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Background. Abnormalities of the skeletal muscle vasculature, such as endothelial dysfunction and
reduced microvascular density, can be reversed by physical training in patients with chronic heart
failure. The molecular mechanisms that mediate the beneficial effects of physical training on the vas-
cular endothelium are unknown.

Methods. Endothelial nitric oxide synthase (eNOS) and vascular endothelial growth factor
(VEGF) gene expression in the skeletal muscle, peak oxygen consumption (VO,) and calf peak re-
active hyperemia were measured before and after 12 weeks of supervised physical training in 10 pa-
tients with chronic heart failure. Five patients with heart failure of similar severity who did not par-
ticipate in the training program served as controls.

Results. The effects of physical training on eNOS and VEGF gene expression were heterogeneous.
eNOS gene expression increased 3-4 fold in 4 patients while it remained constant in 6 patients. VEGF
gene expression increased significantly in all patients who were not treated with beta-adrenergic block-
ade and remained constant in all patients who were treated with beta-adrenergic blockade. In con-
trast, physical training increased peak VO, and calf peak reactive hyperemia in all patients. Mean
peak VO, increased from 13.13 * 2.21 to 16.19 * 2.69 ml/kg/min (p < 0.001) and calf peak reac-
tive hyperemia increased from 19.7 + 2.3 t0 29.6 * 4.0 ml*min-1*100 ml-! (p < 0.001).

Conclusions. A supervised program of physical training that consistently enhanced peak VO, and
vascular reactivity in patients with chronic heart failure increased or left eNOS and VEGF gene ex-
pression unchanged in skeletal muscle. Changes in vascular endothelial gene expression may contribute
to the benefits of training on vascular endothelial function but are not solely responsible for these ben-

efits.
(Ital Heart J2000; 1 (6): 426-430)

Introduction skeletal muscle vasculature are poorly un-
derstood. We hypothesized that, as previ-
ously observed in experimental studiess?,
physical training may consistently enhance
the expression of vascular endothelia growth
factor (VEGF) and endothelia nitric oxide
synthase (eNOS) in the trained muscles of
patients with chronic heart failure. Accord-
ingly, eNOS and VEGF gene expression
was measured in the skeletal muscle of pa-
tientswith chronic heart failure who under-
went 12 weeks of physical training.

Impaired endothelial function and re-
duced microvascular density have been doc-
umented in the skeletal muscle vasculature
of patientswith chronic heart failurel.2. Phys-
ical training, when resulting in increased
peak aerobic capacity, is associated with
improved vascular endothdlia functionin pa-
tients with chronic heart failure, and im-
proved endothelial function and increased
microvascular density in normal subjects®S.
Thus, functional and possibly anatomic al-
terations of the skeletal muscle vasculature
are likely to contribute to the beneficial ef-

fectsof physicd training in chronic heart fail-
ure patients. However, the molecular mech-
anisms that mediate training-induced im-
provement in endothelial function in the
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Methods

Patient population. We studied 15 chron-
ic heart failure patientswho werein NYHA
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functiona class Il despite compliance, for at least 6
months, with a medical regimen that included an-
giotensin-converting enzyme (ACE) inhibitors (enal april
or captopril at adaily dose of 40 and 75 mg, respectively),
loop diuretics (furosemide at adaily dose ranging from
60 to 200 mg), and digoxin at adaily dose of 0.25 mg.
Ten patients underwent physicd training. Among these
5were also trested with carvedilol at adose of 25 mg bid.
The other 5 patients remained sedentary and served as
controls. None of the sedentary patients was treated with
carvedilol. The basgline characteristics of the study pop-
ulation aredetailed intable . Their medical regimen did
not change during the course of the study. The study was
approved by the Committee on Clinica Investigations at
the Albert Einstein College of Medicine. All patients
signed informed consent.

Table 1. Baseline characteristics of patients.

Characteristics Physical training group Sedentary TT

TTdone TT+bAB

Age (years) 69+64 664+6.2 66 + 6.3
Sex (M/F) 4/1 32 3/2
Cause (n=)

Ischemic 2 2 3

Nonischemic 3 3 2
LVEF (%) 27629 286+27 272+46
Resting HR (b/min) 78+ 12 50+8 80+ 11

Peak VO, (ml/kg/min) 125+21 137+24 131+20

bAB = beta-adrenergic blockade with carvedilol; LVEF = |eft ven-
tricular gection fraction; HR = heart rate; TT = triple therapy (ACE
inhibitors, diuretics, digoxin); VO, = oxygen consumption.

Measurement of peak oxygen consumption and
physical training protocol. Peak oxygen consumption
(peak VO,, mi/kg/min) was measured on an upright bi-
cycleergometer using a 10 W/min ramp (Medica Graph-
ics CPX System, St. Paul, MN, USA). Measurements
were obtained twice before enrollment in the study, &t the
time of enrollment, and 6 and 12 weeks after enrollment.
The highest value before enrollment was used for analy-
sis. Patients exercised on a semi-recumbent bicycle
(Tunturi 803) 4 timesaweek for 12 weeks at aworkload
corresponding to 50% of baseline peak VO,. Initial ses-
sionslasted 15 min, but patientswere ableto train for 60
min by the fourth week. Peak VO, was evaluated after
6 weeks of training and the workload was adjusted to
maintain atraining level corresponding to 50% of peak
VO,. Calf peak reactive hyperemiainduced by a5 min
arterial occlusion was measured by venous occlusion
plethysmography before and immediately after com-
pletion of the 12 week program of physical training.

RNA extraction and competitive polymerase chain
reaction. Skeletal muscle biopsies were performed in the
morning. The post-training biopsy was performed with-
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in 48 hours of the last training session. Percutaneous vas-
tuslateralis biopsies were obtained following local anes-
thesiaand skin incision at asitelocated 15 cm abovethe
tip of the patellaand immediately frozenin liquid N,. To-
tal RNA wasisolated using TRI Reagent (Molecular Re-
search Center, Cincinnati, OH, USA) and cDNA was syn-
thesized using random hexamers and Avian Myelo-
blastosis virus reverse transcriptase (Promega, Madi-
son, WI, USA). VEGF, eNOS and glyceraldehyde-phos-
phate-dehydrogenase (GAPDH) were amplified using
AmpliTag DNA polymerase (Perkin-Elmer/Cetus, Nor-
walk, CT, USA) and gene specific primers (VEGF: 5'-
TCCAGGAGTACCCTGATGAG-3 and 5'-ATTCA-
CATTTGTTGTGCTGT-3'; eNOS: 5-GTGATGGC-
GAAGCGAGTGAAG-3 and 5-CCGAGCCCGAA-
CACACAGAAC-3'; GAPDH: 5-CTGCACCAC-
CAACTGC-3 and 5-CCACCACTGACACGTT-3)).
Primer satswere amplified acrossintron/exon boundaries
to distinguish products amplified from cDNA and any
contaminating genomic DNA (VEGF: 204 vs> 1100 bp;
eNOS: 422 vs 946 bp; GAPDH: 278 vs 487 bp). Specific
DNA competitors were constructed by introducing a
small internal deletion into the amplified cDNAsusing
polymerase chain reaction followed by cloning and se-
guencing the resulting competitors. A fixed volume of
muscle cDNA was amplified in the presence of aserial
dilution of the competitor. The resulting polymerase
chain reaction products were separated on 5% poly-
acrylamide gels, stained with SYBR-green (Molecular
Probes, Eugene, OR, USA) and band intensities measured
using a STORM Imager and the ImageQuant software
(Molecular Dynamics, Sunnyvale, CA, USA). Intensi-
ties were plotted to determine the competitor concen-
tration at which the target and competitor amplified

equally.

Statistical analysis. Data are expressed as the mean +
SD. Differences between groups were assessed using
ANOVA. Differences were considered significant when
p <0.05.

Results

Peak aerobic capacity and calf peak reactive hy-
peremia. After 12 weeks of physical training, peak VO,
increased in all patients (Fig. 1). Mean peak VO, in-
creased from 13.13 + 2.21 t0 16.19 + 2.69 ml/kg/min (p
< 0.001). Peak VO, was unchanged in patientswho re-
mained sedentary (13.12 + 2.04 at baselinevs 12.82 +
1.90 mi/kg/min after 12 weeks, p = NS). Calf peak re-
active hyperemiaincreased in al patients who underwent
physical training (Fig. 1). Mean calf peak reactive hy-
peremiaincreased from 19.7 + 2.3t029.6 £ 4.0 ml*mirr
1*100 ml-t (p < 0.001). The increasesin peak VO, and
calf peak reactive hyperemia were similar in patients
whether or not they were treated with carvedilol in ad-
dition to ACE inhibitors, diuretics and digoxin.
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Figure 1. Peak VO, (pVO,) and calf peak reactive hyperemia were measured in patients at baseline and after 12 weeks of physical training. Patients
treated with triple therapy alone are indicated by solid circles and patients also treated with carvedilol areindicated by open circles. The mean for all pa-

tientsis also indicated.

Vascular endothelial growth factor and endothelial
nitric oxide synthase gene expression. \We exam-
ined the MRNA levels of VEGF and eNOS in skeletal
muscle biopsies obtained prior to and after 3 months of
supervised physical training using a polymerase chain
reaction-based analysis. GAPDH mRNA levelswereal-
so determined for the same preparations of cDNA and
used for correction of any variationsin cDNA quanti-
ty. When samples from all 10 patients who completed
training were examined, theratio of VEGFHGADPH mR-
NA levelsin the trained muscle did not increase (Fig.
28, 1.5 fold increase, p = NS). However, VEGF
MRNA expression in the trained skeletal muscle was &f-
fected by therapy. The ratio of VEGF/GADPH mRNA
levelsincreased approximately 2 fold by physical train-
inginal patientswho were treated with ACE inhibitors,
diureticsand digoxin alone while it remained unchanged
in al patients who were also treated with carvedilol (Fig.
2). VEGF expression did not change in the skeletal
muscles of the 5 sedentary patients. The ratio of
eNOS/GADPH mRNA levels tended to increase after
12 weeks of physical training, but thisincrease did not
reach any statistical significance (Fig. 2). The eNOS
MRNA levels increased approximately 4 fold in 4 pa
tients but remained constant in 6 patients. In contrast to
VEGF, eNOS gene expression in the trained skeletal
muscle was not affected by therapy with carvedilol.
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eNOS gene expression did not change in the vastus | at-
eralis muscles of the 5 sedentary patients.

Discussion

Peak VO, and caf peak reactive hyperemia were
markedly reduced in our patients when compared to val-
ues reported in age-matched norma subjects(13.13+2.21
vs 29.8 + 7.7 ml/kg/min, and 19.7 £ 23 vs 325+ 35
mi*min-*100 ml-, respectively)®10. As expected with
pretrained subjectswho had markedly reduced peak oxy-
gen uptake, patients with chronic heart failure showed a
greater training-induced improvement in peak oxygen up-
take than normal subjects: 23% in our patientsvs 10-15%
in the group of normal subjects older than 60 years stud-
ied by Blumenthal et al.1t. Similarly, training-induced im-
provement in calf peak reactive hyperemia was greater
in our patients than in normal subjects (50 vs 25%)12,

In patientswith chronic heart failure, physical train-
ing improves endothelial function in the skeletal muscle
vasculature that is involved in training35.

In healthy subjects, physical training increases cap-
illary dengity in skeletal muscles, whichin turn facilitates
oxygen extraction by active skeletal muscles. Increased
capillary density islikely to be mediated in part by in-

creased VEGF expression!324,
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Figure 2. A competitive, quantitative reverse transcriptase-polymerase chain reaction strategy8 was used to evaluate vascular endothelial growth fac-
tor (VEGF) and endothelial nitric oxide synthase (eNOS) gene expression in vastus lateralis biopsies. VEGF and eNOS gene expression was determined

astheratio between the concentrations of VEGF or eNOS and glyceral dehyde-phosphate-dehydrogenase cDNA in the same preparation of reversed tran-
scribed RNA. Patients treated with triple therapy alone are indicated by solid circles and patients also treated with carvedilol are indicated by open cir-
cles. The means for the sedentary and trained patients (n = 10) are also indicated.
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VEGF gene expression is low in the resting skele-
tal muscles of normal subjects at rest, with aratio of
VEGF mRNA to 18S of 0.38 + 0.0415, Only theimme-
diate effects of exercise on VEGF gene expression have
been reported in normal subjects. Immediately after
exercise, VEGF gene expression increases 1.78 to 4.8
fold in the skeletal muscletét7, Although physical train-
ing consistently increases capillary density in skeletal
muscles, concomitant changesin VEGF gene expression
have not been documented in normal subjects.

We observed that, in the absence of trestment with
carvedilol, VEGF gene expression increased by 2 fold &f -
ter physical training for 12 weeksin patients with chron-
ic heart failure receiving triple therapy with ACE in-
hibitors, digitalisand diuretics. In contrast, VEGF gene
expression remained unaltered in patients who, in addi-
tion to triple therapy, were receiving carvedilol. To as-
certain the reason for the disparate effect of physical train-
ing on VEGF gene expression, in the presence or absence
of carvedilol, is beyond the scope of the present inves-
tigation. Carvedilol may hinder VEGF gene expression
in skeleta muscle vasculature by modulating the cyclic
AMP/protein kinase A-dependent pathway18.12 and/or by
reducing the inflammatory response via its antioxidant
action and the glycoprotein 130/STAT pathway20.

Theincreasein VEGF gene expression noted in pa-
tients who were not treated with carvedilol suggests
that angiogenesis resulting in enhanced oxygen extrac-
tion by the active skeletal muscle may contribute to the
training-induced increasein peak VO, in these patients.
However, peak VO, was increased after 12 weeks of
physical training in patients treated with carvedilol
without a corresponding increase in skeletal muscle
VEGF gene expression. Thus, mechanismsin addition
to VEGF-mediated changes in skeletal muscle mi-
crovascular dengity arelikely to beinvolved in training-
induced improvement in peak VO.,.

Endothelial function is reduced in the limb vascu-
lature of patients with chronic heart failure2! but the
mechanisms that are responsible for this reduction are
still poorly understood. Depressed nitric oxide produc-
tion and decreased nitric oxide levels have been re-
ported in experimental models of heart failure suggest-
ing that diminished capacity to generate nitric oxide
may contribute to vascular endothelial dysfunction in
heart failure2223, Furthermore, a specific decrease in
the synthetic activity of the L-arginine-nitric oxide path-
way has been reported in patients with chronic heart fail-
urez4, Accordingly, the benefits of physical training on
the vascular endothelial dysfunction have been attributed
to increased nitric oxide production in experimental
models of heart failure?. However, eNOS gene ex-
pression and vascular O, production by an NADH-de-
pendent oxidase have recently been found to have in-
creased significantly in an ischemic model of heart fail-
ure, indicating that degradation of nitric oxide may play
an important role in baseline vascular endothelial dys-
function in chronic heart failure?s. Our data concerning
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the molecular mechanisms of training-induced im-
provement in vascular endothelial function corroborate
these data. The lack of a consistent increase in eNOS
gene expression in the trained skeletal muscles con-
trastswith an increase in nitric oxide production being
the preponderant mechanism responsible for training-in-
duced enhancement in vascular endothelial functionin
patients with chronic heart failure. Decreased degrada
tion of nitric oxide or, aternatively, the increased pro-
duction of substances other than nitric oxide such asthe
endothelium-derived hyperpolarizing factor or proste-
noids?6 may be responsible for training-induced im-
provement in vascular endothelia function. In conclu-
sion, increased eNOS and VV EGF gene expression may
contribute to the beneficial effects of physical training
on vascular function. However, they do not appear to be
solely responsiblefor the benefits of training on vascular
function.
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