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Abstract

Background—Regular aerobic exercise improves large artery compliance in middle-aged and
older humans. However, the underlying mechanisms are unknown. We tested the hypothesis that the
improved central arterial compliance with endurance training is mediated by decreased a-adrenergic
tone and/or increased endothelial function.

Methods—Seven sedentary healthy adults (60+3 yr) underwent systemic a-adrenergic blockade
(phentolamine) and nitric oxide synthase (NOS) inhibition using N6-monomethyl-L-arginine in
sequence before and after a 3-month moderate endurance training (walk/jog, 4-5 days/week).
Phentolamine was given first to isolate the contribution of nitric oxide to arterial compliance by
minimizing reflex suppression of sympathetic tone resulting from systemic NOS inhibition as well
as to assess the a-adrenergic receptor-mediated modulation of arterial compliance.

Results—Baseline arterial compliance (via simultaneous ultrasound and applanation tonometry on
the carotid artery) increased 34+12% after exercise training (P<0.01). When a-adrenergic blockade
was performed, arterial compliance increased 37+6% (P<0.01) before the exercise training but did
not change significantly after the training. Decreases in arterial compliance from the a-adrenergic
blockade to the subsequent additional NOS blockade were not different before and after exercise
training.

Conclusion—Our results suggest that the reduction in a-adrenergic receptor-mediated vascular
tone contributes to the improved central arterial compliance with endurance training.
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Introduction

With advancing age, large conductance vessels (e.g., the aorta and carotid arteries) lose their
ability to distend in response to fluctuations in pressure [1]. The impaired buffering or
compliance function of arteries contributes to a number of cardiovascular disorders, including
elevated systolic blood pressure, augmented left ventricular afterload, decreased coronary
blood flow [2].

We have demonstrated that the diminished arterial compliance can be improved by even several
months of regular aerobic exercise in healthy middle-aged and older adults [3,4]. However,
physiological mechanisms by which regular endurance exercise increases central arterial
compliance have never been established. The elements of the arterial wall that determine its
compliance are the composition of elastin and collagen (structural elements) and the
vasoconstrictor tone exerted by its smooth muscle cells (functional elements). The elastin-
collagen composition of the arterial wall is a more slowly changing component that contributes
to arterial compliance [1]. As such, it is unlikely that this may be a physiological mechanism
underlying increases in arterial compliance induced by short-term exercise training. Indeed,
using an animal experiment, we demonstrated that the beneficial influence of regular aerobic
exercise on arterial stiffness was not mediated by the quantitative changes in arterial wall elastin
and collagen [5]. The other determinants of arterial compliance, functional elements, are
difficult to address experimentally as numerous local and neuro-humoral factors could
influence the vasoconstrictor tone exerted by its smooth muscle cells. In order to identify and
confine relevant functional factors responsible for exercise training-induced increases in
arterial compliance, we relied on the gene microarray technique and found that genes associated
with nitric oxide synthase (NOS) (along with prostaglandins and C-type natriuretic peptide)
were differentially expressed in the aorta of exercise-trained rats [6]. Yet, whether the improved
endothelial function is involved in augmenting central arterial compliance in the endurance-
trained states has not been addressed in humans. Another important functional element that
has been implicated in the pathogenesis of arterial stiffening is the sympathetic vasoconstrictor
tone [7]. The sympathetic nervous system exerts a tonic restraint on the compliance of the
common carotid artery, and removal of that restraint produces an immediate increase in its
compliance [8]. Thus, exercise training might modulate arterial compliance via this
mechanism.

Accordingly, the primary aim of the present study was to test the hypothesis that increases in
central artery compliance with regular aerobic exercise are mediated by the improvement of
endothelial function and/or reductions in sympathetic vasoconstrictor tone. To address this
aim, we assessed effects of systemic inhibition of a-adrenergic receptors and NOS on arterial
compliance before and after 3 months of aerobic exercise training in middle-aged and older
adults. Systemic, rather than local, administration of drugs was used in this study in order to
target the compliance of “central” (cardiothoracic) arteries, which makes the dominant
contribution to the elastic reservoir function of the arterial system.

Material and Methods

Subjects

Seven sedentary but apparently healthy middle-aged and older adults [47—69 yr; mean age: 60
+3 yr; 2 men and 5 postmenopausal (i.e., estrogen deficient) women] were studied. Subjects
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who were current smokers or smoked within the past two years, who took medications
{including hormone (estrogen) replacement therapy?}, or who had significant intima-media
thickening (>1.0 mm), plaque formation, and/or other characteristics of atherosclerosis (e.g.,
ankle-brachial index <0.9, [9]) were excluded. None of the subjects had engaged in regular
physical activity (>twice/week) or exercise training program in the past one year. All subjects
were free of overt cardiovascular disease as assessed by medical history, metabolic risk factor
analyses, and physical examination (electrocardiogram during graded exercise test). This study
was reviewed and approved by the Institutional Review Board at the University of Tsukuba.
The study conformed with the principles outlined in the Helsinki Declaration. All potential
risks and procedures of the study were explained to the subjects, and they gave their written
informed consent to participate in the study.

Experimental Protocol

All measurements were performed after an abstinence of caffeine and an overnight fast.
Experimental protocol before and after the exercise intervention period was conducted around
the same time of the day to avoid any diurnal changes. Subjects underwent systemic blockade
of a-adrenergic receptors (phentolamine mesylate) and NOS [NG-monomethyl-L-arginine (L-
NMMA)]. Before and after the exercise intervention period, subjects underwent measurements
of arterial compliance and other hemodynamic functions 3 times: baseline, with systemic a-
adrenergic blockade, and with combined systemic a-adrenergic and NOS blockade. A timeline
for experimental trial was displayed in Figure 1. In brief, after 15 min of supine rest in a
temperature-controlled room (24-26°C), baseline measurements were made. Then, subjects
received systemic a-adrenergic blockade [phentolamine, 0.1428 mg-kg~ IV bolus over 2 min
and a subsequent continuous (0.01428 mg-kg1-min~1) IV infusion] as previously described
[10]. The second set of measurements was performed 8-10 min after the commencement of
continuous phentolamine infusion. Subsequently, subjects underwent systemic NOS inhibition
[L-NMMA, 3 mg-kg™1 IV bolus over 5 min and a subsequent continuous (0.05
mg-kg~1-min~1) IV infusion] under a-adrenergic blockade condition [11-13]. The last set of
measurements was performed 8-10 min after the commencement of continuous L-NMMA
infusion. The procedure of infusions and dose of the systemic drug infusion were consistent
with previous studies [10-13] that have reported that the dosage of blockade was adequate to
block a-adrenergic system activity and nitric oxide (NO) production.

To confirm effective systemic a-adrenergic blockade, subjects performed two cold pressor
tests (hand immersion in ice water for 3 min) prior to and at the completion of the main protocol
as shown in Figure 1. Before and 2 min after the start of submerging the hand, responses of
heart rate, blood pressure, cardiac output, and total peripheral resistance were measured.
Cardiac output was calculated from the blood pressure waveform using the Model Flow method
with Portapres (Model 2 and BeatScope 1.0, TNO TPD Biomedical Instruments, The
Netherlands). Total peripheral resistance was calculated as mean arterial pressure/cardiac
output. We have previously demonstrated that the Model Flow method provides a reliable
estimation of “relative” or % changes in cardiac output [14].

Carotid Arterial Compliance—The combination of ultrasound imaging of the common
carotid artery with simultaneous applanation tonometry of the contralateral carotid artery was
used to obtain arterial compliance as previously described [4]. A longitudinal image of the
carotid artery was measured with an ultrasound machine (SonoSite 18011, SonoSite, Bothell,
WA) equipped with a high-resolution multi-frequency linear-array transducer. Arterial
diameter was determined by a perpendicular measurement from the media/adventitia interface
of the near wall to the lumen/intima interface of the far wall of the vessel. Carotid arterial
pressure waveforms were obtained with arterial applanation tonometry incorporating an array
of 15 micropiezoresistive transducers (VP-2000, Colin Medical Instrument, San Antonio, TX)
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[9], and were calibrated by equating the carotid mean arterial and diastolic blood pressure to
the brachial mean arterial and diastolic blood pressure [15]. Arterial compliance was calculated
using the equations: [(D1—Dg)/Dgl/[2(P1—Pg)] *r xDg?, where D and Dy are the maximal and
minimum arterial diameters and P, and P are the highest and lowest blood pressures [4]. In
order to exclude inter-investigator variability, one investigator, who was blinded to the pre-
post measurements, analyzed all ultrasound images. The day-to-day coefficients of variation
for carotid artery diameter, pulse pressure, and arterial compliance measurements are 2+1%,
7£3%, and 5x2% respectively.

Arterial Blood Pressure and Ankle-Brachial Index—Arterial blood pressure and ankle-
brachial index were measured with the automated oscillometric pressure sensor method
(\VVP-2000, Colin Medical Instrument, San Antonio, TX).

Body Fatness—~Percent body fat was determined by the bioelectric impedance method.

Blood Samples—A blood sample was collected from the antecubital vein using
venipuncture after an overnight fast. Plasma concentrations of glucose, lipids, and lipoproteins
were determined by use of the standard enzymatic technique. Plasma samples from each subject
before and after the training intervention were assayed in the same assay run.

Aerobic Fitness—All subjects underwent a submaximal graded cycle exercise test (after 2
min at 20 W, with 15 W increases every 1 min) until they reached 85% of the age-predicted
maximal heart rate (208-agex0.7) [16]. Heart rate (via electrocardiogram) was measured
throughout the protocol. Work rate corresponding to 85% of the age-predicted maximal heart
rate (PWCgse,) Was used as an index of aerobic capacity. PWCgse, has been shown to have a
good correlation with directly measured maximal oxygen consumption [17].

Aerobic Exercise Training Intervention

Subjects underwent aerobic exercise training 4-5 days/week (walk/jog, 2 supervised and
additional home-based trainings) for 12 weeks. The duration and intensity of the training were
30-45 min/day and 65-75% of their individual maximum heart rate. Adherence to the exercise
prescription was documented through the use of Polar heart rate monitors and physical activity
logs. The actual average heart rate during the training was 70+1% of their individual maximal
heart rate, and the average duration and frequency of the exercise training were 44+2 min/day
and 4.4+0.1 days/week, respectively.

Statistical Analyses

MANOVA and ANCOVA with repeated measures were used to determine the effects of
exercise training intervention, as well as systemic a-adrenergic and NOS blockades on carotid
arterial compliance and other hemodynamic measures. In the case of a significant F value, a
post hoc test using the Newman-Keuls method identified significant differences among mean
values. Changes in arterial compliance from baseline to the phentolamine administration were
used as indices of “a-adrenergic receptor-dependent vascular tone”, as previously described
by Halliwill et al[10]. Changes in arterial compliance from the phentolamine administration
to the combined phentolamine and L-NMMA administration were used as indices of “NO-
dependent vascular tone” [10]. Paired t-test used to compare these values before and after
exercise. All data are reported as the mean+SEM. Statistical significance was set a priori at
P<0.05.
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As shown in Table 1, there were no significant changes in body mass, adiposity, plasma
concentrations of lipids, cholesterol, and glucose, or heart rate and blood pressure at rest with
the exercise training intervention. PWCgsgg,, an index of aerobic fitness, increased significantly
after the exercise training intervention.

Brachial and carotid blood pressure decreased after a-adrenergic blockade, and then increased
after combined a-adrenergic and NOS blockade (Table 2). Conversely, heart rate increased
after a-adrenergic blockade and then decreased after the combined blockade. Brachial and
carotid pulse pressure did not change significantly with these pharmacological blockades. The
overall trend of changes in brachial and carotid blood pressure and pulse pressure were similar
before and after the exercise training.

Basal (resting) carotid arterial compliance increased 34% in the exercise intervention group
(P<0.01, Figure 2). Carotid arterial compliance increased with a-adrenergic blockade (P<0.01)
before the training intervention, but did not change significantly after the training (P=0.72).
Thus, the a-adrenergic receptor-dependent change in arterial compliance was greater before
training compared with after training (P<0.05, Figure 3). This difference remained significant
when the influences of corresponding changes in blood pressure or heart rate were account for
ANCOVA. The subsequent NOS blockade induced significant reductions in carotid arterial
compliance before and after the training. The NO-dependent changes in arterial compliance
were not significantly different before and after training (P=0.53, Figure 3). This difference
remained non-significant even after eliminating influences of corresponding changes in blood
pressures (P=0.35~0.44) or heart rate (P=0.92).

The cold pressor test evoked significant increases in mean arterial pressure (before training:
+29+5%; after training: +20+£5%) and total peripheral resistance (before training: +45+11%;
after training: +24+9%) before a-adrenergic and NOS blockade. After the combined blockade,
however, significant vasoconstrictions were diminished as seen in no significant changes in
mean arterial pressure (before training: +6+7%; after training: +12+6%) and total peripheral
resistance (before training: +5£8%; after training: —5+4%).

Discussion

The salient findings of the present study were as follows. Endurance training mainly composed
of walking/jogging induced a 34% increase in basal carotid artery compliance, confirming
previous studies reporting beneficial impacts of regular aerobic exercise on central arterial
compliance in middle-aged and elderly people [3,4]. The a-adrenergic receptor tone on carotid
artery significantly decreased following the aerobic exercise intervention, as evidenced by a
diminished increase in arterial compliance from baseline to the phentolamine administration.
The NO-dependent vascular tone, however, did not change significantly after the endurance
training, as the magnitude of decreases in arterial compliance from the phentolamine
administration to the combined phentolamine and L-NMMA administration was similar before
and after exercise training. These results suggest that endurance training-induced increases in
arterial compliance are mediated through a-adrenergic receptor-dependent, rather than NO-
dependent, reductions in vasoconstrictor tone.

Prior to the exercise training intervention, arterial compliance increased significantly with
systemic a-adrenergic blockade, suggesting a substantial chronic restraint placed on the elastic
artery by the sympathetic vascular tone. After the exercise training, however, arterial
compliance was not affected by a-adrenergic blockade. These results suggest that the
sympathetic vascular tone affecting central elastic arteries decreased with endurance training,
thereby removing a tonic restraint placed on the arterial compliance and enhancing its elasticity.
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To our knowledge, there have been no other studies to determine exercise training-induced
changes in sympathetic nerve activity to the aorta or other cardiothoracic arteries. Changes in
sympathetic nervous system activity with exercise training remain controversial and appear to
be very heterogeneous. Regular aerobic exercise training is in general associated with
augmented basal sympathetic nervous system activity to the peripheral tissues (e.g., skeletal
muscle) in healthy middle-aged and older adults [18,19]. However, sympathetic nerve activity
to more central tissues may be reduced or unchanged with exercise training. For example,
Meredith et al. [20] reported that endurance training reduced renal but not cardiac plasma
norepinephrine spillover in young adult males. Our present results are consistent with the idea
that sympathetic nervous system activity to the vascular smooth muscle surrounding the
cardiothoracic arteries is reduced with exercise training.

The impact of endurance training on arterial compliance has been shown to manifest more
clearly in central (elastic) vs. peripheral (muscular) arteries [21,22]. As the effect of
vasoconstrictor tone exerted by smooth muscle cells is expected to be greater in more peripheral
arteries in virtue of greater smooth muscle cells [23], it may argue against the possibility that
reduced sympathetic vasoconstrictor tone would be a mechanism underlying the effect of
exercise training on central arterial compliance. However, it is possible that some mechanical/
physical factors may have interacted with functional elements to enhance arterial compliance,
as beat-by-beat arterial distension is significantly greater in central vs. peripheral arteries. In
this context, the lower number of vascular smooth muscle cells and their differential geometry
in central vs. peripheral arteries allows only a mild reduction in lumen diameter even when
maximally stimulated by the sympathetic nervous system [24]. In the central elastic arteries,
the vasoconstrictor tone exerted by its smooth muscle cells appear to modulate arterial
compliance through redistribution of tensile force between elastin and collagen [25].

From the experimental standpoint, it is ideal to “locally” manipulate factors influencing
vasoconstrictor states of the smooth muscle cells. However, such local manipulation is difficult
to perform when the experimental target is central arteries (e.g., aorta and carotid artery).
Accordingly, we chose to perform “systemic” infusion of NOS blockers. Systemic infusion of
NOS inhibitors, however, would induce sustained increases in arterial pressure, which would
be a potent stimulus to activate arterial baroreceptors resulting in a reflex suppression of
sympathetic nervous system activity. Although phentolamine was used primarily to block o-
adrenergic receptor in the present study, it was also used to minimize the influences of
baroreflex-induced systemic changes that could confound the interpretation of NOS blockers.
Contrary to our hypothesis, we found that the administration of L-NMMA induced similar
depressions of arterial compliance before and after the exercise intervention. Therefore, the
association between changes in the NO-dependent vascular tone and arterial compliance with
the aerobic exercise training was not supported in the present study. However, several previous
studies demonstrated that regular endurance training is associated with enhanced endothelial
function in older adults [26,27]. For example, resting plasma concentrations of nitrite/nitrate
(NOX), the stable end product of NO, and cyclic guanosine monophosphate (cGMP), a second
messenger of NO, significantly increased after 3 months of moderate aerobic exercise training
in sedentary postmenopausal women [27]. As shown in isolated blood vessel preparation, NO
is capable of acting directly on vascular smooth muscle to attenuate sympathetic
vasoconstrictor tone [28]. Release of norepinephrine from post-ganglionic sympathetic nerve
endings is modulated by NO [29]. Furthermore, a-adrenergic receptor sensitivity of rat
abdominal aorta to norepinephrine is blunted by regular aerobic exercise training through the
endothelium-dependent mechanism [30]. Thus, increased NO production and/or
bioavailability may have exerted “sympatholysis”-like effects that have been observed during
a bout of aerobic exercise [31] and acted to suppress tonic sympathetic vasoconstrictor tone,
resulting in an increased arterial compliance.
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A few limitations in this study should be noted and emphasized. First, no test was conducted
to confirm completeness of NOS blockade. Dose of systemic L-NMMA administration was,
however, confirmed to be effective to block NO production by previous studies [11-13].
Importantly, hemodynamic responses (i.e., increase in mean arterial pressure and decrease in
cardiac output) to pharmacological interventions were similar before and after the training (data
were not shown). Second, there was no control group that remained sedentary during the
intervention period, and a sample size was small. Third, we have included both sexes in this
study, and a previous study has demonstrated different vasoconstrictor responses to L-NMMA
in men and women [32]. However, these sex-related effects seem to be mediated through the
influence of estrogen on locally-produced vasoactive factors such as NO [33], and we studied
postmenopausal (i.e., estrogen deficient) women who did not take hormone replacement
therapy.

In summary, our findings support the idea that endurance training-induced improvements in
arterial compliance may be mediated, at least in part, through reductions in a-adrenergic
receptor-dependent vasoconstrictor tone.
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Figure 1.

Experimental protocol. A 20 min baseline period was followed by successive 13 min a-
adrenergic blockade (phentolamine) and 18 min combined a-adrenergic blockade and nitric
oxide synthase inhibition [phentolamine and NG-monomethyl-L-arginine (L-NMMA)].
Hemodynamic measurements were performed 3 times: at baseline, with systemic a-adrenergic
blockade, and with the combined systemic a-adrenergic blockade and systemic NOS inhibition.
Cold pressor tests (CPT) were performed before the baseline and immediately after the
combined blockade. HR=heart rate, BP=brachial blood pressure, AC=arterial compliance.
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Figure 2.

Carotid arterial compliance in response to a-adrenergic and nitric oxide synthase (NOS)
blockades. Opened bars are the baseline, gray bars are a-adrenergic blockade condition, and
solid (black) bars are the combined systemic a-adrenergic blockade and systemic NOS
inhibition condition.
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Figure 3.

Effects of endurance training on a-adrenergic receptor-dependent” and “nitric oxide-
dependent” changes in carotid arterial compliance. Increases in arterial compliance from the
baseline to the phentolamine administration were used as indices of a-adrenergic receptor-
dependent vascular tone (left). Deceases in arterial compliance from the phentolamine
administration to the combined phentolamine and L-NMMA administration were used as
indices of systemic and local nitric oxide-dependent vascular tone (right).
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TABLE 1

Selected Subject Characteristics

Page 13

Before Training

After Training

Height, cm

Body mass, kg

Body mass index, kg/m?
Fat mass, %

Heart rate at rest, bpm
Systolic BP, mmHg
Diastolic BP, mmHg
Total cholesterol, mmol/L
HDL cholesterol, mmol/L
LDL cholesterol, mmol/L
Triglyceride, mmol/L
Blood glucose, mmol/L

PWCgsy, Watt

161+2
59.7+38
22912
28+2
59+ 4
123+6
73+3
58+0.3
16+0.1
3.6+0.2
1.3+03
52+0.1
104 £ 11

60.2+3.8
23.1+12
28+2
57+4
122+6
71+4
54+0.2
1.6+0.2
3202
1.3+£03
54+0.2

*
114+ 11

Data are mean+SEM.

*
P<0.05 vs. before training. BP=blood pressure, PWCg504=Physical work capacity corresponding to 85% of the age-predicted maximal heart rate.
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