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Abstract

At present the prevalence of heart failure rises along with aging of the population. Current heart failure therapeutic options are directed
towards disease prevention via neurohormonal antagonism (�-blockers, angiotensin converting enzyme inhibitors and/or angiotensin
receptor blockers and aldosterone antagonists), symptomatic treatment with diuretics and digitalis and use of biventricular pacing and
defibrillators in a special subset of patients. Despite these therapies and device interventions heart failure remains a progressive disease
with high mortality and morbidity rates. The number of patients who survive to develop advanced heart failure is increasing. These
patients require new therapeutic strategies. In this review two of emerging therapies in the treatment of heart failure are discussed: meta-
bolic modulation and cellular therapy. Metabolic modulation aims to optimize the myocardial energy utilization via shifting the substrate
utilization from free fatty acids to glucose. Cellular therapy on the other hand has the goal to achieve true cardiac regeneration. We review
the experimental data that support these strategies as well as the available pharmacological agents for metabolic modulation and clinical
application of cellular therapy.
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Introduction

We are currently witnessing an increase in prevalence of heart 
failure as result of population aging and improvement in the therapy
of cardiovascular diseases. Heart failure affects 4–5 million people
in the United States and its prevalence has a direct relationship 
to age, ranging from 0.4–2% in the adult population and rising to
5–10% in patients aged more than 65 years [1, 2]. The incidence
of heart failure is increasing, as reflected by the statistics of

hospital admissions and visits to clinics. The prognosis of heart
failure is still poor with mortality similar or even higher than with
many common types of cancer, 5-year mortality being 56% for
men and 45% for women [3–7].

At present the heart failure dynamic is viewed from the per-
spective of evolution from subclinical pathological changes
towards clinical syndromes. Thus four stages have been identified
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in the American College of Cardiology/American Heart Association
guidelines [8]:

Stage A – includes patients who have increased risk for devel-
oping heart failure but without structural heart disease or
symptoms of heart failure; 
Stage B – includes patients who have structural heart disease
but without symptoms of heart failure; 
Stage C – includes patients who have structural heart disease
and symptoms of heart failure; 
Stage D – includes patients with refractory heart failure requir-
ing special interventions (i.e. transplantation, left ventricular
assist device). 

Using treatments (�-blockers, angiotensin converting enzyme
inhibitor, aldosterone antagonists, internal cardioverter defibrilla-
tor) that do not cure but alter the natural history of the disease, we
are facing a situation where more patients are surviving to a stage
of advanced chronic heart failure (Stage D, above). This condition
is defined as a ‘state in which patients have significant cardiac
dysfunction with marked symptoms of dyspnea, fatigue or symp-
toms relating to end-organ hypoperfusion at rest or with minimal
exertion despite maximal medical therapy’ [9]. This definition
underscores the existence of a group of patients with poor prog-
nosis, increased risk for clinical events, and most importantly,
compromised quality of life despite available treatment. These
patients are in desperate need of new effective therapeutic options
and should be included in future research initiatives.

In this article we will review two out of many newly emerging
strategies in cardiovascular therapy – metabolic modulation and
cellular therapy.

Metabolic modulation

A renewed interest in heart failure metabolism has arisen mainly
as a result of newly emerging therapies that hold great promise.
Combining old theories with new discoveries in myocardial
enegetics is challenging because there exist a multitude of data
that often appear contradictory. In order to more clearly summa-
rize the current understanding of metabolism in the failing heart,
normal cardiac metabolism should first be reviewed.

Metabolism in the normal heart

The metabolism in the cardiomyocyte can be divided into several
steps: (i ) substrate uptake and oxidation; (ii ) oxidative phospho-
rylation and adenosine triphosphate (ATP) production and 
(iii ) ATP transfer and utilization (Fig. 1).

Substrate uptake and oxidation
In a healthy heart 10–40% of acetyl-coenzyme A (acetyl-CoA)
comes from oxidation of pyruvate that is the end product of aerobic

glycolysis [10]. Intracellular glucose comes from two sources:
extracellular glucose and intracellular glycogen stores. Glucose
transport across the sarcolemma is controlled by the transmem-
brane gradient and by the number of glucose transporters (mainly
GLUT-4) present. Insulin and ischemic states stimulate transloca-
tion of GLUT-4 into the sarcolema increasing the rate of glucose
uptake [11, 12]. Another potent stimulus for GLUT-4 translocation
especially during ischemic conditions is activation of adenosine
monophosphate activated protein kinase, which regulates the so-
called insulin-independent ischemia-induced glucose uptake [13,
14]. Once intracellular, glucose enters the glycolytic pathway that
is present in the cytosol in close proximity to the mitochondria.
The primary regulator of the glycolytic process is the rate of fatty
acid oxidation. High free fatty acid oxidation is translated into an
increase in mitochondrial acetyl-CoA/free CoA and NADH/NAD
(reduced form of nicotine amide dinucleotide / nicotinamide ade-
nine dinucleotide) ratios that activate the pyruvate dehydrogenase
kinase leading to phosphorylation and inactivation of pyruvate
dehydrogenase (PDH), which controls the glycolytic pathway. The
end product of glycolysis is pyruvate, which can have three fates:
(i ) decarboxylation to acetyl-CoA which enters the Krebs cycle; 
(ii ) ‘anaplerotic’ reaction to maintain the pool of Krebs cycle 
intermediates by carboxylation to oxaloacetate and malate and 
(iii ) conversion to lactate. The myocardium produces excess 
lactate only in settings of impaired oxidation of pyruvate, as
occurs in ischemia, otherwise the healthy heart consumes lactate
even under conditions of maximal cardiac work by converting it to
pyruvate [15–17].

The rate of fatty acid uptake on the other hand is directly 
proportional to the concentration in plasma [18, 19]. Plasma fatty
acid concentration is determined by the activity of hormone-
sensitive lipase in adipocytes that releases them from triglyc-
erides. In plasma, fatty acids are bound to albumin, triglycerides
or are transported within chylomicrons or very low density
lipoprotein. The hormone-sensitive lipase is activated by cate-
cholamines and inhibited by insulin, thus assuring that during the
hyperadrenergic state of fasting, the high level of fatty acids avail-
able will cover the energetic needs of the cells. At the level of the
cardiomyocyte the fatty acids are released from chylomicrons and
very low density lipoprotein by lipoprotein lipase [20, 21]. Fatty
acids are transported into the cytosol by either passive diffusion
or by protein mediated transport performed by fatty acid translo-
case or plasma membrane fatty acid binding protein [22, 23]. In
cytosol, fatty acids are esterified to long chain fatty acyl-CoA that
eventually has two fates: (i ) esterification to triglycerides and stor-
age or (ii ) conversion to long-chain fatty acylcarnitine by carnitine
palmitoyltransferase I (CPT-I) and transportation into mitochon-
dria for oxidation. Also in the cytosol, long chain fatty acids bind
to nuclear receptor transcription factors known as peroxisome
proliferator-activated receptors (PPAR) [24]. The PPAR family in
heart is primarily represented by PPAR-� that controls the expres-
sion of enzymes directly involved in fatty acid oxidation. PPAR-�
first forms a heterodimer with the retinoid X receptor and PPAR-�
coactivator-1 (PGC-1) and then binds to specific response elements
(peroxisome proliferator response element) within promoter regions
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of genes encoding metabolic enzymes, increasing the rate of tran-
scription of fatty acid oxidation genes and pyruvate kinase-4, thus
promoting inhibition of PDH and glycolysis [25–27].

Oxidation of fatty acids occurs in mitochondria. The fatty acids
are transported across the impermeable mitochondrial membrane
by carnitine-dependent transport system [19]. This system is con-
trolled by the CPT-I. CPT-I is inhibited by the key regulator of fatty
acid oxidation, malonyl CoA, which is formed as result of acetyl-
CoA carboxylation by acetyl-CoA carboxylase [28, 29]. Once in
mitochondria, fatty acids are oxidized by repeated cleavage of
acetyl-CoA units producing NADH and reduced form of flavin 
adenine dinucleotide. The final step of �-oxidation is catalysed by 
3-ketoacyl CoA thiolase, which provides one acetyl-CoA for another
round of �-oxidation and second one to enter the Krebs cycle.

Oxidative phosphorylation
Acetyl-CoA, the common end product of �-oxidation, and pyru-
vate dehydrogenation enters the Krebs cycle (in mitochondria),
that generates NADH and CO2. NADH enters the electron transport
chain (ETC) in the inner membrane of mitochondria. The ETC
complexes I–IV transfer electrons from NADH to oxygen and cre-
ate a proton electrochemical gradient across the inner mitochon-
drial membrane [30]. The created gradient activates ATP synthase
that produces ATP.

ATP transport and utilization
ATP transport from mitochondria to cytosol is performed by the
phosphocreatine shuttle [31]. The mitochondrial creatine kinase

facilitates the transfer of the high energy phosphate bonds from
ATP to creatine forming phosphocreatine and adenosine diphos-
phate. Phosphocreatine being smaller than ATP diffuses towards
myofibrils where myofibrilar creatine kinase transforms it back to
ATP and creatine. Phosphocreatine forms the energetic reserve of
the cardiomyocyte. The phosphocreatine level decreases when the
energetic demand outweighs the supply.

Metabolism in heart failure

Once heart failure develops major metabolic derangements occur
(Table 1). The data available today regarding metabolism in heart fail-
ure are enormous and conflicting. One concept is brought to attention
through this multitude of studies – the failed heart is an ‘engine out of
fuel’. This old concept is reinvestigated again and again especially in
the view of evidence that medications that influence metabolism show
clinical benefits whereas agents that increase metabolic demands 
(i.e. positive inotropic agents) failed to show such benefits.

During evolution, nature endowed the heart with the ability 
to extract energy from any carbon substrate. At various stages 
of human development the myocardial metabolic phenotype is dif-
ferent and depends on the general body metabolic milieu and
haemodynamic conditions [32]. It is known that during foetal and
immediate newborn stages the primary substrate for energy pro-
duction is glucose as well as lactate [33, 34]. This condition
changes to favour fatty acid oxidation within days after birth [35].
Of interest, the volume-overloaded newborn heart has lower
expression of enzymes involved in the regulation of fatty acid
metabolism suggesting stagnation in the ‘foetal state’ [36]. In the

Fig. 1 Basic steps of cardiac metabolism. GLUT4 � glucose transporter; FAT � fatty acid transporter; FA � fatty acid; PDH � pyruvate dehydrogenase; CPT �
carnitine palmitoyltransferase; Pi � inorganic phosphate; Cr � creatine; PCr � phosphocreatine; ETC � electron transport chain and CK � creatine kinase.
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mature heart, 60–70% of acetyl-CoA is derived from fatty acid oxi-
dation and only 10–40% is produced from pyruvate [37, 38].
Other minor substrates for myocardium in normal conditions that
become increasingly important during starvation or with poorly
controlled diabetes are ketone bodies. In the ketotic state myocar-
dial fatty acid and glucose uptake and oxidation are inhibited
through poorly clarified mechanisms [18, 39].

Changes that affect cardiac metabolism in heart failure involve
all steps in the process:

Changes in substrate utilization
The results of the studies on substrate utilization in heart failure
are diverse. The majority supports the concept that in early
heart failure there is a normal or slightly increased rate of fatty
acid oxidation with down-regulation and actually switch to glu-
cose utilization during late stages of heart failure [32, 39, 40].
When during the course of heart failure this switch occurs, is
not completely established. Studies with the canine microem-
bolization model or canine rapid pacing model of heart failure
suggest that the changes in substrate utilization are late phe-
nomena [41, 42].

Heart failure creates a hyperadrenergic state that favours an
increased plasma level of fatty acids. The abundance of fatty acids
creates a state of local insulin resistance by activating protein
kinase C-� that phosphorylates the insulin receptor making it
inactive [43]. Insulin resistance appears to promote the develop-
ment of heart failure or it can be a result of heart failure as sug-
gested by a study of canine model of cardiomyopathy that devel-
oped myocardial insulin resistance [44–47]. The role of insulin
resistance in heart failure pathogenesis requires more attention,
especially in the setting of available data that show improvement
of heart failure in patients treated with glucagon-like peptide-1
infusion [48]. Also the role of diuretic-induced insulin resistance
should be more thoroughly investigated given present evidence of
increased mortality associated with chronic diuretic use among
patients with heart failure [49, 50].

The state of increased fatty acids and impaired glucose utiliza-
tion due to induced insulin resistance favours utilization of fatty
acids as the primary energy source. During fatty acid oxidation 
a greater amount of oxygen is used for a given amount of ATP 
produced than during glycolysis. In association with induced
uncoupling of oxidative phosphorylation, this shift creates a 
perpetual metabolic inefficiency in heart failure [51, 52].

Effects on oxidative phosphorylation
Metabolic inefficiency in heart failure becomes manifest as con-
sumption of a greater amount of oxygen with no translation into
greater cardiac work due to increased production of heat rather
than ATP. In a failing heart the mitochondria are unable to effi-
ciently perform their major task of oxidative phophorylation due to
disruption of the membrane, defective activity of ETC complexes
and low capacity of oxidative phosphorilation [53, 54].

Defective structure of mitochondria in heart failure was
reported in canine as well as in human hearts [53, 55]. The degree
of injury manifested as matrix depletion and membrane disruption
appears to have a direct relationship with the levels of plasma nor-
epinephrine and the severity of left ventricular dysfunction [53].

The data concerning defective ETC complexes in heart failure are
conflicting with regard to activity of the specific complex affected or
whether there is a general dysfunction of ETC rather than one attrib-
utable to a single complex. Measurements of respiratory complex
activity in heart failure patients showed decreased activity at the
level of complexes I, III and IV [53, 56]. In the canine rapid pacing
model of heart failure a decreased level of activity was found in
complexes III, IV and I [57, 58]. In animals models the defects in
ETC complexes III, IV were shown to correlate linearly with the con-
centration of TNF-� in serum and administration of anti- tumor
necrosis factor-� agent partially prevented the defects [32].

The existing evidence brings to light the concept that in heart
failure a significant defect is created at the level of ETC.

The low capacity of oxidative phosphorylation in heart failure is
multifactorial, but is clearly related to the substrate that is pre-
dominantly used in this deficient state. The mechanical power of
the heart is less at a given rate of oxygen consumption when fatty
acids are oxidized rather than glucose [59]. The mechanisms
behind this process are unclear but several findings suggest a 
partial explanation. It is becoming clear that in heart failure the dif-
ferential expression of enzymes of the fatty acid oxidation pathway
is higher relative to the ones for glycolysis [60]. A potential role in
this is attributed to nuclear-receptor transcription factors, of
which the most studied is the PPAR family. As mentioned previ-
ously, PPAR-� activates transcription of genes encoding enzymes
for �-oxidation of fatty acids. PPAR’s role in the pathogenetic
process of heart failure is not completely understood. It may 
facilitate switching of substrate utilization. In the rabbit model of
volume overload hypertrophic heart failure there was no down-
regulation in PPAR-� protein expression or in the expression of
enzymes of fatty acid oxidation, but the uptake and oxidation of
fatty acids was increased [61]. In a rat infarction model of heart
failure a significant decrease in mRNA expression of PPAR-� was

(1) Early stages

Increased levels of free fatty acid

Normal or increased rate of fatty acid oxidation

Local insulin resistance

Uncoupled oxidative phosphorylation

Decreased phosphocreatine levels

Normal ATP level

(2) Late stages

Decreased utilization of fatty acid

Switch to glucose utilization (foetal shift)

Decreased phosphocreatine and ATP levels

Table 1 Major metabolic changes in heart failure
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found with simultaneous decrease in fatty acid oxidation enzymes
[62]. It is likely that PPAR-� is down-regulated in late stages of
heart failure and in hypertrophied hearts when a switch to glucose
metabolism occurs [63, 64]. PPAR-� was shown to regulate the
expression of uncoupling protein-3 (UCP-3) and mitochondrial
thioesterase-1 and therefore could have a role in regulation of
extrusion of fatty acyl-CoA from mitochondria [12, 65, 66].
Extrusion of fatty acyl-CoA from mitochondria is one of the pro-
posed mechanisms for ATP wastage by fatty acid oxidation. The
high content of intramitochondrial fatty acyl-CoA would result in
higher production of free fatty acids by thioesterase-1. These neg-
atively charged free fatty acids are translocated by UCP-3 to the
intermembranous space of the mitochondria where they can asso-
ciate with a proton [67, 68]. This neutral fatty acid can ‘flip-flop’
back into the mitochondrial matrix. This results in a leak of pro-
tons as with classic uncoupling [67]. It is hypothesized that high
rate of fatty acid oxidation wastes ATP via this UCP-3 mediated
futile cycle as well.

Changes in ATP transport and utilization
The energetic state of the heart is not determined by ATP concen-
tration per se. The primary energy reserve in myocardium is phos-
phocreatine. In situations when ATP utilization exceeds its produc-
tion the utilization of phosphocreatine is a way to maintain a
steady level of ATP.

In advanced heart failure the levels of ATP and phosphocreatine
are both decreased [69, 70]. The previously proposed sequence of
events most likely is as follows: initially there is a decrease in phos-
phocreatine levels indicative of a mismatch in ATP production and
use. Afterwards the decrease in ATP and creatine levels follows
[71]. The phosphocreatine-to-ATP ratio seems to be better predic-
tor of overall and cardiovascular mortality than New York Heart
Association (NYHA) class and left ventricular function [72].

In conclusion, at present myocardial metabolism in heart fail-
ure has been extensively studied but major controversies persist.
It is not clear whether the alterations are adaptive or part of patho-
logical pathway. The existing data are at once conflicting, comple-
mentary and contradictory, but one message is clearly delivered
that fatty acid oxidation is not the most efficient way to utilize O2
in a failing heart. This process apparently changes in favour of glu-
cose but only during late stage of heart failure. The main question
to answer is would it be favourable to switch the substrate in early
stages and if yes how to determine the moment when to do so?

Medications that influence metabolism
in heart failure (Table 2)

Nearly all the most common heart failure medications such as
angiotensin converting enzyme inhibitors, angiotensin receptor
blockers and �-blockers reduce metabolic demand and improve
outcome in heart failure.

Another promising strategy for heart failure patients is modu-
lation of substrate utilization, using the concept that stimulating
myocardial carbohydrate oxidation and inhibiting fatty acid oxida-
tion would improve mechanical efficiency. Drugs that modulate
metabolism exert their action at different levels through different
mechanisms and usually do not affect haemodynamics.

Trimetazidine is a well-known anti-anginal drug extensively
used in Europe. It appears to selectively inhibit the long-chain 
3-ketoacyl CoA thiolase although not all the studies confirm this
mechanism [73, 74]. By decreasing the rate of fatty acid oxidation
it indirectly stimulates PDH activity and flux through glycolytic
pathway. Trimetazidine effects on ischemic cardiomyopathy were
explored for more than a decade. It improved the ejection fraction
and functional status in few open label randomized studies [75,
76]. Recent studies identified certain groups of patients that would
particularly benefit from trimetazidine administration. In elderly
patients with ischemic cardiomyopathy and with functional class
II-III adding trimetazidine to standard therapy improves systolic
and diastolic functions, exercise ability and improves angina con-
trol [77]. In diabetic patients with ischemic cardiomyopathy
trimetazidine added to standard therapy had beneficial effects on
left ventricular systolic function [78]. In a recent open label ran-
domized trial in patients with ischemic cardiomyopathy that were
randomized to either receive trimetazidine in addition to conven-
tional therapy, trimetazidine significantly reduced all cause mortal-
ity, heart failure hospitalizations and improved ejection fraction as
well as functional status [79]. Trimetazidine has a satisfactory
safety profile and has been shown to improve left ventricular
remodelling as well as to decrease mortality without adversely
affecting the haemodynamics. The available evidence is based on
small open label studies but these data warrant more investigation
on this apparently promising drug.

Another class of medications that promotes glucose oxidation
includes the CPT-1 inhibitors. They exert their action by decreas-
ing fatty acids entry into mitochondria and thus decrease the sub-
strate available for fatty acid oxidation. A reversible inhibitor of
CPT-1, perhexiline, initially introduced as an anti-anginal agent,
showed improvement in systolic function among patients with

(1) Long-chain 3-ketoacyl coenzyme A thiolase inhibitor

Trimetazidine

(2) CPT I inhibitors

Perhexiline

Etomoxir

Oxfenicin

(3) PPAR-� activators

Rosiglitazone

Pioglitazone

Table 2 Potential metabolic modulators in heart failure
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heart failure [80]. However, its use diminished after high plasma
levels of this drug caused cases of unexplained hepatic failure 
and neuropathy.

An irreversible CPT-1 inhibitor, etomoxir demonstrated attenu-
ation in the transition from compensated to decompensated car-
diac hypertrophy of a rat model [81]. A clinical study where
patients with ischemic cardiomyopathy received 3 months of
treatment with etomoxir showed improvement in left ventricular
ejection fraction (LVEF) [82]. However the clinical utilization of
etomoxir is limited by a narrow therapeutic window due to its
potential to cause phospholipidosis [83]. Oxfenicine through inhi-
bition of CPT-1 prevented left ventricular remodelling in a rapid-
pacing canine model of heart failure [84]. The effects of CPT-1
inhibitors were investigated only in one open label pilot study
mentioned above with etomoxir. Results of controlled trials with
CPT-1 inhibitors are not available currently to our knowledge.

PPAR-� activators were investigated in animal models, but the
results were conflicting. There is evidence that these agents could
have beneficial, adverse or no effects on remodelling and mortal-
ity [85, 86]. The role of PPAR-� in heart failure needs to be more
clearly delineated before larger trials can be considered.

Metabolic modulation therapy appears to have therapeutic
potential as suggested by preliminary studies. However this ther-
apeutic approach is not as popular as neurohormonal antagonism.
Possibly this is due to lack of reliable assessment tools to identify
the phenotype of metabolic derangements and as well as due to
lack of large-scale clinical trials.

Cell therapy

Currently there is a newly emerging therapeutic field in cardiology,
so-called cell therapy or cardiomyoplasty.

The idea of regeneration and renewal of the heart is extremely
appealing. To date the only form of biological renewal of the
heart that gives mortality benefits is total organ transplantation.
The increasing shortage of donor organs has stimulated interest
in the field of artificial heart development. Randomized evalua-
tion of mechanical assistance in treatment of chronic heart fail-
ure (REMATCH), a recent clinical trial of a left ventricular assist
device, showed an increased median survival of 7.4 months and
improved functional status in comparison with medical manage-
ment in end-stage heart failure. But this survival benefit came at
the expense of a high device failure rate, infections and bleeding
as a result of necessary anticoagulation. Basic research is cur-
rently oriented towards identifying a way to restore the integrity
of the failing heart without paying the price of artificial devices
complications. One alternative is cell therapy.

‘The enlargement of the heart in hypertrophy is due to princi-
pally to a hypertrophy of the muscle fibres without an increase in
the number of fibres. There is then no hyperplasia of the fibres and
the process is one of pure hypertrophy’ [87]. This cited paper is
considered to be the basis for the theory that the heart is a post-

mitotic organ unable to regenerate. This theory was not chal-
lenged for almost seven decades. Over the years the paradigm that
cardiomyocytes are cells withdrawn from the cell cycle was sup-
ported by an inability to find mitotic nuclei with light microscopy
and by negligible DNA synthesis in these nuclei [88]. In the early
1990s this theory was challenged by morphometric studies that
showed increased number of myocytes in hypertrophied hearts,
identified actual mitotic spindles within cardiomyocyte and found
an operative telomere–telomerase system in the adult heart of ani-
mals and human beings [89–94]. This evidence suggests that the
heart is not a terminally differentiated organ and a fraction of car-
diomyocytes re-enter the cell-cycle pathway. Currently, the heart is
viewed as an organ with low but present capacity to regenerate.

One step forward was performed once the studies on the 
cardiac chimerism following sex-mismatched human cardiac
transplants were performed. The identification of the host Y-chro-
mosome in the cardiomyocyte of sex-mismatched human cardiac
transplants indicates that the host’s circulating stem cells can
migrate and home into the transplanted heart forming myofibrils
[95]. The magnitude of this process varies among different
reports, ranging from 18% to none [95–97]. Moreover the mobi-
lization of host cells into myocardium is enhanced after sustain-
ing myocardial infarction [98]. Anversa’s group succeeded in
demonstrating that in addition to differentiated cardiomyocytes
there are committed cardiac stem cells (CSCs) that reside in
myocardium and give rise to small developing myocytes [99,
100]. It is not clear yet if these cells are resident cells with poten-
tial to replicate or these are migrant bone marrow-derived stem
cells. This work was authenticated by identification of a resident
population of cardiogenic precursor cells in rats, mice and human
beings that express isl1� gene that was initially described in
embryonic mesodermal cells that were committed to myocardial
lineage [101]. A new concept developed currently is that the heart
is a dynamic self-renewing organ. This revolutionizes our under-
standing of heart pathology as well as the potential for therapy.

In a healthy heart there is a continuous turnover of parenchy-
mal cells that is supported by the stem cell compartment. This
process is sufficient to maintain cellular homeostasis and normal
pump function under physiologic conditions. Unfortunately this
mechanism is overwhelmed by powerful injury stimuli as
ischemia, pressure or volume overload. With increased pressure
or volume load the heart remodels through a combination of
mechanisms including myocyte hypertrophy and proliferation,
myocyte apoptosis and necrosis [102, 103]. In hypertrophic car-
diomyopathy the number of cardiomyocytes often exceeds the
number of cells in a normal heart [102]. But with further evolution
of the disease there is a modest reduction in myocyte number that
cannot explain the degree of deterioration in ventricular function.
Possibly this deterioration is due to the accumulation of old poorly
contracting cells and formation of scars [103, 104]. On the other
hand after an ischemic injury there is a severe reduction in cell
number. This type of injury inevitably results in scar formation and
loss of physiologic geometry of the ventricular cavity.
Unfortunately the heart is less well equipped to deal with these
acute dramatic injuries. As opposed to mammals, zebra fish fully
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regenerate hearts within 2 months of 20% ventricular resection
and inhibition of this process would lead to scarring [105]. This
indicates that zebra fish possess molecular mechanisms that can
overcome scar formation and elucidating the steps of this process
could explain why evolutionarily our hearts lack this ability.

At present, in order to prevent scar formation new strategies
have been developed including the replacement of dead cells with
viable ones a process called cardiomyoplasty. Ideally through car-
diomyoplasty the functional electrical and morphological structure
would be restored. Initially cell-based cardiac repair aimed the
goal to replace lost myocardial tissue by contractile elements
[106]. Because the cardiomyocytes in the vicinity of the scar are
in a hibernating state due to insufficient myocardial perfusion, the
promotion of blood vessels formation is another goal of cell ther-
apy. Stem cells due to their ability to differentiate into cardiomy-
ocytes, endothelial cells, and smooth muscle cells become an
attractive tool for cardiomyoplasty [107]. Adult stem cell implan-
tation for myocardial recovery was initially performed in animals
and quickly translated in human beings [108]. Basically a variety
of stem and progenitor cell populations could theoretically be used
for cardiomyoplasty.

Skeletal muscle myoblasts

The first cells used for cardiomyoplasty were the skeletal muscle
myoblasts. Skeletal myoblasts are also known as satellite cells
localized under the basal membrane of mature muscular fibres and
are able to differentiate into myotubes with a phenotypic switch
towards slow-twitch fibres when transplanted into an infarct scar
[109]. Despite the fact that the myotubes do not beat in synchrony
with the rest of the heart due to inability to couple electromechan-
ically with the cardiomyocytes, studies in animal models of
myocardial infarction have reported beneficial effects on both sys-
tolic and diastolic performance [110–112]. Major concern regard-
ing skeletal myoblasts implantation is the possible occurrence of
arrhythmias. This occurs through several mechanisms including
electrical heterogeneity of action potentials and electrotonic stimu-
lation of cardiac cells [113]. Despite incomplete knowledge regard-
ing their engraftment skeletal myoblasts were the first cells used
clinically for cardiac repair in a patient with severe ischemic heart
failure with resultant evidence of viability and contraction of the
graft (on positron emission tomography and echocardiography
respectively) as well as symptomatic improvement [114].
Afterwards a series of non-randomized studies showed improve-
ment in LVEF and symptoms [115]. But as mentioned earlier
regarding animal studies, the concern regarding arrhythmias was
raised in human studies as well after 4 out 10 patients in one trial
experienced ventricular arrhythmias requiring placement of an
implantable cardioverter [116]. Another disadvantage of skeletal
myoblasts is the delay of more than 3–4 weeks between harvests
of skeletal muscle from patients to the culture and preparation of
cells for transplantation. In clinical trials skeletal myoblasts have
not succeeded. The first randomized placebo-controlled trial,
Myoblast Autologous Grafting in Ischemic Cardiomyopathy

(MAGIC), was ended prematurely because the treatment group was
not superior to placebo on the primary end-points of improvement
in regional contractility and global function.

Human embryonic stem cells

Embryonic stem cells (ESCs) due to their capacity to be grown 
in vitro and be propagated indefinitely in an undifferentiated state
as well as due to the property of multilineage commitment are
expected to have broad therapeutic potential. At present however
therapeutic use of these cells would likely introduce ethical and
legal dilemmas.

ESCs are derived from inner cell mass of the blastocyst.
Human embryonic cells cultured in suspension form cellular
aggregates so-called embryoid bodies. Embryoid bodies contain
cells derived from three germ layers and lack critical features of
embryonic patterning [117]. In vivo administration of human ESC
may give rise to teratomas or other unacceptable cardiac compli-
cations [118–120]. Due to risks associated with the broad differ-
entiation potential of ESC only a few studies used these cells in an
uncommitted state to repair myocardial infarction [121]. In an
attempt to avoid teratoma formation ESC have been partially dif-
ferentiated in vitro before their implantation into the injured heart
[122]. ESCs appear to differentiate into immature cardiomyocytes
but whether or not these immature cells can reach adult charac-
teristics is not clear [123,124]. Despite greater plasticity of ESCs
compared to the adult stem cells their use is not as popular. This
is due to ethical issues and potential for teratoma formation.
Another limitation is immunorejection of the allogeneic ESC or
their differentiated progeny, because even in their undifferentiated
state human ESC express HLA class I antigens [125]. As result,
immunosuppressive therapy is required and this severely impairs
patient’s quality of life. However all these limitations do not dis-
courage research in ESC because understanding the mechanisms
of differentiation into cardiomyocyte could shed light on the
processes of cardiac repair as well.

Bone marrow derived adult stem cells

The fact that stem cells exist in postnatal period was described in
the 1960s when Till and McCulloch discovered clonogenic bone
marrow cells [126]. The proof of origin of these cells was obtained
when a single murine haematopoietic stem cell (HSC) reconsti-
tuted all blood cell types following transplantation into lethally irra-
diated animals [127]. Once it was discovered that bone marrow
derived stem cells are able to transverse boundaries of lineage and
transdifferentiate into hepatocytes, endothelial cells, skeletal mus-
cle cells and neurons if appropriately stimulated, the question of
whether it is possible to use them for heart repair arouse [128,
129]. The majority of studies in regenerative cardiovascular
research were performed with the following bone marrow derived
stem cells populations: (i ) HSCs (ii ) mesenchymal stem cells and
(iii ) endothelial stem cells.
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Haematopoietic stem cells
HSCs are isolated from bone marrow through selective sorting for
particular sets of surface receptors including Lin-, ckit�, Sca-1�,
CD34lo, CD38hi, etc. Currently there is no known specific epitope
to describe the true bone marrow derived stem cell [130]. The effi-
cacy of adult HSCs for myocardial regeneration was demonstrated
when enriched Lin-ckit� cells were implanted in the border zone
of an infarcted mouse heart and these cells were shown to colo-
nize the scar area and give rise to contractile myocardium [108].
Afterwards, successful attempts were made to mobilize HSCs
from bone marrow via systemic administration of stem cell factor
(SCF) and granulocyte-colony stimulating factor (G-CSF). After
their mobilization HSCs were shown to form cardiomyocytes and
capillaries [131]. Another series of studies documented the ability
of HSCs to migrate towards infarcted areas and transdifferentiate
into vessels or cardyomyocytes as well, but the degree of engraft-
ment was shown to be low and the formation of endothelial cells
and smooth muscle cells exceeded the cardiomyocyte formation
[132–135]. Despite low numbers of formed cardiomyocytes in
almost all animal studies implantation of HSCs is associated with
improved ventricular function.

Mesenchymal stem cells (MSC)
In the stroma of bone marrow there is a subset of non-HSCs that
has the potential to differentiate into cells of mesenchymal origin
[136]. So far there is no clear definition of MSC, and the fact that
these cells were shown to differentiate into tissues other than those
of mesenchymal origin raises the question about the appropriate-
ness of their given name [137]. In the majority of studies on MSC
these cells are isolated based on lack of typical haematopoietic
antigens (CD45, CD34, CD14) and presence of specific adhesion
molecules (ALCAM/CD44) and antigens (SH2/SH3/SH4/STRO-1)
[138]. Some authors do not agree with only antigenic isolation and
recommend the use of functional assays to demonstrate their mul-
tipotent growth and differentiation as well [139]. These demon-
strate that currently there are no clear criteria for isolation of MSC.

MSC are known to acquire multiple phenotypes (osteoblast,
endothelial cells, neuronal-like cells, adipocytes, chondrocytes)
when stimulated by appropriate growth factors and cytokines
[140]. Reports in animals demonstrate that MSC home to the heart
as well [141]. Their fate in the heart is not completely elucidated
and varies in different reports ranging from formation of cardiomy-
ocytes and coronary vessels to differentiation into fibroblasts [142,
143]. Interestingly, MSC engraft in the normal heart and remain
quiescent but viable and do not participate in the physiological
turnover of myocytes. This raises the possibility of trafficking of
MSC from bone marrow via the blood stream to the heart and their
storage for possible future activation in response to injury.

Endothelial progenitor cells (EPCs)
EPCs are a subset of bone marrow derived stem cells that are able
to acquire endothelial phenotype [144]. These cells are identified
through the presence of HSCs markers CD133, CD34 and the

endothelial marker Flk-1 (vascular endothelial growth factor
receptor [VEGFR]-2). They can be isolated from bone marrow as
well as from peripheral circulation [145]. The fate of these cells
after implantation into infracted myocardium is also variable.
Mostly EPCs differentiate into mature endothelial cells thus pro-
moting vasculogenesis and angiogenesis. It is possible that their
angiogenic potential is conditioned by secretion of growth factors
that trigger the development of new vessels [146, 147]. This is a
double-edged sword because there are reports linking angiogene-
sis and atherogenesis; moreover, CD34 cells are found in atherec-
tomy specimens retrieved from in-stent restenosis [148]. This risk
must be weighed against the possible beneficial effect via angio-
genesis when EPCs are delivered through intracoronary infusion.
On the other hand reports regarding differentiation into cardiomy-
ocytes are contradictory. Some studies demonstrate the differen-
tiation of EPCs into cardiomyocytes whereas others do not con-
firm this possibility [149, 150].

Currently available variable data regarding differentiation of
bone marrow derived cells into cardiomyocytes is still contradic-
tory but the majority of the evidence supports the beneficial effect
that implantation of these cells has on cardiac function. This
observation raises the question of whether improvement in car-
diac performance regardless of the underlying mechanism should
be the primary objective of cell therapy?

Cardiac stem cells

In the last years a distinct population of stem cells has been iden-
tified as being resident in the heart – the CSCs.

CSCs are Lin-cells that express c-Kit, MDR1 or Sca-1 antigens
[99]. These cells are multipotent in vitro and give rise to cardiomy-
ocyte, endothelial cells and smooth muscle cells in vivo [151]. CSCs
participate in physiologic cardiomyocyte turnover and maintain the
cellular homeostasis of the heart. Myocardial aging and heart failure
develops once replicative senescence of CSCs becomes apparent
[152]. Intuitively it seems that CSCs should be more effective in
making new myocardium than progenitor cells from other organs.
Given the lack of complete understanding of mechanisms of differ-
entiation and migration of these cells, as well as difficulties of their
isolation, their therapeutic use is not settled yet. Nonetheless the
demonstration of their existence revolutionized our understanding
of cardiac cellular organization and physiology.

Mechanisms of stem cell mediated
myocardial regeneration

Existing evidence supports the existence of CSCs as an endoge-
nous regenerative resource. This restoring capacity is insufficient
in face of acute major injuries. In order to be able to recover from
cell loss, myocardium has to recruit extra-CSCs. The process of
recruitment is not completely elucidated. Most likely three major
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compartments are involved in this process: the myocardium, the
circulating blood and the bone marrow. The injured myocardium
releases a set of cytokines that activate local and mobilize distant
stem cells from their major reservoir in the bone marrow. The
bone marrow stem cells exit into circulation and home into the
injured sites in order to initiate repair. The precise timing and 
factors involved in bone marrow mobilization are still not clearly
identified as well as the process of homing and engraftment of
these mobilized stem cells. Currently several factors have been
studied and shown to promote mobilization of bone marrow stem
cells: G-CSF, granulocyte macrophage (GM)-CSF, SCF, vascular
endothelial growth factor (VEGF), hepatocyte growth factor, stro-
mal cell derived factor and epogen [153].

It is also not clear how the transplanted cells contribute to
improved functional capacity of the heart. Using genetic markers
and labelled fluorescent dyes several studies showed differentia-
tion of bone marrow derived stem cells into cardiomyocytes
whereas other attempts to show this process failed [131, 150,
154]. Many reports demonstrated another possible mechanism
that of cell fusion being responsible for the observed phenotypic
changes [155]. Because the number of new cardiomyocytes
derived from exogenously delivered bone marrow stem cells is
extremely low in order to produce the frequently reported func-
tional improvement another proposed mechanism is stem cell
mediated paracrine effect. This effect may trigger vasculogenesis,
activation of resident CSC, inhibition of native cardiomyocyte
apoptosis and changes in extracellular matrix composition 
[156]. This hypothesis is indirectly supported by the finding that
transplanted human MSC into the brain of mice increased the
expression of trophic factors that stimulate the proliferation of
endogenous neural stem cells [157].

To date there is an increasing pool of preclinical evidence for
efficacy of stem cell therapy but paradoxically we still do not really
understand the underlying mechanism of its action.

Clinical applications of stem cells

Stem cells have been introduced into clinical studies despite the
many gaps in our knowledge about their physiology. Currently it is
not known what cell is best for cell therapy. However, the majority
of clinical studies are done using cells isolated from bone marrow
aspirate. This is mostly conditioned due to easy accessibility. The
methods of delivery of these cells have been variable and include:

(1) Direct intramyocardial injection (either to endocardium via
intracardiac catheters or to epicardium via surgical or thora-
coscopic approach);

(2) Percutaneous intracoronary injection;
(3) Peripheral intravenous injection and
(4) Indirect mobilization with peripheral delivery of cytokines.

The first clinical randomized trial of intracoronary injection 
of bone marrow derived stem cells in ST-elevation myocardial

infarction (STEMI) was the Bone Marrow Transfer to Enhance 
ST-elevation infarct regeneration (BOOST) trial. In this trial the 
initial relative improvement in LVEF after infusion of bone marrow
derived cells at 6 months as compared to no infusion was no
longer present at 18 months follow-up. This was explained by
continuous improvement in the control group [158, 159].

To date the largest trial on cardiac cell therapy is Reinfusion of
Enriched Progenitor Cells and Infarct Remodelling in Acute
Myocardial Infarction (REPAIR-AMI). In this study 204 patients
were randomized to receive intracoronary infusions of bone 
marrow derived progenitor cells or placebo into the infarct artery
3–7 days after reperfusion therapy [160]. At 4 months patients in
the treatment group had improved LVEF (measured by quantitative
left ventricular angiography) comparative to placebo group (5.5%
versus 3% P � 0.01). At 1-year follow-up patients treated with
bone marrow derived cells had improved clinical outcome
reported as lower incidence or recurring MI, less frequent revas-
cularizations and rehospitalizations [161]. In contrast to REPAIR-
AMI another controlled trial Autologous Stem Cell Transplantation
in Acute Myocardial Infarction (ASTAMI) without blinded placebo
did not report significant improvement in LVEF 6 months after
bone marrow derived cells intracoronary infusion after acute ante-
rior MI [162]. There are many potential explanations for these dif-
ferences including different timing of administration, methods of
cell isolation and number of delivered cells.

Another aspect of stem cell delivery was studied in Front-
Integrated Revascularization and Stem Cell Liberation in
Evolving Acute Myocardial Infarction by Granulocyte Colony
Stimulating Factor (FIRSTLINE-AMI) trial [163]. This trial
demonstrated the safety and feasibility of bone marrow mobiliza-
tion using G-CSF in patients with STEMI after they had the 
revascularization procedure. Importantly this trial showed that
treatment with G-CSF did not increase the rate of restenosis in
treated patients. Subsequent trials Regenerate Vital Myocardium
by Vigorous Activation of Bone Marrow Stem Cells (REVIVAL) II
and Stem Cell Mobilization Induced by Subcutaneous
Granulocyte-Colony Stimulating Factor to Improve Cardiac
Regeneration after Acute ST-elevation Myocardial Infarction
(STEMMI) failed to reproduce the mobilization effect seen in
FIRSTLINE-AMI [164]. All these above mentioned trials were
performed in patients in perinfarct period. Studies of similar
dimensions on cell therapy in patients with advanced heart fail-
ure are not available. TOPCARE-CHD trial evaluated the effects of
bone marrow derived cells or progenitor cells derived from cir-
culating blood in patients with chronic ventricular dysfunction
due to ischemic cardiomyopathy [165]. In this randomized
crossover trial the benefit observed after cell infusion was mod-
est (increase in LVEF by 2.9%). Whether repeated infusions of
cells are necessary or infusion with certain chemical factors are
necessary to see more significant effect is not clear. But defi-
nitely this trial suggests that cell therapy can have effects beyond
healing effect after myocardial infarction. Transplantation of
Progenitor Cells and Recovery of Left Ventricular Function in
Patients with Chronic Ischemic Heart Disease (TOPCARE-CHD)
comes to underscore prior reported data that injection of bone



820 © 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

References

1. Cowie MR, Mosterd A, Wood DA,
Deckers JW, Poole-Wilson PA, Sutton
GC, Grobbee DE. The epidemiology of
heart failure. Eur Heart J. 1997; 2: 208–25.

2. O’Connell JB, Bristow MR. Economic
impact of heart failure in the United States:
time for a different approach. J Heart Lung
Transplant. 1994; 13: S107–12.

3. Levy D, Kenchaiah S, Larson MG,
Benjamin EG, Kupka MJ, Ho KK,
Murabito JM, Vasan RS. Long-term
trends in the incidence of and survival with
heart failure. N Engl J Med. 2002; 347:
1397–402.

4. MacIntyre K, Capewell S, Stewart S,
Chalmers JWT, Boyd J, Finlayson A,
Redpath A, Pell JP, McMurray JJV.
Evidence of improving prognosis in heart
failure: trends in case fatality in 66 547
patients hospitalized between 1986 and
1995. Circulation. 2000; 102: 1126–31.

5. Roger VL, Weston SA, Redfield MM,
Hellermann-Homan JP, Killian J, Yawn
BP, Jacobsen SJ. Trends in heart failure
incidence and survival in a community-
based population. JAMA. 2004; 292:
344–50.

6. Schaufelberger M, Swedberg K, Koster
M, Rosen M, Rosengren A. Decreasing
one-year mortality and hospitalization
rates for heart failure in Sweden; data from
the Swedish Hospital Discharge Registry
1988 to 2000. Eur Heart J. 2004; 25:
300–7.

7. Stewart S, MacIntyre K, Hole DJ,
Capewell S, McMurray JJ. More ‘malig-
nant’ than cancer? Five-year survival fol-
lowing a first admission for heart failure.
Eur J Heart Fail. 2001; 3: 315–22.

8. Hunt SA, Abraham WT, Chin MH,
Feldman AM, Francis GS, Ganiats TG,
Jessup M, Konstam MA, Mancini DM,
Michl K, Oates JA, Rahko PS, Silver MA,
Stevenson LW, Yancy CW. ACC/AHA 2005
Guideline Update for the Diagnosis and
Management of Chronic Heart Failure in
the Adult: a report of the American College
of Cardiology/American Heart Association

Task Force on Practice Guidelines (Writing
Committee to Update the 2001 Guidelines
for the Evaluation and Management of
Heart Failure): developed in collaboration
with the American College of Chest
Physicians and the International Society
for Heart and Lung Transplantation:
endorsed by the Heart Rhythm Society.
Circulation. 2005; 112: e154–235.

9. Goodlin SJ, Hauptman PJ, Arnold R,
Grady K, Hershberger RE, Kurtner J.
Consensus statement: Palliative and 
supportive care in advanced heart failure.
J Card Fail. 2004; 10: 200–9.

10. Gertz EW, Wisneski JA, Stanley WC,
Neese RA. Myocardial substrate utilization
during exercise in humans dual carbon-
labeled carbohydrate isotope experiments.
J Clin Invest. 1988; 82: 2017–25.

11. Young LH, Coven DL, Russell RR, 3rd.
Cellular and molecular regulation of car-
diac glucose transport. J Nucl Cardiol.
2000; 7: 267–76.

12. Young LH, Renfu Y, Russell R, Hu X,
Caplan M, Ren J, Shulman GI, Sinusas
AJ . Low-flow ischemia leads to transloca-
tion of canine heart GLUT-4 and GLUT-1
glucose transporters to the sarcolemma 
in vivo. Circulation. 1997; 95: 415–22.

13. Xing Y, Musi N, Fujii N, Zou L, Luptak I,
Hirshman MF, Goodyear LJ, Tian R.
Glucose metabolism and energy home-
ostasis in mouse hearts overexpressing
dominant negative alpha2 subunit of AMP-
activated protein kinase. J Biol Chem.
2003; 278: 28372–7.

14. Russell RR, 3rd, Li J, Coven DL, Pypaert
M, Zechner C, Palmeri M, Giordano FJ,
Mu J, Birnbaum MJ, Young LH. AMP-
activated protein kinase mediates ischemic
glucose uptake and prevents postischemic
cardiac dysfunction, apoptosis, and injury.
J Clin Invest. 2004; 114: 495–503.

15. Depre C, Rider MH, Hue L. Mechanisms
of control of heart glycolysis. Eur J
Biochem. 1998; 258: 277–90.

16. Kaijser L, Berglund B. Myocardial lactate
extraction and release at rest and during

heavy exercise in healthy men. Acta
Physiol Scand. 1992; 144: 39–45.

17. Stanley WC. Myocardial lactate metabo-
lism during exercise. Med Sci Sports
Exerc. 1991; 23: 920–4.

18. Bing RJ, Siegel A, Ungar I, Gilbert M.
Metabolism of the human heart II studies
on fat, ketone and amino acid metabolism.
Am J Med. 1954; 16: 504–15.

19. Lopaschuk GD, Belke DD, Gamble J, Itoi
T, Schonekess BO. Regulation of fatty acid
oxidation in the mammalian heart in health
and disease. Biochim Biophys Acta. 1994;
1213: 263–76.

20. Augustus AS, Kako Y, Yagyu H, Goldberg
IJ. Routes of FA delivery to cardiac mus-
cle: modulation of lipoprotein lipolysis
alters uptake of TG-derived FA. Am J
Physiol Endocrinol Metab. 2003; 284:
E331–9.

21. Merkel M, Eckel RH, Goldberg IJ.
Lipoprotein lipase: genetics, lipid uptake,
and regulation. J Lipid Res. 2002; 43:
1997–2006.

22. van der Vusse GJ, van Bilsen M, Glatz JF.
Cardiac fatty acid uptake and transport in
health and disease. Cardiovasc Res. 2000;
45: 279–93.

23. Schaffer JE. Fatty acid transport: the roads
taken. Am J Physiol Endocrinol Metab.
2002; 282: E239–46.

24. Berger J, Moller DE. The mechanisms of
action of PPARs. Annu Rev Med. 2002; 53:
409–35.

25. Huang B, Wu P, Bowker-Kinley MM,
Harris RA. Regulation of pyruvate dehy-
drogenase kinase expression by peroxi-
some proliferator-activated receptor-alpha
ligands, glucocorticoids, and insulin.
Diabetes. 2002; 51: 276–83.

26. Gilde AJ, Van Der Lee KA, Willemsen
PH, Chinetti G, Van Der Leij FR, Van Der
Vusse GJ, Staels B, Van Bilsen M.
Peroxisome proliferator-activated receptor
(PPAR) alpha and PPARbeta/delta, but not
PPARgamma, modulate the expression of
genes involved in cardiac lipid metabolism.
Circ Res. 2003; 92: 518–24.

marrow derived cells is not only safe but also could contribute to
increased exercise capacity in patients with ischemic cardiomy-
opathy who were heart transplant candidates [166].

Currently there are no randomized trials investigating the ther-
apeutic role of cell therapy in non-ischemic cardiomyopathy.
However stem cell therapy has been explored in this area as well.

These attempts in single patients with non-ischemic cardiomyopa-
thy demonstrated improved NYHA functional class and LVEF.
Despite being in early stages of its applications stem cell therapy
appears to promise new horizons for the heart failure patients and
further studies are required to elucidate possible mechanisms and
the true potential of this therapeutic option.



J. Cell. Mol. Med. Vol 13, No 5, 2009

821© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

27. Harris RA, Huang B, Wu P. Control of
pyruvate dehydrogenase kinase gene
expression. Adv Enzyme Regul. 2001; 41:
269–88.

28. Goodwin GW, Taegtmeyer H. Regulation
of fatty acid oxidation of the heart by MCD
and ACC during contractile stimulation.
Am J Physiol. 1999; 277: E772–7.

29. Saddik M, Gamble J, Witters LA,
Lopaschuk GD. Acetyl-CoA carboxylase
regulation of fatty acid oxidation in the
heart. J Biol Chem. 1993; 268: 25836–45.

30. Neubauer S. The failing heart – an engine
out of fuel. N Engl J Med. 2007; 356:
1140–51.

31. Bessman SP, Geiger PJ. Transport of
energy in muscle: the phosphorylcreatine
shuttle. Science. 1981; 211: 448–52.

32. Stanley WC, Recchia FA, Lopaschuk GD.
Myocardial substrate metabolism in the
normal and failing heart. Physiol Rev.
2005; 85: 1093–129.

33. Fisher DJ, Heymann MA, Rudolph AM.
Myocardial oxygen and carbohydrate con-
sumption in fetal lambs in utero and in
adult sheep. Am J Physiol. 1980; 238:
H399–405.

34. Makinde AO, Gamble J, Lopaschuk GD.
Upregulation of 5’-AMP-activated protein
kinase is responsible for the increase in
myocardial fatty acid oxidation rates fol-
lowing birth in the newborn rabbit. Circ
Res. 1997; 80: 482–9.

35. Itoi T, Lopaschuk GD. The contribution of
glycolysis, glucose oxidation, lactate oxi-
dation, and fatty acid oxidation to ATP pro-
duction in isolated biventricular working
hearts from 2-week-old rabbits. Pediatr
Res. 1993; 34: 735–41.

36. Kantor PF, Robertson MA, Coe JY,
Lopaschuk GD. Volume overload hyper-
trophy of the newborn heart slows the
maturation of enzymes involved in the reg-
ulation of fatty acid metabolism. J Am Coll
Cardiol. 1999; 33: 1724–34.

37. Wisneski JA, Gertz EW, Neese RA,
Gruenke LD, Morris DL, Craig JC.
Metabolic fate of extracted glucose in nor-
mal human myocardium. J Clin Invest.
1985; 76: 1819–27.

38. Wisneski JA, Gertz EW, Neese RA, Mayr
M. Myocardial metabolism of free fatty
acids Studies with 14C-labeled substrates
in humans. J Clin Invest. 1987; 79:
359–66.

39. Sultan AM. Effects of diabetes and insulin
on ketone bodies metabolism in heart. Mol
Cell Biochem. 1992; 110: 17–23.

40. Chandler MP, Kerner J, Huang H,
Vasquez E, Reszko A, Martini WZ, Hoppel

Cl, Imai M, Rastogi S, Sabbah HN,
Stanley WC. Moderate severity heart fail-
ure does not involve a downregulation of
myocardial fatty acid oxidation. Am J
Physiol Heart Circ Physiol. 2004; 287:
H1538–43.

41. Recchia FA, McConnell PI, Bernstein
RD, Vogel TR, Xu X, Hintze TH. Reduced
nitric oxide production and altered
myocardial metabolism during the decom-
pensation of pacing-induced heart failure
in the conscious dog. Circ Res. 1998; 83:
969–79.

42. Chandler MP, Stanley WC, Morita H,
Suzuki G, Roth BA, Blackburn B, Wolff A,
Sabbah HN. Short-term treatment with
ranolazine improves mechanical efficiency
in dogs with chronic heart failure. Circ Res.
2002; 91: 278–80.

43. Itani SI, Ruderman NB, Schmieder F,
Boden G. Lipid-induced insulin resistance
in human muscle is associated with
changes in diacylglycerol, protein kinase
C, and IkappaB-alpha. Diabetes. 2002; 51:
2005–11.

44. Fang ZY, Prins JB, Marwick TH. Diabetic
cardiomyopathy: evidence, mechanisms,
and therapeutic implications. Endocr Rev.
2004; 25: 543–67.

45. Poornima IG, Parikh P, Shannon RP.
Diabetic cardiomyopathy: the search for a
unifying hypothesis. Circ Res. 2006; 98:
596–605.

46. Marshall JD, Bronson RT, Collin GB,
Nordstrom AD, Maffei P, Paisey RB, Carey
C, Macdermott S, Russel-Eggitt I, Shea
SE, Davis J, Beck S, Shatirishvili G, Mihai
CM, Hoeltzenbein M, Pozzan GB,
Hopkinson I, Sicolo N, Naggert JK,
Nishina PM. New Alstrom syndrome 
phenotypes based on the evaluation of 182
cases. Arch Intern Med. 2005; 165: 675–83.

47. Nikolaidis LA, Sturzu A, Stolarski C,
Elahi D, Shen YT, Shannon RP. The devel-
opment of myocardial insulin resistance in
conscious dogs with advanced dilated car-
diomyopathy. Cardiovasc Res. 2004; 61:
297–306.

48. Sokos GG, Nikolaidis LA, Mankad S,
Elahi D, Shannon RP. Glucagon-like pep-
tide-1 infusion improves left ventricular
ejection fraction and functional status in
patients with chronic heart failure. J Card
Fail. 2006; 12: 694–9.

49. Eshaghian S, Horwich TB, Fonarow GC.
Relation of loop diuretic dose to mortality
in advanced heart failure. Am J Cardiol.
2006; 97: 1759–64.

50. Ahmed A, Husain A, Love TE, Gambassi
G, Dell’Italia LJ, Francis GS,

Gheorghiade M, Allman RM, Meleth S,
Bourge RC. Heart failure, chronic diuretic
use, and increase in mortality and hospital-
ization: an observational study using
propensity score methods. Eur Heart J.
2006; 27: 1431–9.

51. Borst P, Loos JA, Christ EJ, Slater EC.
Uncoupling activity of long-chain fatty
acids. Biochim Biophys Acta. 1962; 62:
509–18.

52. Opie LH. The metabolic vicious cycle in
heart failure. Lancet. 2004; 364: 1733–4.

53. Sabbah HN, Sharov V, Riddle JM, Kono T,
Lesch M, Goldstein S. Mitochondrial
abnormalities in myocardium of dogs with
chronic heart failure. J Mol Cell Cardiol.
1992; 24: 1333–47.

54. Casademont J, Miro O. Electron transport
chain defects in heart failure. Heart Fail
Rev. 2002; 7: 131–9.

55. Schaper J, Froede R, Hein S, Buck A,
Hashizume H, Speiser B, Friedl A,
Bleese N. Impairment of the myocardial
ultrastructure and changes of the
cytoskeleton in dilated cardiomyopathy.
Circulation. 1991; 83: 504–14.

56. Scheubel RJ, Tostlebe M, Simm A,
Rohrbach S, Prondzinski R, Gellerich FN,
Silber RE, Holtz J . Dysfunction of mito-
chondrial respiratory chain complex I in
human failing myocardium is not due to
disturbed mitochondrial gene expression.
J Am Coll Cardiol. 2002; 40: 2174–81.

57. Marin-Garcia J, Goldenthal MJ, Moe GW.
Abnormal cardiac and skeletal muscle
mitochondrial function in pacing-induced
cardiac failure. Cardiovasc Res. 2001; 52:
103–10.

58. Ide T, Tsutsui H, Kinugawa S, Utsumi H,
Kang D, Hattori N, Uchida K Arimura K,
Egashira K, Takeshita A. Mitochondrial
electron transport complex I is a potential
source of oxygen free radicals in the failing
myocardium. Circ Res. 1999; 85: 357–63.

59. Korvald C, Elvenes OP, Myrmel T.
Myocardial substrate metabolism influ-
ences left ventricular energetics in vivo.
Am J Physiol Heart Circ Physiol. 2000;
278: H1345–51.

60. Ventura-Clapier R, Garnier A, Veksler V.
Energy metabolism in heart failure. 
J Physiol. 2004; 555: 1–13.

61. Miyamoto T, Takeishi Y, Tazawa S, Inoue
M, Aoyama T, Takahashi H, Arimoto T,
Shishido T, Tomoike H, Kubota I.
Fatty acid metabolism assessed by 125 
I-iodophenyl 9-methylpentadecanoic acid
(9MPA) and expression of fatty acid utiliza-
tion enzymes in volume-overloaded hearts.
Eur J Clin Invest. 2004; 34: 176–81.



822 © 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

62. Iemitsu M, Miyauchi T, Maeda S, Tanabe
T, Takanashi M, Irukayama-Tomobe Y,
Sakai S, Ohmori H, Matsuda M, and
Yamaguchi I. Aging-induced decrease in
PPAR� level in hearts is improved by exer-
cise training. Am J Physiol Heart Circ
Physiol. 2002; 283: H1750–60.

63. Karbowska J, Kochan Z, Smolenski RT.
Peroxisome proliferator-activated receptor
alpha is downregulated in the failing
human heart. Cell Mol Biol Lett. 2003; 8:
49–53.

64. Barger PM, Brandt JM, Leone TC,
Weinheimer CJ, Kelly DP. Deactivation of
PPAR� during cardiac hypertrophic
growth. J Clin Invest. 2000; 105: 1723–
30.

65. Stavinoha MA, RaySpellicy JW, Essop
MF, Graveleau C, Abbel ED, Hart-Sailors
ML, Mersmann HJ, Bray MS, Young ME.
Evidence for mitochondrial thioesterase 1
as peroxisome proliferator-activated
receptor-alpha regulated gene in cardiac
and skeletal muscle. Am J Physiol
Endocrinol Metab. 2004; 287: E888–95.

66. Young ME, Patil S, Ying J, Depre C,
Ahuja HS, Shipley GL, Stepkowski SM,
Davies PJ, Taegtmeyer H. Uncoupling
protein 3 transcription is regulated by per-
oxisome proliferator-activated receptor
(alpha) in the adult rodent heart. FASEB J.
2001; 15: 833–45.

67. Garlid KD, Jaburek M, Jezek P, Varecha
M. How do uncoupling proteins uncouple?
Biochim Biophys Acta. 2000; 1459: 383–9.

68. Garlid KD, Orosz DE, Modriansky M,
Vassanelli S, Jezek P. On the mechanis-
mof fatty acid-induced proton transport by
mitochondrial uncoupling protein. J Biol
Chem. 1996; 271: 2615–20.

69. Starling RC HD, Altschuld RA. Human
myocardial ATP content and in vivo con-
tractile function. Molec Cell Biochem.
1998; 150: 170–7.

70. Nakae I, Mitsunami K, Omura T, Yabe T,
Tsutamoto T, Matsuo S, Takahashi M,
Morikawa S, Inubushi T, Nakamura Y,
Kinoshita M, Horie M. Proton magnetic
resonance spectroscopy can detect crea-
tine depletion associated with the progres-
sion of heart failure in cardiomyopathy. 
J Am Coll Cardiol. 2003; 42: 1587–93.

71. Ingwall JS Weiss RG. Is the failing heart
enegy starved? On using chemical energy
to support cardiac function. Circ Res.
2004; 95: 135–45.

72. Neubauer S, Horn M, Cramer M, Harre K,
Newell JB, Peters W, Pabst T, Ertl G,
Hahn D, Kochsiek K. Myocardial phos-
phocreatine-to-ATP ratio is a predictor of

mortality in patients with dilated cardiomy-
opathy. Circulation. 1997; 96: 2190–6.

73. MacInnes A, Fairman DA, Binding P,
Rhodes J, Wyatt MJ, Phelan A, Haddock
PS, Karran EH. The antianginal agent
trimetazidine does not exert its functional
benefit via inhibition of mitochondrial
long-chain 3-ketoacyl coenzyme A thio-
lase. Circ Res. 2003; 93: 26–32.

74. Kantor PF, Lucien A, Kozak R, Lopaschuk
GD. The antianginal drug trimetazidine
shifts energy metabolism from fatty acid
oxidation to glucose oxidation by inhibiting
mitochondrial long-chain 3-ketoacyl coen-
zyme A thiolase. Circ Res. 2000; 86:
580–8.

75. Fragasso G Palloshi A, Puccetti P,
Silipigni C, Rossodivita A, Pala M, Calori
G, Alfieri O, Margonato A. A randomized
clinical trial of trimetazidine, a partial free
fatty acid oxidation inhibitor, in patients
with heart failure. J Am Coll Cardiol. 2006;
48: 992–5.

76. Di Napoli P, Taccardi AA, Barsotti A. Long
term cardioprotective action of trimetazi-
dine and potential effect on the inflamma-
tory process in patients with ischaemic
dialted cardiomyopathy. Heart. 2005; 91:
161–5.

77. Vitale C, WajngatenM, Sposato B,
Gebara O, Rossini P, Fini M, Volterrani
M, Rosano GM. Trimetazidine improves
left ventricular function and quality of life
in elderly patients with coronary artery dis-
ease. Eur Heart J. 2004; 25: 1814–21.

78. Rosano GM, Vitale C, Sposato B,
Mercuro G, Fini M. Trimetazidine
improves left ventricular function in dia-
betic patients with coronary artery disease:
a double bind placebo-controlled study.
Cardiovasc Diabetol. 2003; 2: 16–24.

79. Di Napoli P, Di Giovanni P, Gaeta MA,
Taccardi AA, Barsotti A. Trimetazidine and
reduction in mortality and hospitalization
in patients with ischemic dilated cardiomy-
opathy: a post-hoc analysis of the Villa Pini
d’Abruzzo Trimetazidine Trial. J Cardiovasc
Pharmacol. 2007; 50: 585–9.

80. Lee L Campbell R, Scheuermann-
Freestone M, Taylor R, Williams L,
Ashrafian H, Horowitz J, Fraser AG,
Clarke K, Frenneaux M. Metabolic 
modulation with perhexiline in chronic
heart failure: a randomized, controlled trial
of short-term use of a novel treatment.
Circulation. 2005; 112: 3280–8.

81. Turcani M, Rupp H. Modification of 
left ventricular hypertrophy by chronic
etomixir treatment. Br J Pharmacol. 1999;
126: 501–7.

82. Schmidt-Schweda S, Holubasch C. First
clinical trial with etomoxir in patients with
chronic congestive heart failure. Clin Sci.
2000; 99: 27–35.

83. Dobbins RL, Szczepaniak LS, Bentley B,
Esser V, Myhill J, McGarry GD. Prolonged
inhibition of muscle CPT-1 promotes
intramyocellular lipid accumulation and
insulin resistance in rats. Diabetes. 2001;
50: 123–30.

84. Lionetti V, Linke A, Chandler MP, Young
ME, Penn MS, Gupte S, d’Agostino C,
Hintze TH, Recchia FA. Carnitine 
palmitoyl transferase01 inhibition prevents
ventricular remodeling and delays decom-
pensation in pacing-induced heart failure.
Cardiovasc Res. 2001; 66: 454–61.

85. Shiomi T, Tsutsui H, Hayashidani S,
Suematsu N, Ikeuchi M, Wen J, Ishibashi
M, Kubota T, Egashira K, Takeshita A.
Pioglitazone a peroxisome proliferator-
activated receptor-gamma agonist, attenu-
ates left ventricular remodeling and failure
after experimental myocardial infarction.
Circulation. 2002; 106: 3126–32.

86. Lygate CA, Hulbert K, Monfared M, Cole
MA, Clarke K, Neubauer S. The
PPARgamma-activator rosiglitazone does
not alter remodeling but increases mortal-
ity in rats post-myocardial infarction.
Cardiovasc Res. 2003; 58: 632–7.

87. Karsner HT, Saphir O, Todd TW. The state
of the cardiac muscle in hypertrophy an
atrophy. Am J Pathol. 1925; 1: 351–71.

88. Morkin E, Ashford TP. Myocardial DNA
synthesis in experimental cardiac hyper-
trophy. Am J Physiol. 1968; 215: 1409–13.

89. Leri A, Malhotra A, Liew CC, Kajstura J,
Anversa P. Telomerase activity in rat 
cardiac myocytes is age and gender depend-
ent. J Mol Cell Cardiol. 2000; 32: 385–90.

90. Grajek S, Lesiak M, Pyda M, Zajac M,
Paradowski S, Kaczmarek E. Hypertrophy
or hyperplasia in cardiac muscle: post-
mortem human morphometric study. Eur
Heart J. 1993; 14: 40–7.

91. Olivetti G, Melissari M, Balbi T, Quaini F,
Sonnenblick EH, Anversa P. Myocyte
nuclear and possible cellular hyperplasia
contribute to ventricular remodeling in
hypertrophic senescent heart in humans. 
J Am Coll Cardiol. 1994; 24: 140–9.

92. Kajstura J, Leri A, Finato N, Di Loreto C,
Beltrami CA, Anversa P. Myocyte prolifer-
ation in end-stage cardiac failure in
humans. Proc Natl Acad Sci USA. 1998;
95: 8801–5.

93. Quaini F, Cigola E, Lagrasta C, Saccani
G, Rossi C, Olivetti G, Anversa P. End-
stage cardiac failure in humans is coupled



J. Cell. Mol. Med. Vol 13, No 5, 2009

823© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

with the induction of proliferating cell
nuclear antigen and nuclear mitotic divi-
sion in ventricular myocytes. Circ Res.
1994; 75: 1050–63.

94. Leri A, Barlucchi L, Limana F, Deptala A,
Darzynkiewicz Z, Hintze TH, Kajstura J,
Nadal-Ginard B, Anversa P. Telomerase
expression and activity are coupled with
myocyte proliferation and preservation of
telemetric length in the failing heart. Proc
Natl Acad Sci USA. 2001; 98: 8626–31.

95. Quaini F, Urbanek K, Beltrami AP, Finato
N, Beltrami CA, Nadal-Ginard B, Kajstura
J, Leri A, Anversa P. Chimerism of the
transplanted heart. N Engl J Med. 2002;
346: 5–15.

96. Hruban RH, Long PP, Perlman EJ,
Hutchins GM, Baumqartner WA,
Bauqhman KL, Griffin CA . Fluorescence
in situ hybridization for the Y-chromosome
can be used to detect cells of recipient ori-
gin in allografted hearts following cardiac
transplantation. Am J Pathol. 1993; 142:
975–80.

97. Glaser R, Lu MM, Narula N, Epstein GJ.
Smooth muscle cells, but not myocytes, of
host origin in transplanted human hearts.
Circulation. 2002; 106: 17–9.

98. Hocht-Zeisberg E, Kahnert H, Guan K,
Wulf G, Hemmerlein B, Schlott T,
Tenderich G, Korfer R, Raute-Kreinsen U,
Hasenfuss G. Cellular repopulation of
myocardial infarction in patients with sex-
mismatched heart transplantation. Eur
Heart J. 2004; 25: 749–58.

99. Anversa P, Kajstura J, Leri A, Bolli R. Life
and death of cardiac stem cells: a para-
digm shift in cardiac biology. Circulation.
2006; 113: 1451–63.

100. Nadal-Ginard B, Kajstura J, Leri A,
Anversa P. Myocyte death, growth, and
regeneration in cardiac hypertrophy and
failure. Circ Res. 2003; 93: 139–50.

101. Laugwitz KL, Moretti A, Lam J, Gruber P,
Chen Y, Woodard S, Lin LZ, Cai CL, Lu
MM, Platoshyn O, Yuan JX, Evans S,
Chien KR. Postnatal isl1� cardioblast
enter fully differentiated cardiomyocyte lin-
eages. Nature. 2005; 433: 647–53.

102. Anversa P, Palackal T, Sonnenblick EH,
Olivetti G, Capasso JM. Hypertensive car-
diomyopathy: myocyte nuclei hyperplasia
in the mammalian rat heart. J Clin Invest.
1990; 85: 994–7.

103. Urbanek K, Quaini F, Tasca G, Torella D,
Castaldo C, Nadal-Ginard B, Leri A,
Kajstura J, Quaini E, Anversa P. Intense
myocyte formation from cardiac stem cells
in human cardiac hypertrophy. Proc Natl
Acad Sci USA. 2003; 100: 10440–5.

104. Beltrami CA, Finato N, Rocco M, Feruglio
GA, Puricelli C, Cigola E, Quaini F,
Sonnenblick EH, Olivetti G, Anversa P.
Structural basis of end-stage failure in
ischemic cardiomyopathy in humans.
Circulation. 1994; 89: 151–63.

105. Poss KD, Wilson LG, Keating MT. Heart
regeneration in zebrafish. Science. 2002;
298: 2188–90.

106. Murry CE, Wiseman R, Schwartz SM,
Hauschka SD. Skeletal myoblast trans-
plantation for repair of myocardial necro-
sis. J Clin Invest. 1996; 98: 2512–23.

107. Wagers AJ, Weissman IL. Plasticity of
adult stem cells. Cell. 2004; 116: 639–48.

108. Orlic D, Kajstura J, Chimenti S, Jakoniuk
I, Anderson SM, Li B, Pickel J, MacKay
R, Nadal-Ginard B, Bodine DM, Leri A,
Anversa P. Bone marrow cells regenerate
infracted myocardium. Nature. 2001; 410:
701–5.

109. Pagani FD, DerSimonian H, Zawadzka A,
Wetzel K, Edge AS, Jacoby DB, Dinsmore
JH, Wright S, Aretz TH, Eisen HJ,
Aaronson KD. Autologous skeletal
myoblasts transplanted to ischemia-dam-
aged myocardium in humans Histological
analysis of cell survival and differentiation.
J Am Coll Cardiol. 2003; 41: 879–88.

110. Taylor DA, Atkins BZ, Hungspreugs P,
Jones TR, Reedy MC, Hutcheson KA,
Glower DD, Kraus WE. Regenerating
functional myocardium: improved per-
formance after skeletal myoblast trans-
plantation. Nat Med. 1998; 4: 929–33.

111. Chiu RC, Zibaitis A, Kao RL. Cellular car-
diomyoplasty: myocardial regeneration
with satellite cell implantation. Ann Thorac
Surg. 1995; 60: 12–8.

112. Bonaros N, Rauf R, Wolf D, Margreiter
E, Tzankov A, Schlechta B, Kocher A, Ott
H, Schachner T, Hering S, Bonatti J,
Laufer G. Combined transplantation of
skeletal myoblasts and angiopoietic 
progenitor cells reduces infarct size and
apoptosis and improves cardiac function
in chronic ischemic heart failure. 
J Thorac Cardiovasc Surg. 2006; 132:
1321–8.

113. Abraham MR, Henrikson CA, Tung L,
Chang MG, Aon M, Xue T, Li RA,
O’Rourke B, Marban E. Antiarrhythmic
engineering of skeletal myoblasts for car-
diac transplantation. Circ Res. 2005; 97:
159–67.

114. Menasche P, Hagege A, Scorsin M,
Pouzet B, Desnos M, Duboc D, Schwartz
K, Vilquin JT, Marolleau JP. Myoblast
transplantation for heart failure. Lancet.
2001; 357: 279–80.

115. Smits PC, vanGeuns RJ, Poldermans D,
Bountioukos M, Onderwater EE, Lee CH,
Maat AP, Serruys PW. Catheter-based
intramyocardial injection of autologous
skeletal myoblasts as a primary treatment
of ischemic heart failure: clinical experi-
ence with six-month follow-up. J Am Coll
Cardiol. 2003; 42: 2063–9.

116. Dib N, Michler RE, Pagani FD, Wright S,
Kereiakis DJ, Lengerich R, Binkley P,
Buchele D, Anand I, Swingen C, Di Carli
MF, Thomas JD, Jaber WA, Opie SR,
Campbell A, McCarthy P, Yeager M,
Dilsizian V, Griffith BP, Korn R, Kreuger
SK, Ghazoul M, Maclellan WR, Fonarow
G, Eisen HJ, Dinsmore J, Diethrich E.
Safety and feasibility of autologous
myoblast transplantation in patients with
ischemic cardiomyopathy:four-year fol-
low-up. Circulation. 2005; 112: 1748–55.

117. Itskovitz-Eldor J, Schuldiner M, Karsenti
D, Eden A, Yanuka O, Amit M, Soreq H,
Benvenisty N. Differentiation of human
embryonic stem cells into embryoid bod-
ies comprising the three embryonic germ
layers. Mol Med. 2000; 6: 88–95.

118. Leri A, Kanjstura J, Anversa P. Cardiac
stem cells and mechanisms of myocardial
regeneration. Physiol Rev. 2005; 85:
1371–416.

119. Reubinoff BE, Pera MF, Fong CY,
Trounson A, Bongso A. Embryonic stem
cell lines from human blastocysts: somatic
differentiation in vitro. Nat Biotechnol.
2000; 18: 399–404.

120. Ott HC, Matthiesen T, Brechtken J,
Grindle S, Goh SK, Nelson W, Taylor DA.
The adult human heart as a source for
stem cells: repair strategies with embry-
onic-like progenitor cells. Nat Clin Prac
Cardiovasc Med. 2007; 4: S27–39.

121. Hodgson DM, Behfar A, Zingman LV,
Kane GC, Peres-Terzic C, Alekseev AE,
Puceat M, Terzic A. Stable benefit of
embryonic stem cell therapy in myocardial
infarction. Am J Physiol Heart Circ Physiol.
2004; 284: H471–9.

122. Min JY, Yang Y, Converso KL, Liu L,
Huang Q, Morgan JP, Xiao YF.
Transplantation of embryonic stem cells
improves cardiac function in postinfarcted
rats. J Appl Physiol. 2002; 92: 288–
96.

123. He JQ, Ma Y, Lee Y, Thompson JA, Kamp
TJ. Human embryonic stem cells develop
into multiple types of cardiac myocytes:
action potential characterization. Circ Res.
2003; 93: 32–9.

124. Fijvandraat AC, van Ginneken A, de Boer
PA, Ruijter JM, Christoffels VM,



824 © 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Moorman AF, Lekanne Deprez RH.
Cardiomyocytes derived from embryonic
stem cells resemble cardiomyocytes of
embryonic heart tube. Cardiovasc Res.
2003; 58: 399–409.

125. Draper JS, Pigott C, Thomson JA,
Andrews PW. Surface antigens of human
embryonic stem cells: changes upon dif-
ferentiation in culture. J Anat. 2002; 200:
249–58.

126. Becker AJ, McCulloch EA, Till JE.
Cytological demonstration of the clonal
nature of spleen colonies derived from
transplanted mouse marrow cells. Nature.
1963; 197: 452–4.

127. Uchida N, Weissman IL. Searching for
hematopoietic stem cells: evidence that
Thy-1.1 Lin-Sca-1� cells are the only
stem cells in C57BL/Ka-Thy11 bone mar-
row. J Exp Med. 1992; 175: 175–84.

128. Krause DS, Theise ND, Collector MI,
Henegariu O, Hwang S, Gardner R,
Neutzel S, Sharkis SJ. Multi-organ,
multi-lineage engraftment by a single
bone marrow derived stem cell. Cell.
2001; 105: 369–77.

129. Mezey E, Chandross K, Harta G, Maki
RA, McKercherSR. Turning blood into
brain: cells bearing neuronal antigens gen-
erated in vivo from bone marrow. Science.
2000; 290: 1779–82.

130. Spangrude GJ, Heimfeld S, Weissmen
IL. Purification and characterization of
mouse hematopoietic stem cells. Science.
1988; 241: 58–62.

131. Orlic D, Kajstura J, Chimenti S, Limana
F, Jakoniuk I, Quaini F, Nadal-Gianard B,
Bodine DM, Leri A, Anversa P. Mobilized
bone marrow cells repair in infracted heart,
improving function and survival. Proc Natl
Acad Sci USA. 2001; 98: 10344–9.

132. Fernandez-Aviles F, San Roman JA,
Garcia-Frade J, Fernandez ME, Penarrubia
MJ, de la Fuente L, Gomez-Bueno M,
Cantalapiedra A, Fernandez J, Gutierrez
O, Sanchez PL, Hernandez C, Sanz 
R, Garcia-Sancho J, Sanchez A.
Experimental and clinical regenerative
capability of human bone marrow cells
after myocardial infarction. Circ Res. 2004;
95: 742–8.

133. Jackson KA, Majka SM, Wang H, Pocius
J, Hartley CJ, Majesky MW, Entman ML,
Michael LH, Hischi KK, Goodell MA.
Regeneration of ischemic cardiac muscle
and vascular endothelium by adult stem
cells. J Clin Invest. 2001; 107: 1395–402.

134. Kajstura J, Rota M, Whang B, Cascapera
S, Hosoda T, Bearzi C, Nurzynska D,
Kasahara H, Zias E, Bonafe M, Nadal-

Gianrd B, Torella D, Nascimbene A,
Quaini F, Urbanek K, Leri A, Anversa P.
Bone marrow cells differentiate in cardiac
cell lineages after infarction independently
of cell fusion. Circ Res. 2005; 96: 127–37.

135. Yoon YS, Wecker A, Heyd L, Park J,
Tkebuchava T, Kusano K, Hanley A,
Scadova H, Qin G, Cha DH, Johnson KL,
Aikawa R, Asahara T, Losordo DW.
Clonally expanded novel multipotent stem
cells from human bone marrow regenerate
myocardium after myocardial infarction. 
J Clin Invest. 2005; 115: 326–38.

136. Minguell JJ, Erices A, Conget P.
Mesenchymal stem cells. Exp Biol Med.
2001; 226: 507–20.

137. Sanchez-Ramos J, Song S, Cardozo-
Pelaez F, Hazzi C, Stedeford T, Willing A,
Freeman TB, Saporta S, Janssen W,
Patel N, Cooper DR, Sanberg PR. Adult
bone marrow stromal cells differentiate
into neural cells in vitro. Exp Neurol. 2000;
174: 11–20.

138. Conget PA, Minguell J. Phenotypical and
functional properties of human bone mar-
row mesenchymal progenitor cells. J Cell
Physiol. 1999; 182: 67–73.

139. Smith JR, Pochampally R, Perry A, Hsu
SC, Prockop DJ. Isolation of a highly
clonogenic and multipotential subfraction
of adult stem cells from bone marrow
stroma. Stem Cells. 2002; 22: 823–31.

140. Pittenger MF, Mackay AM, Beck SC,
Jaiswal RK, Douglas R, Mosca JD,
Moorman MA, Simonetti DW, Craig S,
Marshak DR. Multlineage potential of
adult human mesenchymal stem cells.
Science. 1999; 284: 143–7.

141. Silva GV, Litovski S, Assad JA, Sousa AL,
Martin BJ, Vela D, Coulter SC, Lin J,
Ober J, Vaughn WK, Branco RV, Oliveira
EM, He R, Geng YJ, Willerson JT, Perin
EC. Mesenchymal stem cells differentiate
into an endothelial phenotype, enhance
vascular density, and improve heart func-
tion in a canine chronic ischemia model.
Circulation. 2005; 111: 150–6.

142. Onishchenko NA, Potapov IV, Bashkina
LA, Krashenennikov ME, Zaidenov VA,
Avramov PV. Recovery of contractile func-
tion of cryodamaged rat myocardium after
transplantation of fetal cardiomyocytes
and predifferentiation bone marrow stro-
mal cells. Bull Exp Biol Med. 2004; 138:
357–60.

143. Vulliet PR, Greeley M, Halloran SM,
MacDonald KA, Kittleson MD.
Intracoronary arterial injection of the mes-
enchymal stromal cells and microinfarc-
tion in dogs. Lancet. 2004; 363: 783–4.

144. Gehling UM, Erqun S, Schumacher U,
Wagener C, Pantel K, Otte M, Schuch G,
Schafhausen P, Mende T, Kilic N, Kluge
K, Schafer B, Hossfeld DK, Fiedler W. In
vitro differentiation of endothelial cells
from AC133-positive progenitor cells.
Blood. 2000; 95: 3106–12.

145. Peichev M, Naiyer AJ, Pereira D, Zhu Z,
Lane WJ, Williams M, Oz MC, Hicklin
DJ, Witte L, Moore MA, Rafii S.
Expression of VEGFR-2 and AC133 by 
circulating human CD34� cells identifies a
population of functional endothelial pre-
cursors. Blood. 2000; 95: 952–8.

146. Rehman J LJ, Orschell CM, March KL.
Peripheral blood “endothelial progenitor
cells” are derived for monocyte/
macrophages and secrete angiogenic
growth factors. Circulation. 2003; 107:
1164–69.

147. Yoshioka T, Ageyama N, Shibata H, Yasu
T, Misawa Y, Takeuchi T, Matsui K,
Yamamoto K, Terao K, Shimada K, Ikeda
U, Ozawa K, Hanazono Y. Repair of
infracted myocardium mediated y trans-
planted bone marrow-derived CD34�

stem cells in nonhuman primate model.
Stem Cells. 2005; 23: 355–64.

148. Skowasch D, Jabs A, Andrie R,
Dinkelbach S, Luderitz B, Bauriedel G.
Presence of bone-marrow and neural-
crest-derived cells in intimal hyperplasia at
the time of clinical in-stent restenosis.
Cardiovasc Res. 2003; 60: 684–91.

149. Zhang S, Wang D, Estrov Z, Raj S,
Willerson JT, Yeh ET. Both cell fusion and
transdifferentiation account for the trans-
formation of human peripheral blood CD-
34-positive cells into cardyomyocytes in
vivo. Circulation. 2004; 110: 3803–7.

150. Balsam LB, Wagers A, Christensen JL,
Kofidis T, Weissman IL, Robbins RC.
Haematopoietic stem cells adopt mature
haematopoietic fates in ischaemic
myocardium. Nature. 2004; 428: 668–
73.

151. Beltrami AP, Barlucchi L, Torella D,
Baker M, Limana F, Chimenti S,
Kasahara H, Rota M, Musso E, Urbanek
K, Leri A, Kajstura J, Nadal-Ginard B,
Anversa P. Adult cardiac stem cells are
multipotent and support myocardial regen-
eration. Cell. 2003; 114: 763–76.

152. Chimenti C, Kajstura J, Torella D,
Urbanek K, Heleniak H, Colussi C, Di
Meglio F, Nadal-Ginard B, Frustaci A,
Leri A, Maseri A, Anversa P. Senescence
and death of primitive cells and myocytes
lead to premature cardiac aging and heart
failure. Circ Res. 2003; 93: 604–13.



J. Cell. Mol. Med. Vol 13, No 5, 2009

825© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

153. Lapidot T, Petit I. Current understanding
of stem cell mobilization: the roles of
chemokines, proteolytic enzymes, adhe-
sion molecules, cytokines, and stromal
cells. Exp Hematol. 2002; 30: 973–81.

154. Murry CE, Soonpaa MH, Reinecke H,
Nakajima H, Nakajima HO, Rubart M,
Pasurmathi KB, Viraq JI, Bartelmez SH,
Poppa V, Bradford G, Dowell JD,
Williams DA, Field LJ. Hematopoietic
stem cells do not transdifferentiate into
cardiac myocytes in myocardial infarcts.
Nature. 2004; 428: 664–8.

155. Terada N, Hamazaki T, Oka M, Hoki M,
Mastalerz DM, Nakano Y, Meyer EM,
Morel L, Petersen BE, Scott EW. Bone
marrow cells adopt the phenotype of other
cells by spontaneous cell fusion. Nature.
2002; 416: 542–5.

156. Kocher AA, Schuster MD, Szabolcs MJ,
Takuma S, Burkhoff D, Wang J, Homma S,
Edwards NM, Itescu S. Neovascularization
of ischemic myocardium by human bone-
marrow-derived angioblasts prevents car-
diomyocyte apoptosis, reduces remodeling
and improves cardiac function. Nat Med.
2001; 4: 430–6.

157. Munoz JR, Stoutenger B, Robinson AP,
Spees JL, ProckopDJ. Human
stem/progenitor cells from bone marrow
promote neurogenesis of endogenous
neural stem cells in the hippocampus of
mice. Proc Natl Acad Sci USA. 2005; 102:
18171–6.

158. Wollert KC, Meyer GP, Lotz J, Ringes-
Lichtenberg S, Lippolt P, Breindenbach
C, Fichtner S, Korte T, Hornig B,
Messinger D, Arseniev L, Hertenstein B,
Ganser A, Drexler H. Intracoronary autol-
ogous bone-marrow cell transfer after

myocardial infarction: the BOOST random-
ized controlled clinical trial. Lancet. 2004;
364: 141–8.

159. Meyer GP, Wollert KC, Lotz J, Steffens J,
Lippolt P, Fichtner S, Hecker H, Schaefer
A, Arseniev L, Hertenstein B, Ganser A,
Drexler H. Intracoronary bone marrow cell
transfer after myocardial infarction: eight-
een months follow-up data from the ran-
domized, controlled BOOST (Bone Marrow
Transfer to Enhance ST-elevation infarct
regeneration) trial. Circulation. 2006; 113:
1287–94.

160. Schachinger V, Tonn T, Dimmeler S,
Zeiher AM. Bone-marrow-derived pro-
genitor cell therapy in need of proof of
concept: design of the REPAIR-AMI trial.
Nat Clin Prac Cardiovasc Med. 2006; 3:
S23–8.

161. Schachinger V, Erbs S, Elsasser A,
Haberbosch W, Hambrecht R,
Holschermann H, Yu J, Corti R, Mathey
DG, Hamm CW, Suselbeck T, Werner N,
Germing A, Mark B, Assmus B, Tonn T,
Dimmeler S, Zeiher AM, REPAIR-AMI
Investigators. Improved clinical outcome
after intracoronary administration of bone-
marrow-derived progenitor cells in acute
myocardial infarction: final 1 year results
of the REPAIR-AMI trial. Eur Heart J. 2006;
27: 2775–83.

162. Lunde K, Solheim S, Aakhus S, Arnesen
H, Abdelnoor M, Forfang K; ASTAMI
Invetigators. Autologous stem cell trans-
plantation in acute myocardial infarction:
The ASTAMI randomized controlled trial.
Intracoronary transplantation of autolo-
gous mononuclear bone marrow cells,
study design and safety aspects. Scand
Cardiovasc J. 2006; 39: 150–8.

163. Ince H, Petzsch M, Kleine HD, Eckard H,
Rehders T, Burska D, Kische S, Freund
M, Nienaber CA. Prevention of left ven-
tricular remodeling with granulocyte
colony-stimulating factor after acute
myocardial infarction: final 1-year results
of the Front-Integrated Revascularization
and Stem Cell Liberation in Evolving Acute
Myocardial Infarction by Granulocyte
Colony Stimulating Factor (FIRSTLINE-
AMI) Trial. Circulation. 2005; 112: 173–
80.

164. Ripa RS, Jorgensen E, Wang Y, Thune JJ,
Nilsson JC, Sondergaard L, Johnsen HE,
Kober L, Grande P, Kastrup J. Stem cell
mobilization induced by subcutaneous
granulocyte-colony stimulating factor to
improve cardiac regeneration after acute
ST-elevation myocardial infarction: result
of the double-blind, randomized, placebo-
controlled stem cells in myocardial infarc-
tion (STEMMI) trial. Circulation. 2006;
113: 1983–92.

165. Assmus B, Honold J, Schachinger V,
Britten MB, Fischer-Rasokat U, Lehmann
R, Teupe C, Martin H, Albomaali ND,
Tonn T, Dimmeler S, Zeiher AM.
Transcoronary transplantation of progeni-
tor cells after myocardial infarction. N Engl
J Med. 2006; 355: 1222–32.

166. Perin EC, Dohmann HF, Borojevic R,
Silva SA, Sousa AL, Mesquita CT, Rossi
MI, Carvalho AC, Dutra HS, Dohmann HJ,
Silva GV, Belem L, Vivacqua R, Rangel
FO, Esporcatte R, Geng YJ, Vauqhn WK,
Assad JA, Mesquita ET, Willerson JT.
Transendocardial, autologous bone mar-
row cell transplantation for severe, chronic
ischemic heart failure. Circulation. 2003;
107: 2294–302.


