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Therapies with stem cells have been proposed as a solution
for decreased systolic capacity after cardiomyocyte death
and/or to prevent cell death after an ischemic event. New
host cell formation, activation of tissue progenitor cells,
secretion of angiogenic and/or survival signals are some of
the mechanisms that may explain the benefits of cell
transplantation. Cell administration has been done by either
intramyocardial or intracoronary route, implying that
patients or animals are subject to surgery or to invasive
hemodynamic procedure. The possibility of using growth
factors capable of mobilizing stem cells to the circulation
and induce their homing to the infarcted heart has therefore
great therapeutic appeal since it would avoid invasive
procedures. Granulocyte-colony stimulating factor (G-CSF)
appears to be the major potential candidate because it has
been used for many decades in patients with hematopoietic
disorders without any serious adverse side effects and is
known to mobilize hematopoietic [1], endothelial [2] and
mesenchymal [3] precursor cells from bone marrow.

In the present issue of Cardiovascular Drugs and
Therapy Liu et al point out a distinct effect of G-CSF after

myocardial infarction (MI): a disassociation between left
ventricular mechanical and electrical properties in ischemic
rat heart after G-CSF treatment [4]. For this purpose, the
authors treated ischemic rats with subcutaneous G-CSF
injections (100 μg/kg/d for five consecutive days) 1 h or
24 h after infarction. The main finding was that adminis-
tration of G-CSF regardless of time of injection had no
beneficial effects on cardiac function after cardiac ischemia.
Nevertheless, G-CSF treatment was associated with im-
proved electrophysiological properties, decreasing the
number of arrhythmic events.

G-CSF research in the field of ischemic heart disease is
celebrating 10 years of pre-clinical and clinical work
attempting to find a new therapeutic approach for this
epidemic worldwide disease. In 2001, Orlic and co-
workers, following their previous work using bone marrow
lin– c-kit + cells for MI treatment [5], tested G-CSF in
combination with Stem Cell Factor (SCF) in a model of
acute MI in mice [6]. They found a significant decrease in
mortality rate, and increased cardiac function. However the
approach used could not be translated to the clinic, since
the therapy was started 5 days before MI induction, besides
including the use of SCF. Many reports followed the
original work of Orlic et al. (2001) due its promising
results, increasing the number of G-CSF and MI publica-
tions exponentially until 2006 (Fig. 1a). In a simple search
at the National Library of Medicine of the National
Institutes of Health (http://www.ncbi.nlm.nih.gov/pubmed)
combining G-CSF and MI key words present in the title
and/or the abstract we found 268 papers between 2000,
January first, and 2011, May fifth. In a further delimitation,
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we included original studies that tried to treat MI (acute and
chronic phases) with G-CSF alone or in combination with
other growth factor or cells, and meta-analysis. Addition-
ally we excluded reviews, editorials and comments. At the
end of these delimitations 124 manuscripts were selected in
the last 10 years. As shown in Fig. 1a, the number of
manuscripts involving G-CSF therapy peaked in 2006
accounting for 22% (28 publications) of the total (124)
and then started to fall. Not surprisingly, this drop occurred
after negative results were reported both in animals and
humans (see discussion below). As expected, clinical trials
began to increase 3 years after pre-clinical investigations
and peaked in 2006 and 2007 (Fig. 1b).

Pre-clinical experiments

Mechanical properties—cardiac function and architecture

Two years after Orlic’s report, Norol et al (2003)
mobilized CD34 cells in baboons, but this was insuffi-

cient to increase left ventricle ejection fraction (LVEF)
[7]. Although few animals were treated, this was the first
work to show the inefficacy of G-CSF treatment.
However, in 2004, two important reports strengthened
Orlic’s findings in rats [8] and rabbits [9]. Ohtshuca et al
showed that post-MI treatment with G-CSF alone (without
addition of SCF) in non-splenectomized mice had the
same effects as Orlic’s original protocol [8]. On the other
hand, Deten and co-workers using exactly the same
protocol and the same species (mice) as Orlic found no
functional benefits [10]. Furthermore, they injected G-CSF
and SCF 6 h after MI and, in another group of infarcted
mice, administered bone marrow lin− (31% of c-kit +)
cells into the mice tail vein. These authors reported that
even though c-kit + increased from 0.05 to 2.8% in
peripheral blood, growth factor treated mice did not
improve their cardiac function performance, or decreased
MI size or any sign of cardiac regeneration as well as
cell therapy. Until that time, the mechanism of G-CSF
action was discussed exclusively by increasing cell
mobilization and homing to ischemic heart with conflicting
results [6, 8, 10–13].

Given that and the controversy about the differentia-
tion of HSC into cardiomyocytes [14, 15], a number of
studies have focused on a possible direct action of G-CSF
on cardiomyocytes [9, 16–18]. Harada et al. [16]
demonstrated that cultures of rat and mouse cardiac
myocytes and fibroblasts express G-CSF receptor (G-
CSFR) and that its expression increased after MI. They
further showed that G-CSF therapy prevents LV remodel-
ing and improved cardiac function after MI by activating
the Jak-Stat signaling pathway. Another local effect of G-
CSF is the acceleration of the healing process by collagen
deposition and scar formation preventing early ventricular
expansion after MI [9, 17]. This profibrotic blueprint
improved cardiac systolic function. These results are in
contrast with a more recent report showing that G-CSF
decreased matrix metalloproteinase and increased its
inhibitors leading to a huge fibrosis and large infarct
sizes in treated rats [19]. Consequently, G-CSF adminis-
tration caused a progressive dysfunction by ECHO
analysis and impairment of the left ventricle to develop
pressure. The present study by Liu et al. also demon-
strates that early G-CSF treatment (1 h post-MI) may
exacerbate structural and mechanical deficits post-MI
since hemodynamic parameters were depressed and the
ventricular expansion index was augmented. In this
scenario, our laboratory failed to demonstrate any
beneficial effect of G-CSF either in the acute [20] or
during the chronic phase of MI [21]. Considering the
number of publications, it seems that the interest in this
field of research has declined after a series of negative
results in pre-clinical studies until 2006 (Fig. 1a and b).
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Fig. 1 Number of papers presented by the National Library of
Medicine of the National Institutes of Health (http://www.ncbi.nlm.
nih.gov/pubmed). a Number of papers published involving C-CSF
treatment of myocardial infarction in the last decade (2001–2011).
Graph bars represent absolute number of papers and numbers above
bars are the percentage of total manuscript (100%=124). b Numbers
of papers discriminated by humans and animals
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Clinical trials

As stated above, G-CSF constitutes an interesting, less
invasive stem cell-based strategy to treat heart ischemic
disease. Encouraged by pre-clinical data, the first clinical
trials to evaluate the feasibility and safety of G-CSF
appeared in 2004/2005. G-CSF was utilized to mobilize
stem cells and/or treat patients after percutaneous coronary
intervention (PCI) [22–24] and confirmed that this new
type of treatment could be tested with a minimum of
security, although some adverse effects were proposed [25].
After that the number of clinical trials increased two fold in
2006 and 2007, before starting to decrease like the studies
in animals (Fig. 1b). Initially, as requested, clinical
investigations were performed with a limited number of
patients, with or without a placebo group and in an open-
label or single-blind design [22–27]. All confirmed the
safety and feasibility of G-CSF treatment. However, a lot of
conflicting results were reported about improvement in
cardiac function. In 2006, three prospective, randomized,
double-blinded, placebo-controlled trials in patients diag-
nosed with ST-segment elevation acute MI who had
successful reperfusion by PCI were performed [28–30].
They used the same dose of G-CSF (10 μg/kg of body
weight) for 5 or 6 consecutive days. Primary or secondary
end-points included cardiac function assessed by MRI, and
the follow up varied from 3 to 6 months. All studies failed
to show benefits of G-CSF treatment in LVEF either when
PCI was done early (<12hs) [29, 30] or late (mean of 31hs–
2 to 107hs) [28]. At the end of 1 year of follow up G-CSF
was still inefficacious in improving cardiac function [31].
Furthermore, Engelmann et al confirmed in a small study
that timing of G-CSF would not influence myocardial
recovery [32]. The largest number of patients (144) enrolled
was by Zohlnhöfer et al (2006) [29]. Thus, in an attempt to
increase the number of patients some meta-analyses were
performed to analyze all data of small trials together [33–
35]. Zohlnhöfer et al (2008) used 445 patients from
randomized, controlled and single or double-blinded studies
[34]. Still, from these there was no support for the treatment
of those patients with acute MI with G-CSF.

Is it time to give up? To answer this question it would be
necessary to carefully perform a phase III prospective,
randomized, double-blinded, placebo-controlled and multi-
center clinical trial to improve our understanding. However,
an unequivocal sign of giving up G-CSF as a monotherapy
agent is the search for a partner to be administered
mutually. Despite the combination with SCF or GM-CSF,
Dawn et al (2006) were the first to combine G-CSF with
Flt-3 ligand in MI mice. As postulated by them, G-CSF
alone did not improve cardiac function, in contrast to the
combined therapy. This was the first study within the first
6 years of the previous decade. In the last 4 years G-CSF

has been associated to hepatocyte-growth factor [36], Flt-3
ligand [37], Fas, an antiapoptotic agent [38], parathyroid
hormone [39] and erythropoietin [40–43] in animal models
and even in humans [44]

Electrophysiological properties

The onset of MI leads to tissue loss and pump function
impairment. Besides, there is an enhanced vulnerability to
ventricular arrhythmias, especially within the few hours
after reperfusion. One of the concerns about cell therapy is
to avoid cardiac electrophysiological adverse effects, since
the intramyocardial and intracoronary routes are used for
cell delivery and cells can not integrate to host tissue, as
described for myoblast transplantation (Menasche et al
2003). The impact of G-CSF treatment after the acute and
chronic phases of MI on cardiac electrophysiological
properties has been poorly studied compared to the great
number of data regarding cardiac mechanical function.

The reduced expression of connexin 43 (Cx43) in the
heart after MI is associated with disturbances in electrical
conductivity, a decrease in electrical coupling and a higher
incidence of arrhythmias [45]. Moreover, myocardial
remodeling causes sympathetic hyperinnervation and con-
sequently arrhythmic events [46]. Liu and co-workers [4]
present data that indicate that G-CSF-treated hearts had
improved electrophysiological outcomes and less inducible
ventricular arrhythmias during programmed ventricular
stimulation, although the mechanism remains unclear and
needs further investigation. Possible mechanisms are
through increasing Cx43 expression as shown by Kuhl-
mann et al (2006) [47] and Baldo (2008) [48], or
stabilization of the Cx43 protein via Wnt signaling cascade
[49]. However, G-CSF injections started before MI and/or
were combined with SCF which is clinically irrelevant.
Importantly, even though Kuhlmann et al (2006) demon-
strated reduced inducibility of ventricular arrhythmias in
mice treated 3 days before plus 3 days after MI, they were
unable to show an increase in fractional shortening by
echocardiography assessment. Thus, their data strengthens
the disassociation between left ventricular mechanical and
electrical properties. Hence, further studies focusing on
electrophysiological properties should investigate the
effects of G-CSF treatment after MI and assess ion channels
function, connexins expression and myocyte coupling. On
the other hand, Lee, MT et al (2009) showed an increase in
sympathetic reinnervation after 56 days of MI and,
consequently, an increase in arrhythmia incidence [50].
We cannot exclude the possible negative effect of a large
fibrotic tissue production reported by others [19] after G-
CSF injections since scar tissue could reduce the conduc-
tion of electrical impulse and promote the re-entry of
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arrhythmic events. In clinical trials, although there are few
reports of adverse effects like incidence of re-stenosis and
coronary neointima growth [25], phase I/II studies with G-
CSF administration after MI and percutaneous coronary
intervention (reperfusion) demonstrated that this approach
is feasible and safe. Furthermore, G-CSF neither enhanced
nor diminished ventricular arrhythmia.
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