.5%), ↓LVESV (−4.8 mL)

Zhao47 (2007) RCT; IHD, IM/IC 10 (422) 3–6 ↑LVEF (4.6%), ↓LVESVa(−0.4), ↓LVEDVa(−0.4) 6 mo

Lipinski48 (2008) RCTs; AMI (<14 d) 10 (698) 6 ↑LVEF (3.0%), ↓scar size (−5.6%), ↓ LVESV
(−7.4 mL), ↓recur MI

Martin-Rendon49 (2008) RCTs; AMI (≤7 d) 13 (811) 4–6 ↑LVEF (3.0%), ↓scar size (−3.5%), ↓ LVESV (−4.7 mL)

Zhang50 (2008) RCTs; AMI (4–7 d) 7 (660) 3–18 ↑LVEF (4.6%), ↓LVESV (−0.28), ↓CE (OR: 0.32),
↓rest/UA (OR: 0.59)

Brunskill51 (2009) RCTs; AMI/IHD, IM/IC 21 (1091) 3–6 IM > IC ↑LVEF (5.9%)b; increase sig. only with lower
baseline LVEF in chronic ischemia

Jeevanantham52 (2012) RCTs; AMI/IHD, IM/IC 50 (2625) ↑LVEF (4.0%), ↓scar size (−4.0%), ↓LVESV (−8.9 mL),
↓LVEDV (−5.2 mL)

Delewi53 (2013) RCT; AMI 26c (1710) 6–12 ↑LVEF (3.9%), ↓scar size NS, ↓LVESV (−9.4 mL),
↓recur AMI (RR: 0.44), ↓read HF, UA (RR: 0.59)

Fisher54 (2014) RCT; IHD/HF 23 (1255) Variable ↓Mortality (RR: 0.28), 8 studies; ↑LVEF (−2.6%), 6
studies

Tian55 RCT; IM 11 (492) 3–12 ↑LVEF (4.9%), ↓LVESV (−10.7 mL)

Abbreviations: AMI, acute myocardial infarction; CE, cardiac events; Co, nonrandomized cohort controlled studies; F/U, follow-up; HF, heart failure;
IC, intracoronary injection; IHD, chronic ischemic heart disease; IM, intramyocardial injection; LVEDV, left ventricular end-diastolic volume; LVEF, left
ventricular ejection fraction; LVESV, left ventricular end-systolic volume; MI, myocardial infarction; NS, not significant; OR, odds ratio; RCT, randomized
controlled trial; read, readmission; recur, recurrent; rest, restenosis; RR, risk ratio; scar size, infarction or scar volume; UA, unstable angina.
IC injections unless otherwise noted.
aWeighted mean differences. bIM delivery > IC delivery. cAnalysis of 23 studies.
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in LVEF, a reduction of infarct size of 5.6%, and a decrease
in LV end systolic volume.48 A significant reduction in
recurrence of AMI was also found. Of note, as with other
meta-analyses of study protocols, different cell types (eg,
bone marrow cells, peripheral mononuclear cells), types of
cell marker (eg, CD34+, CD133+), selected enrichment
of cell colonies with G-CSF vs none, time of intervention
after AMI (1–12 days), and follow-up (3–18 months) were
variables that need to be considered in comparing individual
study results.

An analysis of 13 trials of 811 participants with AMI (2008)
showed improved LVEF and decreased cardiac volume and
myocardial lesion area compared with controls.49 Improved
LVEF related to infusion of cells within 7 days of AMI.

In 7 RCTs of 660 patients after AMI (2009), cell therapy
from 4 to 7 days after AMI was superior to 24-hour
intervention in improving LVEF, reducing LV end volume,
and decreasing the incidence of revascularization.50

In 21 clinical trials of 1091 patients with AMI and
chronic IHD (2009), the route of delivery of transplanted
cells had some bearing on outcome.51 Cardiac function
was significantly improved with intramyocardial injection
vs coronary infusion. Significant improvement in cardiac
function was inversely related to baseline LVEF.

In 50 studies of 2625 patients receiving bone marrow
transplants for IHD (2012), LVEF increased (5.5%, vs 3.3%
in the placebo groups), and infarct size and LV diastolic and
end-systolic volumes decreased.52 At 1 year, the treatment
groups showed a reduction in combined endpoints of death,
recurrence of AMI, and revascularization procedures.

An analysis of 23 RCTs with 1710 participants with
AMI (2013) showed improvement of LVEF at 6 months
with further improvement at 12 months compared with
noninjected controls.53 A reduction in silent myocardial
ischemia and readmission for heart failure and unstable
angina were found.

In 23 RCTs involving 1255 participants with chronic CHD
and heart failure (2014), mortality and rehospitalization for
heart failure were reduced over ≥12 months in 8 studies,
but no clear benefits in other studies.54 Overall, LVEF and
NYHA class were improved. No long-term adverse events
were found in the 19 studies evaluating this measure.

Finally, in 11 RCTs involving 492 participants with old
prior AMIs (2014), using intramyocardial stem cells, LVEF
was increased by 5% and LV systolic and diastolic volumes
were reduced.55 Most of these studies involved associated
coronary artery bypass grafting; however, 5 trials had a
relatively small sample size, and LVEF was not significantly
changed in these studies.

In summarizing the results of multiple meta-analyses, we
may draw the following conclusions: (1) intracoronary bone
marrow cell treatment may lead to moderate improvement
of LVEF at least in the short term with decreased LV
volume; (2) there is some evidence for a decrease in
early mortality, recurrent AMI, decreased angina attacks,
increased exercise tolerance, and reduced hospitalization
for heart failure symptoms; (3) direct intramyocardial
injection of cells may have special benefit in hibernating
myocardium; and (4) the route of injection, time of injection
in the case of AMI, type of cell, volume of delivery, and use

of ancillary cell-enrichment methods all have a bearing on
successful transplantation.

A caveat about reported meta-analyses was described in
a recent critique evaluating possible in-trial or between-
trial discrepancies.56 In comparing 133 reports from 49
bone marrow stem cell clinical trials, >600 discrepancies
among trials were found. For example, the number of
discrepancies was correlated with purported increases in
LVEF. General discrepancies included conflicts in protocol
and follow-up, contradiction between figures and numerical
data, statistical errors, suppression of significant changes,
reporting nonsignificant figures as significant or the
opposite, misclassification of NYHA class (0 to −5!), or
impossible numbers of patients, percentages, or summary
statistics).

Other concerns about these meta-analyses involve the
lack of adequate clinical endpoints and prevention of cardiac
remodeling, perhaps resulting from the relative paucity of
large numbers of study subjects that would be needed
for conclusive evidence of benefit. Therefore, there should
be some caution about becoming too enthusiastic about
the efficacy of stem-cell intervention until studies with
robust patient numbers and adequate long-term follow-up
are accomplished.

The Future
Clinical phase III trials are underway to evaluate long-
term effects of transplanted stem/pluripotent cells. One
area that is especially intriguing is the stimulation of
endogenous CSCs to produce cardiomyocytes. The delivery
of modified RNA encoding human VEGF may improve
cardiac function and enhance long-term survival based upon
animal models.21

Expansion of the use of transplanted pluripotent cells to
human disease models is now being evaluated. For example,
Gurdon and Yamakana received the 2012 Nobel Prize
in Medicine or Physiology for generating patient-specific
induced pluripotent stem-cell cardiomyocytes for studying
models for such conditions as familial hypertrophic car-
diomyopathy, arrhythmogenic right ventricular dysplasia,
and others.57

For stem cell/pluripotent cell therapy in general, future
advances foreseen include further evaluation of priming of
cells to increase therapeutic efficacy, technologic advances
to support these therapies such as tissue engineering, and
the use of combined strategies with gene therapy. More
specifically, these advances would include modification
of cells before transplantation such as encoding with
VEGF, as indicated above, the use of drugs, small
molecules, and plasmids.58 Biomaterials may enhance
the transplanted cells within the myocardial environment.
This could include bioactive signaling incorporated in
the biomaterials to improve efficacy in the myocardium.
An example of this is the use of insulin-like growth
factor–carrying nanofiber, which enhances CSC utilization
in repair of cardiac injury.59 An example of tissue
engineering is use of hypoxia-tolerant tissue grafts to
replace injured myocardium.60 Stromal cells in combination
with progenitor cells may bolster their effects. Fibrin glue
may be useful in sealing transplantation injection sites to
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decrease cell leakage.61 Contrast echocardiography can
utilize microbubbles containing cells for transplant. Signal
disruption of the microbubbles would deposit the cells
at the site for transplantation.62 Coating stents with anti-
CD34+ antibodies could allow seeding of these stents with
circulating EPCs.63 These would develop into endothelial
cells covering the stent struts and the denuded vascular wall.

In transplantation of cardiospheres or myoblasts, use of
antiapoptotic treatments of angiogenic growth factors before
implantation may increase cell survival.64,65

Thus, the future of stem cell/pluripotent cell transplanta-
tion is bright with the promise for the addition of myocardial
and vascular regeneration for cardiac disease. Much further
research and clinical-trial exposition must be accomplished,
however, before the impact of stem-cell transplantation on
cardiac regeneration and clinical efficacy can be amply
demonstrated.

Conclusion
Over the next decade, much advance is expected in
the use of stem/progenitor cells to supplement current
standard techniques in decreasing morbidity, mortality,
and symptomatology from major cardiac disease. These
advances are predicated on regeneration of myocardial
and vascular cells with resultant increases in cardiac
function, decreases in infarct scar tissue, and increase in
functional coronary vasculature. There is still considerable
question about the clinical impact of stem-cell studies in
heart disease. There are still many questionable cause-
and-effect relationships, such as the transdifferentiation of
bone marrow cells into cardiomyocytes, for example.66,67

At present, the clinical cardiologist in the catheterization
laboratory should find this area a burgeoning field for
research, and the practicing cardiologist outside the
catheterization laboratory would find that keeping abreast
of these advances would stimulate his or her interest in a
novel area of patient care. A recent review in the Journal of
Molecular and Cellular Cardiology provides further insights
into this area and a more extended reference list.68 A
further discussion of the discrepancies and contradictions
of studies in stem-cell therapy may be found in another
recent publication.69
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