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Abstract

Purpose Recent studies suggest that G-CSF prevents

cardiac remodeling following myocardial infarction

(MI) likely through regeneration of the myocardium

and coronary vessels. However, it remains unclear

whether G-CSF administered at the onset of reperfu-

sion prevents ischemia/reperfusion injury in the acute

phase. We investigated acute effects of G-CSF on

myocardial infarct size and the incidence of lethal

arrhythmia and evaluated the involvement of the

phosphatidylinositol-3 kinase (PI3K) in the in vivo

canine models.

Methods In open-chest dogs, left anterior descending

coronary artery (LAD) was occluded for 90 minutes

followed by 6 hours of reperfusion. We intravenously

administered G-CSF (0.33 2/kg/min) for 30 minutes

from the onset of reperfusion. Wortmannin, a PI3K

inhibitor, was selectively administered into the LAD

after the onset of reperfusion.

Results G-CSF significantly (p < 0.05) reduced myocar-

dial infarct size (38.7T4.3% to 15.7T5.3%) and the

incidence of ventricular fibrillation during reperfusion

periods (50% to 0%) compared with the control. G-

CSF enhanced Akt phospholylation in ischemic canine

myocardium. Wortmannin blunted both the infarct size-

limiting and anti-arrhythmic effects of G-CSF. G-CSF

did not change myeloperoxidase activity, a marker of

neutrophil accumulation, in the infarcted myocardium.

Conclusion An intravenous administration of G-CSF at

the onset of reperfusion attenuates ischemia/reperfu-

sion injury through PI3K/Akt pathway in the in vivo

model. G-CSF administration can be a promising

candidate for the adjunctive therapy for patients with

acute myocardial infarction.
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Introduction

Granulocyte colony-stimulating factor (G-CSF), a

20-kDa glycoprotein, promotes the proliferation, sur-

vival and differentiation of hematopoietic cells [1].

Furthermore, G-CSF can mobilize hematopoietic stem

cells from bone marrow [2, 3]. Thus, G-CSF is believed

to improve cardiac remodeling after myocardial in-

farction (MI) through regeneration of the myocardium

and angiogenesis [4, 5]. In addition to these effects of

G-CSF, Komuro and colleagues clearly demonstrated

that the high dose of G-CSF acutely reduces infarct

size by preventing apoptosis in the isolated hearts [6].

However, it remains unclear whether clinically rele-

vant dosages of G-CSF can reduce the infarct size in

the in vivo model and, if so, it is not clear which

downstream signaling pathway is involved in the

acute cardioprotective effects of G-CSF. Further-

more, although lethal arrhythmias are a major cause

of death in patients with acute myocardial infarction

[7, 8], anti-arrhythmic effects of G-CSF have not been

determined.

Thus, we investigated the acute effects of a clinical

relevant dose of G-CSF on ischemia/reperfusion injury

including both lethal arrhythmias and infarct size in

canine hearts. We also examined a role of the PI3K/

Akt pathway, a down stream of G-CSF receptors, in

the cardioprotective effects of G-CSF. In the present

study, we adopted ischemia/reperfusion protocols that

have not been tested in previous studies [4, 5], because

coronary revascularization has been established as a

standard therapy to attenuate cardiac damage after

MI.

Materials and methods

Materials

G-CSF was provided by Kirin brewery company

(Tokyo, Japan). Recombinant human G-CSF can

increase the number of white blood cells in dogs [9].

Wortmannin was obtained from Sigma (St. Louis, MO),

and antibodies against Phospho-Akt and Akt were ob-

tained from Cell signaling technologies (Beverly, MA).

Instrumentation

Twenty-nine beagle dogs (Kitayama Labes, Gifu,

Japan) weighing 8 to 12 kg were anesthetized by an

intravenous injection of sodium pentobarbital (30 mg/

kg), intubated and ventilated with room air mixed with

oxygen (100% O2 at flow rate of 1.0 to 1.5 l/min).

Thoracotomy was done at the fifth left intercostal

space, and the heart was suspended in a pericardial

cradle. After intravenous administration of heparin

(500 U/kg), the left anterior descending coronary

artery (LAD) was cannulated for perfusion with blood

from the left carotid artery through an extracorporeal

bypass tube. This allows the selective infusion of drugs

into the LAD-perfused areas through this bypass tube.

The left atrium was catheterized for microsphere

injection to measure myocardial collateral blood flow

during ischemia as described previously [10]. Hydra-

tion was maintained by a slow normal saline infusion.

Both systemic blood pressure (SBP) and heart rate

(HR) were monitored continuously during the study.

All procedures were performed in conformity with the

Guide for the care and use of laboratory animals (NIH

Publication No. 85–23, 1996 revision), and were

approved by the Osaka University Committee for

Laboratory Animal Use.

Experimental protocols

Protocol 1. Acute effects of G-CSF on infarct size

and lethal arrhythmias in canine hearts

After hemodynamic stabilization, we intravenously

administered either saline (Control group; n = 9) or

G-CSF (0.33 2g/kg/min) (G-CSF group; n = 6) for 30

min following the onset of reperfusion. An intracoro-

nary administration of wortmannin (WTMN), a PI3K

inhibitor, was selectively administered into the LAD

(1.5 2g/kg/min) for 60 min after the onset of reperfusion

(GCSF + WTMN group, n = 7; WTMN group, n = 7)

(Fig. 1). We have previously confirmed that the dose of

wortmannin used prevents the phosphorylation of Akt

in myocardium [10]. We measured infarct size and

myocardial collateral blood flow during ischemia. In

brief, infarct size was evaluated at the end of the pro-

tocol by Evans blue/TTC staining. Collateral blood flow

during 90 min of ischemia was assessed by the non-

radioactive microsphere method [10]. We also counted
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the incidence of VF during the 6 h reperfusion period

(Fig. 1).

Finally, we measured myeloperoxidase (MPO) ac-

tivity in LAD-perfused myocardium to check the accu-

mulation of neutrophils in infarcted myocardium.

Protocol 2. Phosphorylation of Akt

in ischemic myocardium

In this protocol, we used 11 dogs in Control group (n = 3),

G-CSF group (n = 4), and G-CSF + WTMN group (n =

4). After 90 min of ischemia followed by 30 min of

reperfusion, hearts were excised. The myocardial tissue in

the ischemic zone, which was identified as the edge of the

region showing necrosis, and non-ischemic zone were

quickly placed into liquid nitrogen and stored at j80-C.

Phosphorylation of Akt and total content of Akt were

evaluated by immunoblotting as reported previously [10].

Immunoblotting

Immunoblotting was performed as described previous-

ly [11], and the immunoreactive bands were quantified

by densitometry (Molecular Dynamics).

MPO activity

Several myocardial tissue samples were taken from the

ischemic area in the dogs studied, frozen in liquid nitro-

gen and stored at j80-C until assay. The technical pro-

cedure has been described previously [12]. One unit of

MPO activity was defined as that which degrades 1 2mol

hydrogen peroxide per minute at 25-C.

Statistical analysis

Results are expressed as the mean T SEM. Comparisons

of the time course of the change in mean SBP and HR

between groups were performed using two-way repeat-

ed measures analysis of variance (ANOVA). Compar-

isons of other data between groups were performed

using one-way factional ANOVA. The Bonferroni<

Holm procedure was used for correction of multiple

comparisons [13]. The incidence of VF was compared

using the #2-test and Fisher’s exact probability test. A

p value < 0.05 was considered to represent statistical

significance.

Results

Criteria for exclusion

Since there was a negative correlation between myo-

cardial collateral blood flow during ischemia and the

incidence of VF [14, 15], it was important to assess

myocardial collateral blood flow and exclude the dogs

with high myocardial collateral blood flow. We

excluded two dogs with excessive collateral blood

flow ( >15 ml/100 g/min) (Control group: 1, WTMN

group: 1) among 29 dogs tested. Thus, 27 dogs were

Fig. 1 Experimental protocols to assess myocardial infarct size and ventricular fibrillation (VF) in canine hearts. Myocardial infarct
size was measured after 90 min of left anterior descending coronary artery (LAD) occlusion followed by 360 min of reperfusion. The
incidence of VF was evaluated during reperfusion for 360 min. Intravenous administration of granulocyte colony-stimulating factor
(G-CSF ) was started at the onset of reperfusion and continued for 30 min. Intracoronary administration of wortmannin (WTMN ) was
started at the onset of reperfusion and continued for 60 min.
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evaluated for VF analysis. Among these 27 dogs, we

further excluded two dogs (Control group: 1, G-

CSF + WTMN group: 1) from infarct size analysis

that matched the exclusion criteria of lethal arrhyth-

mia (more than two consecutive attempts required to

convert VF with low-energy DC pulses applied

directly to the heart) [10].

Effects of G-CSF on infarct size and VF during

the reperfusion period

Throughout the study, neither SBP nor HR differed

among the four groups (Fig. 2). The area at risk and

myocardial collateral blood flow during myocardial

ischemia were also comparable in the groups tested

(Fig. 3). Figure 4 shows infarct size in the groups tested.

G-CSF reduced ( p < 0.05) infarct size compared with

the control group. The intracoronary administration of

wortmannin for 60 min after the onset of reperfusion

abrogated the infarct size-limiting effects of G-CSF,

although wortmannin alone did not affect infarct size.

G-CSF reduced (p < 0.05) the incidence of VF dur-

ing the reperfusion period compared with the control

group (Table 1). The antiarrhythmic effects of G-CSF

were abolished by wortmannin.

Effect of G-CSF on MPO activity

in infarcted myocardium

MPO activity in infarcted myocardium 6 h after reper-

fusion in G-CSF group did not differ from that in the

control group. (10.0 T 2.6 versus 10.7 T 2.1 U/g protein).

Fig. 3 Area at risk and myocardial collateral blood flow during
ischemia in groups tested. Neither the area at risk nor myocardial
collateral blood flow differed between the groups tested.

Fig. 4 Infarct size as a percentage of the area at risk in groups
tested. Intravenous administration of G-CSF limited infarct size.
The infarct-size limiting effect of G-CSF was blunted by the
intracoronary administration of WTMN during reperfusion. *p <
0.05 vs. control group.

Fig. 2 The changes in mean
systemic blood pressure
(SBP) and heart rate (HR)
during the experiment in
groups tested. Neither SBP
nor HR differed between the
groups tested at baseline, 90
min of ischemia, at 30 min
and 1, 3, and 6 h after reper-
fusion.
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Effect of G-CSF on Akt phosphorylation

in ischemic myocardium

G-CSF augmented Akt phosphrylation in the LAD-

perfused myocardium. The increase in Akt phosphor-

ylation was attenuated by wortmannin (Fig. 5).

Discussion

The present study demonstrated that administration

of G-CSF following the onset of reperfusion limited

infarct size in acute phase and reduced the incidence

of lethal arrhythmia. The intracoronary administra-

tion of wortmannin abrogated these cardioprotective

effects of G-CSF, suggesting that G-CSF mediated car-

dioprotection via the PI3K/Akt pathway. To our knowl-

edge, this is the first study to reveal the acute effect of

G-CSF against ischemia/reperfusion injury via the

PI3K/Akt pathway in in vivo canine hearts.

Previous studies have reported that G-CSF improves

cardiac remodeling after MI in the chronic ligation

model of coronary artery [4, 5, 16]. It has been believed

that G-CSF exerts cardioprotective effects through re-

generation of myocardium and angiogenesis. Recently,

Komuro and colleagues clearly demonstrated that the

high dose of G-CSF limits infarct size in the acute phase

in the isolated hearts [6]. To translate their remarkable

findings into the clinical setting, we need to consider

the dose of G-CSF and experimental models in their

study. They used a perfusate containing 300 ng/ml G-

CSF in the isolated heart model. This dose is relatively

high compared with the dose used in clinical settings

[17, 18]. In addition, effects of G-CSF on neutrophil

function cannot be tested in the isolated heart model.

In the present study, we demonstrated that a clinical

relevant dose of G-CSF acutely limits infarct size in the

in vivo model. In contrast with previous studies [4, 5,

16], we examined the effects of G-CSF in the ischemia/

reperfusion model, because coronary revascularization

is principally applied for patients with acute MI to

attenuate ischemia/reperfusion injury. We found that

G-CSF following the onset of reperfusion effectively

limited infarct size. Our findings strongly support that

G-CSF would be a promising candidate as an adjunctive

therapy for patients with acute MI. Indeed, two recent

publications by the FIRSTLINE-AMI trial clearly

demonstrated that subcutaneous administration of

G-CSF after percutaneous coronary intervention im-

proved cardiac function and prevented cardiac re-

modeling [19, 20]. Considering our present data, the

improvement of cardiac function by G-CSF in clinical

studies will be due to limiting infarct size in the acute

phase as well as preventing cardiac remodeling.

G-CSF can provoke multiple intracellular signal

transductions including Jak/Stat, ERK and PI3K/Akt

[16, 21]. Recently, we and others demonstrated that

post-interventions which activate PI3K/Akt during the

reperfusion protect against ischemia/reprfusion injury

[10, 22]. Thus, we investigated a role of PI3K/Akt in

G-CSF-mediated cardioprotection. WTMN significant-

ly blunted the infarct size-limiting effects of G-CSF,

and G-CSF enhanced Akt phosphorylation in the ische-

mic myocardium, indicating that G-CSF reduces infarct

size via PI3K/Akt-dependent pathway. Further inves-

tigations will be needed to clarify the molecular target

of PI3K/Akt and the role of other signals activated by

G-CSF in this condition.

Although we demonstrated that G-CSF mediated

cardioprotection, one small clinical study showed that

G-CSF may induce coronary re-stenosis [23]. In con-

trast, other large-scale studies did not show that G-

CSF induced coronary restenosis [19, 20]. Since there

is still controversy about the restenosis effects of G-

Table 1 Effects of G-CSF on the incidence of VF during
reperfusion periods

Group Incidence of VF (%)

Control 50.0 (4/8)

G-CSF 0* (0/6)

G-CSF + WTMN 42.9 (3/7)

WTMN 50.0 (3/6)

*p < 0.05 vs. control group

Fig. 5 Akt phosphorylation in LAD-perfused areas. G-CSF
phosphorylated Akt in LAD-perfused myocardium. Akt phos-
phorylation by G-CSF was prevented by co-treatment with
WTMN. Akt phosphorylation was normalized by total Akt.
*p < 0.05 vs. control group.
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CSF, this issue will be minimized by the concomitant

use of a drug-eluting stent and G-CSF. Another pos-

sible adverse effect of G-CSF will be enhancement of

neutrophil function. G-CSF appears not only to stimu-

late the formation of granulocyte colonies from bone

marrow-derived precursors, but also to enhance the

function of mature neutrophils [24] and elevates the

number of white blood cells, which may predict adverse

prognosis in the patients of acute MI [25]. Consistent

with previous studies [26, 27], we also showed that G-

CSF did not change MPO activity, a marker of neu-

trophil accumulation, in the infarcted myocardium.

These findings suggest that G-CSF exerted cardiopro-

tective effects independent of white blood cells. Al-

though our findings suggest that the overall effect of

G-CSF may be beneficial for ischemia/reperfused myo-

cardium, we need to be cautious about these potential

adverse effects of G-CSF.

Importantly, we clearly demonstrated that G-CSF

reduced the incidence of VF during reperfusion via the

PI3/Akt-dependent pathway. Since lethal arrhythmias

are one of the major causes of death in patients with

acute MI [8], the anti-arrhythmic effects of G-CSF have

great clinical impact. We have previously demonstrated

that another cytokine, erythropoietin, also reduced the

incidence of lethal arrhythmia via the PI3/Akt pathway

[10]. Although our findings suggest that the PI3K/Akt-

dependent pathway will play an important role in the

generation of lethal arrhythmias, further investigation

will be needed to clarify the potential mechanism by

which G-CSF exerts anti-arrhythmic effects. We need

to consider whether G-CSF exerts anti-arrhythmic ef-

fects by the reduction of myocardial infarct size or by

some other actions of G-CSF.

In conclusion, the intravenous administration of a

clinically relevant dose of G-CSF will be a promising

strategy to treat patients with acute MI. Further con-

trolled studies will be warranted to check the safety and

efficacy of G-CSF treatment in the acute phase after MI.
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