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Aims We investigated whether exercise training could promote angiogenesis and improve blood per-
fusion and left ventricular (LV) remodelling of the post-myocardial infarction (MI) failing heart. We
also explored the contribution of ameliorated b-adrenergic receptor signalling and function on the
overall improvement of cardiac contractility reserve induced by exercise.
Methods and results Adult Wistar male rats were randomly assigned to one of four experimental groups.
Sham-operated and post-MI heart failure (HF) rats were housed under sedentary conditions or assigned
to 10-weeks of a treadmill exercise protocol. At 4 weeks after MI, sedentary HF rats showed LV eccentric
hypertrophy, marked increase of LV diameters associated with severely impaired fractional shortening
(14+5%), increased LV end diastolic pressure (20.9+2.6 mmHg), and pulmonary congestion. In
addition, cardiac contractile responses to adrenergic stimulation were significantly blunted. In
trained HF rats, exercise was able to (i) reactivate the cardiac vascular endothelial growth factor
pathway with a concurrent enhancement of myocardial angiogenesis, (ii) significantly increase myocar-
dial perfusion and coronary reserve, (iii) reduce cardiac diameters, and (iv) improve LV contractility in
response to adrenergic stimulation. This latter finding was also associated with a significant improve-
ment of cardiac b-adrenergic receptor downregulation and desensitization.
Conclusions Our data indicate that exercise favourably affects angiogenesis and improves LV remodel-
ling and contractility reserve in a rat model of severe chronic HF.
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1. Introduction

After myocardial infarction (MI), adequate growth of new
capillaries and arterioles represents a crucial phenomenon
for the development of compensatory hypertrophy in the
surviving portion of myocardium.1 However, previous
studies have demonstrated that angiogenesis may be
inadequate in the post-MI hearts, as indicated by the
severely reduced coronary conductance and reserve.2 In
this regard, recent evidence demonstrates that impaired
angiogenesis may induce maladaptive left ventricular (LV)

remodelling and promote the transition from adaptive
cardiac hypertrophy to LV dilation and dysfunction.3

Dysregulation of cardiac b-adrenergic receptor (b-AR) sig-
nalling represents another important factor leading to
pathological LV remodelling and heart failure (HF). b1-AR
downregulation and desensitization/uncoupling of both b1

and b2-ARs represent the main alterations of b-AR signalling
in failing myocardium.4–6 Increased cardiac G-protein
coupled receptor kinase-2 (GRK2) expression/activity has
been shown to significantly promote these molecular
abnormalities.7–10 Consistent with its pathogenic role in
HF, when GRK2 is inhibited in the heart, there is increased
cardiac function11–13 and improved survival.14

Exercise has been proven to increase coronary vascular
supply by promoting vascular growth and remodelling in
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physiological conditions.15,16 The activation of vascular
endothelial growth factor (VEGF) dependent angiogenic
pathways represents a crucial molecular mechanism by
which exercise triggers angiogenesis.17–19 In regards to
b-AR function, exercise improves receptor signalling in the
aged heart20 and vasculature,21 in the post-MI myocardium
of mice,22 and in hypertensive rat hearts.23 To our knowl-
edge, the present study investigates for the first time the
effects of chronic exercise on cardiac angiogenic mechan-
isms and b-AR function in the rat model of post-ischaemic
chronic HF. We evaluated whether training was able to
(i) stimulate VEGF-dependent angiogenic signalling and
promote angiogenesis in failing myocardium, (ii) reduce
GRK2 levels and ameliorate cardiac b-AR signalling and
adrenergic responsiveness, and (iii) attenuate negative LV
remodelling after large MI.

Our results represent the first demonstration that exercise
reactivates angiogenesis in severely decompensated rat
hearts. Herein, we also extend to a rat model of chronic
post-MI HF our previous evidence on the crucial role of
GRK2 in regulating b-ARs in the heart.

2. Materials and methods

For detailed description, see Supplementary material online,
Materials and Methods.
The study protocol was designed in accordance with The Guide for

Care and Use of Laboratory Animals of the National Institutes of
Health (NIH Publication No. 85–23, Revised 1996), and was approved
by the Ethics Committee for the Use of Animals in Research of our
institution.

2.1 Experimental groups

One-hundred and sixty-eight Wistar male rats (6 months old)
entered the study and were randomly assigned to one of the four
experimental groups. Sham-operated and post-MI HF rats were
housed sedentary for 14-week (SHSED, n ¼ 31; HFSED, n ¼ 51) or
assigned to 4-week sedentary plus 10-week treadmill exercise pro-
tocol (SHEX, n ¼ 33; HFEX, n ¼ 53).

2.2 Experimental procedures

A large antero-septal MI was obtained by surgical ligation of the
proximal tract of the left anterior descending coronary artery. Mor-
tality rate was equally distributed between sedentary and exercise
groups both at 4 weeks after MI (27.5 and 28.3%, respectively) and
during 10 weeks of exercise and sedentary protocols (16.3 and
15.8%), with an overall mortality rate of �44%. Serial M-mode echo-
cardiographic evaluations were performed at 4 weeks after surgery
and at the end of the study protocols. Basal and isoproterenol (ISO)-
stimulated LV contractility was evaluated by invasive haemo-
dynamic studies at 4 weeks after surgery (n ¼ 8 rats per each
group) and after 10 weeks of sedentary and exercise protocols
(n ¼ 10 rats per each group). Infarct size was determined by mor-
phometric studies.

2.3 Exercise training protocol

At 4 weeks after MI, rats assigned to SHEX and HFEX groups under-
went a training aerobic program consisting of a 10-weeks treadmill
protocol. In the first 2 weeks, exercise relative intensity was set at
40–50% of maximal oxygen uptake (V02max), while, in the following
8 weeks, rats exercised 5 days/week, 45 min/day, with a speed
running of 17 m/min (158 inclination), and with an exercise relative
intensity calculated at 75–80% of V02max. Due to the poor compli-
ance of rats to run spontaneously, our protocol could not provide

a voluntary treadmill running and animals were encouraged to run
by means of a shock bar positioned at the bottom of the treadmill
lane. In order to limit the stress, when rats failed to stay off the
shock bar, the system was switched-off and exercise was stopped
for 5 min. After this resting period, animals restarted to run till
they reached an overall daily exercising time of 45 min.

2.4 Measurements of single myocyte contractility

Myocytes were isolated from the non-infarcted zone of the LV (n ¼
10 rats per each group) by a standard enzymatic digestion.24 Cell
contraction was evaluated under baseline and after ascending
doses of ISO.

2.5 Myocardial perfusion studies

Myocardial perfusion was determined using 15 mm fluorescent
microspheres (Triton Inc.) (n ¼ 8 rats per each group). Tissue
samples from the heart and blood samples were processed for
microsphere determination. Measurements of myocardial blood
flow were obtained at basal and after maximal vasodilation.

2.6 Histology

Capillary and arteriolar length density were evaluated in five ran-
domly selected LV sections in either anterior and lateral wall
(border zones) at �1 mm from the edge of scar tissue, and in the
lateral wall, far from the infarcted area (remote). Capillaries (5–
10 mm thick) were detected by Lectin Bandeiraea simplicifolia I
(BS-I) staining. Arterioles (,50 mm thick) were identified by immu-
nofluorescence using anti-SM a-actin antibody.

2.7 b-Adrenergic receptor signalling

Receptor binding, adenylyl cyclase activity, and cardiac GRK2
protein assays were obtained as previously described.11

2.8 VEGF/Akt/eNOS measurement

Time course measurements of cardiac VEGF, Akt, serin473-
phospho-Akt, eNOS, and serin1177-phospho-eNOS protein levels
were performed by western blot.

2.9 Statistics

Data were analysed by two-way ANOVA, followed by a Bonferroni’s
post hoc analysis, or by unpaired t-testing, as appropriate. Signifi-
cance was set at level of P , 0.05 and all data are reported as
means+ SEM.

3. Results

3.1 Physical, haemodynamic, and myocardial
performance data after myocardial infarction

As illustrated in Table 1, at 4 weeks from MI, marked LV
dilation and hypertrophy occurred, thus indicating an
unfavourable LV remodelling. These changes of cardiac mor-
phometry were associated with severe cardiac dysfunction,
haemodynamic deterioration, and marked pulmonary con-
gestion, as expected. Taken together, these findings
assured us of examining the effects of exercise in a model
of severe HF. Notably, LV þ dP/dt responses to b-AR stimu-
lation were also significantly blunted in MI rats, thus indicat-
ing the diminished b-AR responsiveness in the failed hearts.
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3.2 Effects of training on exercise resistance,
physical, and echocardiographic data

As illustrated in Table 2, at 4 weeks after surgery, before
training or sedentary protocols were started, exercise resist-
ance was higher in SH than in HF rats. A significant increase
of exercise tolerance was evident in both trained groups,
although final levels remained lower in HF rats compared
with SH. Training reduced body weight and significantly
increased LV weight and LV weight to body weight ratio in
both HFEX and SHEX rats compared with sedentary groups.
A reduced lung weight and enhanced mean arterial pressure
highlighted the positive effect of exercise on systemic hae-
modynamics in HF rats.

Unexpectedly, HFSED rats did not show a progression of
cardiac dysfunction at 14 weeks when compared with
4 weeks after MI. This latter finding may be probably ascribed
to the large LV remodelling, occurred within 4 weeks from
MI, and to the late deaths of those animals (n ¼ 6) which
presented the highest LV dilation and function deterioration
at 4-week echo studies. Training favourably affected LV
geometry, as indicated by the reduction of both LV diastolic
and systolic diameters in HFEX rats compared with HFSED

(Table 2, Figure 1A and B). Nevertheless, LV fractional short-
ening showed only a modest, but not significant, improve-
ment in HFEX compared to HFSED rats (Figure 1C). Of note,
LV wall thickness in the non-infarcted area was increased
in HFEX animals. These data indicate that, in post-MI
failing heart, exercise is able to limit further LV dilation
through the activation of hypertrophic responses. In SHEX

rats, training induced a slight but not significant increase
in cardiac wall thickness without affecting LV dimensions
and fractional shortening. Infarct size was not affected by
exercise probably because the most of LV remodelling and
infarct expansion occurred within 3 weeks after MI. Further-
more, other studies have yet demonstrated that training is
not able to affect infarct size, even when it is started
early after coronary ligation.22

3.3 Effects of exercise on global left ventricular
and isolated myocyte contractility

Basal LV þ dP/dt values did not differ between HFEX and
HFSED rats (Figure 1D; Supplementary material online,
Table S1), thus indicating that training was not able to
increase resting LV performance. HFSED hearts displayed sig-
nificantly impaired contractile responses to b-AR stimu-
lation, as indicated by the lower ISO-induced LV þ dP/dt
increase compared with SH. HFEX rats showed significantly
improved LV contractile responses. Importantly, similar
behaviour was observed for single myocyte contractility
responses to b-AR stimulation that were significantly
increased in HFEX rats, compared with HFSED, at almost all
doses of ISO utilized (Figure 1E; Supplementary material
online, Table S1). Also in this case, basal contractility was
not significantly affected by training. Collectively, these
results indicate that exercise is able to enhance adrenergic
responsiveness of the failing heart. SHEX rats displayed
unchanged LV þ dP/dt responses and slight, but not signifi-
cant, increases of cell shortening responses to ISO compared
to SHSED.

3.4 Effects of exercise on cardiac angiogenesis
and perfusion

HF rats showed a marked capillary rarefaction in both LV
border and remote zones (Figure 2; Supplementary material
online, Table S2). Exercise induced a significant increase of
capillary density in lateral border and remote zones of LV
in HFEX hearts, but not in the LV anterior wall which was
largely involved in the infarcted area. As with capillary
density, arteriolar length density was dramatically reduced
in the LV anterior wall (Figure 3; Supplementary material
online, Table S2). Interestingly, a significant growth of
small arterioles (,35 mm) was found in the remote LV
zones after exercise, thus demonstrating the ability of train-
ing to promote the maturation of resistance vessels from
pre-existing capillaries in non-infarcted LV myocardium.

Perfusion data are consistent with the exercise induced
angiogenesis improvement. In fact, myocardial blood flow
and coronary conductance were significantly reduced after
maximal vasodilation in HFSED compared with SH rats
(Figure 4; Supplementary material online, Table S3). Exer-
cise improved myocardial perfusion and reduced coronary
vascular resistances in HFEX rats compared with HFSED.
Accordingly, coronary reserve, which showed a two-fold
decrease in HFSED rats compared with SH, significantly

Table 1 Physical, haemodynamic, and left ventricular
contractility and anatomical data in Sham-operated and heart
failure rats at 4 weeks after myocardial infarction

SH HF

Physical data
Body wt (Kg) 0.397+0.011 0.366+0.015*
Heart wt (g) 1.22+0.07 2.14+0.15**
Heart wt/body wt (g/Kg) 3.06+0.15 5.84+0.53**
Lung wt (gr) 1.81+0.22 3.23+0.33**
Lung wt/body wt (g/Kg) 4.52+0.54 8.82+0.93***
Tibial length (cm) 3.46+0.17 3.50+0.16
Heart wt/tibial length (g/cm) 0.352+0.03 0.606+0.05**

Haemodynamic and LV data
Heart rate (bpm) 378+19 355+18
MAP (mmHg) 102+5 80+7**
LV internal diameter (mm)
Diastolic 6.67+0.36 9.78+0.67**
Systolic 3.55+0.31 8.38+0.78**

LV fractional shortening (%) 46.6+5.0 14.2+4.6***
Interventricular septum (mm)
Diastolic 1.55+0.10 1.05+0.13**
Systolic 2.56+0.28 1.09+0.12**

LV posterior wall (mm)
Diastolic 1.57+0.18 1.99+0.22**
Systolic 2.62+0.33 2.57+0.26

LVSP (mmHg) 137+4 111+5*
LVEDP (mmHg) 4.86+0.6 20.9+2.6***
LVþdP/dt (mmHg/s)

Baseline 8150+420 4150+320***
ISO (mg/Kg/min) 16580+940 6600+730***

Infarct size (%) – 51.3 +4.5
Scar surface (cm2) – 1.26+0.09

SH, Sham; HF, heart failure; MAP, mean arterial pressure; LV, left ventri-
cle; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-
diastolic pressure. SH (n ¼ 8); HF (n ¼ 8).
*P , 0.05 HF vs. SH.
**P , 0.01 HF vs. SH.
***P , 0.001 HF vs. SH.
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Table 2 Physical, haemodynamic, and echocardiographic data in sham-operated and heart failure rats at 10 weeks sedentary or exercise
protocols

SHSED SHEX HFSED HFEX

Exercise resistance (min)
Before protocols 25+2 27+3 12+2 11+2
After protocols 26+3 38+4* 10+2 19+3**

Physical data
Body wt (Kg) 0.402 +0.015 0.373+0.011* 0.350+0.02 0.323+0.017**
Heart wt (g) 1.19+0.6 1.32+0.09* 2.22+0.16 2.56+0.14**
Heart wt/body wt (g/Kg) 2.92+0.15 3.51+0.17* 6.31+0.33 7.90+0.37**,***
Lung wt (gr) 1.75+0.18 1.81+0.15 3.48+0.36 2.50+0.21**
Lung wt/body wt (g/Kg) 4.33+0.6 4.85+0.5 9.94+0.92 7.75+0.4**,***

Haemodynamic and echo data
Heart rate (bpm) 386+14 356+11* 361+12 365+15
Mean arterial pressure (mmHg) 100+4 98+5 78+5 89+4**
LV internal diameter (mm)
Diastolic 6.64+0.4 6.61+0.6 10.02+0.4 7.82+0.3**
Systolic 3.54+0.3 3.52+0.4 8.29+0.7 6.34+0.6**

LV fractional shortening (%) 48.7+4 47.0+5 16.7+3 18.9+4***
Interventricular septum (mm)
Diastolic 1.57+0.11 1.63+0.10 1.04+0.13 1.03+0.09***
Systolic 2.61+0.29 2.65+0.31 1.04+0.10 1.03+0.10***

LV posterior wall (mm)
Diastolic 1.58+0.12 1.66+0.14 1.98+0.20 2.24+0.18**

Systolic 2.60+0.27 2.62+0.18 2.64+0.33 2.68+0.25
Infarct size (%) – – 52.3+3.8 51.6+4.3

SHSED, sham sedentary; SHEX, sham exercised; HFSED, HF sedentary; HFEX, heart failure exercised; MAP, mean arterial pressure; LV, left ventricle; SH
(n ¼ 10); HF (n ¼ 10).
*P , 0.05 SHEX vs. SHSED.
**P , 0.05 HFEX vs. HFSED, SHEX and SHSED.
***P , 0.01 HFEX vs. SHEX and SHSED.

Figure 1 Post-MI heart failure model and effects of exercise on cardiac responses to b-AR stimulation. (A) Representative LV cross sections and (B) echocardio-
graphic M-mode recordings from sham-operated sedentary and exercised (SHSED, SHEX) rats, and heart failure sedentary and exercised (HFSED, HFEX) animals at
14 weeks after surgery. Scale bar: 10 mm. (C) Left ventricular fractional shortening (LVFS). (D) In vivo global LV contractility responses to isoproterenol (ISO) (0.1,
0.5, and 1.0 mg/Kg/min) expressed as absolute (top) and delta (bottom) values of maximal first derivative of LV pressure rise (LV þ dP/dt). Delta values represent
change from baseline. C represents baseline conditions (infusion with vehicle). (E) Single myocyte contractility in response to ISO (from 10211 to 1026 mol/L)
expressed as % of resting cell length and % of control. All data are expressed as mean+ SEM. *P , 0.05 HFSED and HFEX vs. SHSED and SHEX.

†P , 0.05 HFEX vs.
HFSED (n ¼ 10 rats per each group).
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Figure 2 Effects of exercise on cardiac capillary network. (Left) Representative images of Lectin Bandeiraea simplicifolia I (BS-I) staining of capillaries in
5 mm-thick LV sections obtained from heart failure sedentary and exercised (HFSED, HFEX) rats at 14 weeks after MI in either anterior and lateral wall at
�1 mm from the edge of scar tissue (border), and in the lateral wall far from the infarcted area (remote). In sham sedentary and exercised rats (SHSED,
SHEX), LV sections were obtained from anterior wall. Brown colour identifies capillary vessels. Magnification �40. Scale bar: 50 mm. (Right) Bar graphs show
data on capillary counts (expressed as total capillary density/mm2, and capillary to myocyte ratio), and arteriolar length density in either LV border anterior
and lateral, and remote zones in SHSED, SHEX, HFSED, HFEX rats at 14 weeks after surgery. In SH animals, border area was identified as the transition zone
between anterior and lateral wall at mid LV level. Data are expressed as mean+ SEM. *P , 0.05 HFSED and HFEX vs. SHSED and SHEX.

†P , 0.05 HFEX vs. HFSED,
§P , 0.05 HFEX vs. SHSED, and SHEX (n ¼ 8 rats per each group).

Figure 3 Effects of exercise on cardiac arteriolar growth. (Left) Representative images of arterioles stained with antibodies against smooth muscle (SM) a-actin
obtained from heart failure sedentary and exercised (HFSED, HFEX) rats at 14 weeks after MI in the lateral LV wall (remote). Magnification �40. Scale bar: 100 mm.
(Right) Bar graphs show data on arteriolar length density in either LV border anterior and lateral, and remote zones in SHSED, SHEX, HFSED, HFEX rats at 14 weeks
after surgery. Data are expressed as mean+ SEM. *P , 0.05 HFSED and HFEX vs. SHSED and SHEX.

†P , 0.05 HFEX vs. HFSED, SHSED, and SHEX (n ¼ 8 rats per each
group).
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increased after exercise, although final values remained still
lower than in SH.

Histological and blood flow data clearly indicate that
exercise was associated with improved vascularity and per-
fusion of the failing myocardium.

3.5 Effects of myocardial infarction and exercise
on cardiac VEGF/Akt/eNOS pathway

At 1 week post-MI, cardiac VEGF, Akt activation, and
Akt-induced eNOS phosphorylation were increased in HF
rats compared with SH (Figure 5A), whereas, at 4 weeks
after MI, VEGF and phospho-eNOS returned to basal levels,
whereas phospho-Akt remained higher in HF hearts (Figure
5B). Interestingly, 7 days after training protocol was
started, exercise was able to reactivate cardiac
pro-angiogenic signalling in HF rats (Figure 5C). The
observed switch-off of this pathway after 10 weeks of train-
ing was probably due to the improved myocardial vasculari-
zation and perfusion of HFEX hearts (Figure 5D). Notably, at
this time point of the study, cardiac phospho-Akt remained
high in HFSED rats. This finding strongly supports recent evi-
dence indicating that chronically up-regulated Akt signalling
becomes maladaptive in HF.3

3.6 Effects of exercise on cardiac b-AR signalling

As expected, HF was associated with cardiac b-AR down-
regulation, and the loss of cardiac membrane b-AR density
(Figure 6A; Supplementary material online, Table S4).
Importantly, exercise was able to increase b-AR density in
HF hearts. Moreover, myocardial samples from HFSED rats
displayed reduced basal, and ISO and NaF-stimulated cAMP
production compared with SH (Figure 6B; Supplementary
material online, Table S4). Basal cAMP levels were not

affected by training, while they increased after stimulation
in HFEX hearts compared with HFSED. Consistent with the HF
phenotype, GRK2 was significantly up-regulated in HFSED
hearts compared with SH. Exercise was able to reduce
GRK2 protein overexpression in HFEX hearts (Figure 6C; Sup-
plementary material online, Table S4). Training did not
induce any significant change of b-AR signalling in SH
animals, at both receptor and post-receptor levels.

4. Discussion

In this study, we hypothesized that exercise might favour-
ably affect the performance of the failing heart through
reactivation of angiogenesis and restoration of cardiac
b-AR signalling and function.

In a rat model of severe post-ischaemic HF, we have
demonstrated that exercise is able to: (i) reactivate
cardiac VEGF-dependent angiogenic pathway, increase cor-
onary vascular network, and enhance myocardial blood per-
fusion; (ii) reduce cardiac GRK2 levels and ameliorate b-AR
signalling at receptor and post-receptor levels; (iii) improve
global LV and single myocyte contractility responses to adre-
nergic stimulation, and (iv) attenuate negative post-MI
cardiac remodelling. The significant improvement of sys-
temic haemodynamics and physical performance rep-
resented the net balance of the positive effect of exercise
in our HF animal population.

Our results confirm previous evidence showing that low to
moderate treadmill exercise, started late after a large MI,
offers beneficial effect in the failing heart.25,26 In contrast,
training programs using an higher exercise intensity,27 and
started early after MI have reported detrimental effects on
LV geometry and survival in rats.28 In particular, the use of
endurance swimming, which is associated with higher

Figure 4 Effects of exercise on myocardial perfusion. Myocardial blood flow was determined by dyed beads assay using 15 mm fluorescent microspheres injected
into LV of sham-operated sedentary and exercised (SHSED, SHEX) rats, and heart failure sedentary and exercised (HFSED, HFEX) animals at 14 weeks after surgery.
Total myocardial blood flow, coronary vascular resistance, and coronary conductance (coronary blood flow normalized by corresponding perfusion pressure) were
measured at basal condition and after maximal coronary dilation by dipyridamole (6 mg kg21 min21 iv). Coronary reserve was calculated as maximal coronary
conductance divided by basal coronary conductance. Data are expressed as mean+ SEM. *P , 0.05 HFSED vs. SHSED and SHEX.

†P , 0.05 HFEX vs. HFSED (n ¼ 8
rats per each group).
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mental and haemodynamic stresses compared with tread-
mill, and a longer daily/weekly exercising time strongly
differentiate these previous training strategies from that
used in the present investigation and may account for the
negative effects of exercise in HF animals observed by
these authors.27

4.1 Exercise stimulates angiogenesis in the
failing myocardium

The present study offers the first demonstration that exer-
cise training may promote capillaries growth and capillary
arteriolarization in non-infarcted areas of severely

Figure 5 Time course of cardiac VEGF/Akt/eNOS pathway. Shown is cardiac protein expression of VEGF, Akt, Serin473-phospho(p)-Akt, eNOS, and
Ser1177-phospho(p)-eNOS in Sham (SH) and heart failure (HF) hearts at 1 (A) and 4 (B) weeks after surgery, and in HF sedentary (HFSED) and exercised (HFEX)
hearts at 1 (C) and 10 weeks (D) after the start of exercise or sedentary protocol. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control to normalize VEGF protein levels. p-Akt to Akt ratio, and p-eNOS to eNOS ratio indicated respectively the levels of Akt
and eNOS phosphorilation in the heart at the different steps of the study. Data are expressed as mean+ SEM. *P , 0.05 HF vs. SH. †P , 0.05 HFEX vs. HFSED
(n ¼ 6 rats per each group per each time point).
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decompensated hearts. The pro-angiogenic effect of exer-
cise has been previously demonstrated in healthy swine
hearts,29 but no data were available still now on the
ability of training in promoting angiogenesis in chronic
failing myocardium. Although previous evidence has indi-
cated that bradycardia stimulates angiogenesis in the
post-MI heart,30 our data of unchanged heart rate in HFEX
animals suggest that, in this model of severe chronic HF,
exercise-dependent enhanced angiogenesis is not related
to a reduced chronotropic state. Several studies have been
conducted to explore the mechanisms by which training
may stimulate angiogenesis.16–19,30,31 The role of VEGF
dependent angiogenic signalling pathway has been widely
studied in both physiologic and pathologic conditions.32,33

We have previously demonstrated that exercise improves

age-dependent VEGF downregulation and angiogenesis
responses to hindlimb ischaemia.17 In the present study,
we explored for the first time the effects of exercise on
VEGF/Akt pathway in chronic post-MI failing myocardium.
Notably, Akt was strongly activated early after MI with a con-
current VEGF overexpression. In the chronic phase, Akt acti-
vation was still evident, while VEGF was downregulated.
These molecular changes were associated with maladaptive
hypertrophic LV remodelling and severe cardiac dysfunction.
Surprisingly, exercise restored the angiogenic signalling by
increasing VEGF and eNOS phosphorylation by Akt in the
heart. We propose that the switch-on of this pathway pro-
motes new vessel growth and the transition from a maladap-
tive to an adaptive, angiogenesis-dependent LV hypertrophy
which attenuates the negative LV remodelling observed in

Figure 6 Effects of exercise on cardiac b-AR signalling. (A) b-AR radioligand binding in LV membranes isolated from sham-operated sedentary and exercised
(SHSED, SHEX) rat hearts, and from failing hearts of sedentary and exercised (HFSED, HFEX) animals at 14 weeks after surgery. *P , 0.05 HFSED vs. SHSED and
SHEX.

†P , 0.05 HFEX vs. HFSED, SHSED, and SHEX (n ¼ 10 rats per each group). (B) Adenylyl cyclase activity expressed as rate of cAMP production in crude
cardiac membranes. Shown is cAMP production at basal and after stimulation with Isoproterenol (ISO) (1024 M), and NaF (1024 M). *P , 0.05 HFSED and HFEX
vs. SHSED and SHEX.

†P , 0.01 HFSED vs. SHSED and SHEX.
‡P , 0.05 HFEX vs. HFSED, SHSED, and SHEX (n ¼ 10 rats per each group). (C) Cardiac GRK2 protein

levels. Levels of expression of GRK2 in cardiac membranes were assessed by protein immunoblotting. The expression of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as an internal control. The Inset shows a representative protein immunoblot from two preparations per each rat groups. *P , 0.01
HFSED vs. SHSED and SHEX.

†P , 0.01 HFEX vs. HFSED.
‡P , 0.05 HFEX vs. SHSED, and SHEX (n ¼ 10 rats per each group). All data are expressed as mean+ SEM.
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sedentary animals late after MI. Our evidence seems to
confirm previous data indicating as Akt is able to promote
adaptive cardiac hypertrophy only when associated with
increased VEGF production and concurrent angiogenesis.3,34

This is the case of ‘physiological’ cardiac hypertrophy
induced by exercise which allows to maintain normal wall
stress and is not associated with impaired systolic and dias-
tolic function.35 This latter phenomenon may be explained
by the growth of vascular network and enhanced coronary
reserve which accompany the increase in cardiac mass in
healthy exercised animals.15 Interestingly, as we have
herein demonstrated, VEGF/Akt-dependent angiogenesis
plays a positive role also in the pathophysiology of
exercise-induced hypertrophy in the failing myocardium. In
fact, although exercise further increases cardiac mass of
the post-MI heart, it reverses the process of eccentric hyper-
trophy and attenuates cavity dilation. In this regard, in a
similar model of large transmural infarction leading to
severe dysfunction, it has been previously demonstrated
that exercise-induced hypertrophy reduces wall stress
through inducing a normalized wall thickness to cavity
area ratio.36 The positive LV remodelling induced by exercise
in the failing myocardium may contribute to the increased
LV contractility reserve observed in this study.

4.2 Exercise ameliorates b-AR function in
the failing myocardium

The crucial role of b-AR dysregulation in the pathophysiol-
ogy of HF is well established.4–7 GRK2, which plays a key
role in the regulation of b-AR,6 is significantly elevated in
human and experimental HF.6–10 Moreover, molecular mani-
pulations of b-AR utilizing GRK2 inhibitors, such as the
peptide known as the bARKct, restore b-AR signalling in
the heart and increase cardiac function.11–14 A significant
reduction of cardiac GRK2 expression has been also recog-
nized as a potential mechanism by which selective and non
selective b-AR blockade may positively affect b-AR signal-
ling.20,37 Previous works from our group have shown that
exercise is able to decrease GRK2 myocardial levels and
improve b-AR signalling and responsiveness in spontaneously
hypertensive rats23 as well as in the aged heart.20 The
current study extends our previous observations demon-
strating for the first time that training evokes similar
effects on b-AR system also in the post-ischaemic hypertro-
phied failing myocardium leading to an enhanced cardiac
inotropic state at the adrenergic stimulation. A favourable
effect of exercise on cardiac b-AR downregulation/desensi-
tization has been previously reported in post-MI exercised
mice by de Waard et al.22 These authors found increased
cardiac b-AR protein and cAMP levels in the exercise
group, but these findings were not associated with signifi-
cant changes of GRK2 protein levels. There are at least
two plausible explanations to reconcile these data with
our results on exercise-related GRK2 downregulation in the
failing heart: (i) a more advanced HF stage observed in our
MI animal population. This is consistent with our previous
observations on the relationship between GRK2 increased
activity and expression in failing human myocardium and
the degree of LV dysfunction and HF stage;10 (ii) the differ-
ent animal species utilized in the two studies (rats vs. mice).
In this vein, it has been demonstrated that the mechanisms

of b-AR desensitization may be GRK2- dependent23 or
GRK2-independent,24 even in the same animal species.
Importantly, the observation of improved b-AR responses
in intact cardiomyocytes indicate that training may restore
receptor signalling aberrations in remote non-infarcted
myocardium contributing to LV dysfunction. It still remains
an unresolved issue why exercise does not seem affect
basal LV contractility in failing hearts,25,27 despite the
improved b-AR function. Consistent with this is the obser-
vation that basal cAMP production, which remained still
depressed in exercised HF rats, is unchanged, since adenylyl
cyclase activity and cardiac contraction via protein kinase A-
mediated downstream effects are closely interlinked.38 This
finding strongly supports the importance of downstream cel-
lular events in the improvement of b-AR signalling and
responsiveness in the failing heart.

In conclusions, our observations on exercise-induced
improvement of coronary angiogenesis and b-AR signalling
in the failing heart raise an important issue which merits
explanation in future investigations: is there a link
between angiogenesis and b-ARs in HF? In this regard,
several lines of evidence seem to answer this question in
the affirmative since: (i) a relationship between b2-ARs
and angiogenesis responses has been demonstrated in the
ischaemic skeletal muscle;39 (ii) nitric oxide has been
shown to downstream mediate angiogenic signalling path-
ways but also decrease GRK2-dependent b-AR desensitiza-
tion in the heart40; and (iii) the PI3kinase, which is
involved in b-AR pathway, as well as in Akt-dependent
cardiac angiogenic signalling.41 These studies suggest that
angiogenesis stimulation combined with GRK2 inhibition in
the heart might have a synergistic effect in advanced HF.

Supplementary material

Supplementary Material is available at Cardiovascular
Research Online.
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