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Abstract

Objective—Aortic pulse-wave velocity (aPWV) increases with age and is a strong independent
predictor of incident cardiovascular diseases (CVDs) in healthy middle-aged and older adults.
aPWV is lower in middle-aged and older adults who perform regular aerobic exercise than in their
sedentary peers. As exercise is associated with reduced systemic inflammation, we hypothesized
that suppression of the pro-inflammatory transcription factor nuclear factor x B (NFkB) may
mediate this process.

Methods—aPWV was measured in young sedentary [n =10, blood pressure (BP) 108 + 3/59 + 2
mmHg; mean = SEM], middle-aged and older sedentary (n =9, 124 + 7/73 + 5 mmHg) and
middle-aged and older aerobic exercise-trained (n =12, 110 £ 4/67 £ 2 mmHg) healthy,
nonhypertensive men and women.

Results—Baseline aPWYV increased with age [626 £ 14 (young sedentary) vs. 859 + 49 (middle-
aged and older sedentary) cm/s, P <0.001] but was 20% lower in middle-aged and older trained
(686 £ 30 cm/s) than in middle-aged and older sedentary (P <0.005). Short-term (4 days x 2500-
4500 mg) treatment with the NFxB inhibitor salsalate (randomized, placebo-controlled cross-over
design) reduced aPWV (to 783 + 44 cm/s, P <0.05) without changing BP (P =0.40) or heart rate
(P =0.90) in middle-aged and older sedentary, but had no effect in young sedentary (623 + 19) or
middle-aged and older trained (699 + 30). Following salsalate treatment, aPWV no longer was
significantly different in middle-aged and older sedentary vs. middle-aged and older trained (P
=0.29). The reduction in aPWV with salsalate administration was inversely related to baseline
(placebo) aPWV (r = -0.60, P <0.001).

Conclusion—These results support the hypothesis that suppressed NFxB signalling may
partially mediate the lower aortic stiffness in middle-aged and older adults who regularly perform
aerobic exercise. Because aPWYV predicts incident cardiovascular events in this population, this
suggests that tonic suppression of NF«B signalling in middle-aged and older exercising adults
may potentially lower cardiovascular risk.
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INTRODUCTION

With advancing age, even in the absence of clinical disease, the large elastic arteries
progressively stiffen [1,2]. Aortic pulse wave velocity (aPWV), the gold standard
measurement of large elastic artery stiffness, is an independent predictor of future
cardiovascular events in middle-aged and older adults without baseline cardiovascular
disease (CVD) [3-5]. Regular aerobic exercise slows the age-associated rise in arterial
stiffness, as middle-aged and older adults who perform habitual aerobic exercise
demonstrate lower aPWV than their sedentary peers [6,7]. However, the mechanisms
contributing to the lower aPWYV in exercising vs. sedentary middle-aged and older adults are
largely unknown.

One possibility is that exercise induces an anti-inflammatory effect that subsequently slows
the age-associated increase in large elastic artery stiffness. Acute induction of inflammation
in healthy volunteers increases aPWYV [8], whereas pharmacologically inhibiting tumour
necrosis factor alpha (TNF-a), a pro-inflammatory cytokine, reduces aPWV in patients with
rheumatoid arthritis, a chronic systemic inflammatory disorder [9]. In contrast, regular
physical activity is associated with reduced systemic markers of inflammation [10,11]. We
have recently shown that middle-aged and older adults who regularly exercise also have
reduced vascular endothelial cell protein expression of the pro-inflammatory transcription
factor nuclear factor x B (NFxB) compared with their sedentary peers [12]. By promoting
transcription of proinflammatory genes, NFkB is a key modulator of inflammation,
including production of circulating pro-inflammatory cytokines [13,14].

Thus, NFxB signalling may be implicated in changes in large elastic artery stiffness with
ageing and exercise. Using an established protocol of sasalate treatment to acutely inhibit
NF«B signalling and shown previously to reduce vascular endothelial cell NFxB protein
expression [15,16], we tested the hypothesis that regular aerobic exercise is associated with
a supression of the age-associated increase in arterial stiffness in part by suppressing NFxB
signalling.

MATERIALS AND METHODS

The study was conducted in the University of Colorado Boulder Clinical and Translational
Research Center (CTRC) and the blood assays were performed by the Colorado Clinical
Translational Sciences Institute CTRC Core Lab at the University of Colorado Denver
Anschutz Medical Campus. Testing sessions were after an overnight fast and 24-h
abstention from exercise and alcohol. All procedures were approved by the Institutional
Review Board of the University of Colorado Boulder. The nature, benefits and risks of the
study were explained to the volunteers, and their written informed consent was obtained
before participation.
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Participants

Study participants were recruited for groups of young (18-35 years) sedentary, middle-aged
and older (50-79 years) sedentary, or middle-aged and older trained. Sedentary individuals
performed no regular aerobic exercise (i.e. <30 min per day <2 days per week) for at least
the last 2 years. Aerobic exercise-trained was defined as at least four sessions/week of
vigorous aerobic-endurance exercise. All of the individuals had a BMI less than 35 kg/m?,
were nonsmokers and free of clinical diseases as assessed by medical history, physical
examination, blood chemistry and resting and exercise ECG. Individuals were not taking
medications and had refrained from antioxidants (e.g. vitamins C and E) and aspirin within 2
weeks of the study.

Experimental design

The randomized cross-over study design for administering salsalate and placebo has been
described previously by our group [15,16]. Participants in this study are a subgroup of
individuals included in one of two previously published cross-over studies evaluating the
effect of NFxB inhibition on vascular endothelial function [15,16]. We have previously
shown in these two cross-over studies that the acute salsalate treatment described below
inhibits NF«xB, as evidenced by reduced vascular endothelial cell protein expression of total
and nuclear NFxB p65, and increased expression of the inhibitor of NFkB, IxBa [15,16].
Salsalate treatment did not affect the cyclooxygenase (COX) 1/2 pathway, with no change in
vascular endothelial cell expression of COX 1/2 [15]. In addition, salsalate reduced vascular
endothelial cell NFkB protein expression in the middle-aged and older sedentary but not
trained adults, indicating reduced NF«B signalling with regular aerobic exercise [16].

Briefly, in a double-blind, randomized, crossover design, individuals were assigned oral
doses of salsalate or placebo for 3 days prior to experimental testing. Serum salicylate was
measured on the morning of days 2 and 3 and the day of experimental testing. Individuals
received 2500-4500 mg of salsalate each day, to account for individual variation in
pharmacokinetics due to sex, size, absorption and metabolism and to result in a steady-state
serum salicylate in the therapeutic range of 10-30 mg/dl. Doses were adjusted each day on
the basis of serum salicylate concentration to maintain salicylate in the therapeutic range
without reaching toxicity (>30 mg/dl). For the 3 days prior to each experimental testing
procedure (salsalate and placebo conditions), individuals received a standardized research
diet prepared by a CTRC bionutritionist.

Clinical characteristics and VOymax

BMI was calculated from height and weight to the nearest 0.1 kg. Brachial artery BP was
assessed under quiet resting conditions in a supine position using a semi-automated device
(Dinamap XL; Johnson and Johnson, Arlington, Texas, USA), as described previously [16].
Plasma total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein
cholesterol and triglycerides were determined using standard assays. Maximal oxygen
consumption (VOomayx) Was assessed during incremental treadmill exercise using open-
circuit spirometry as described previously [16].
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Aortic pulse wave velocity

Statistics

RESULTS

Two identical transcutaneous Doppler flowmeters (model 810-A; Parks Medical, Aloha,
Oregon, USA) were used to simultaneously obtain the pulse wave at the carotid and femoral
artery, as described in detail previously [6,17,18]. The distance from the suprasternal notch
to the carotid was subtracted from the distance between the two recording sites, and aPWV
was calculated as the distance divided by time between the foot of waveforms recorded at
each site, as described previously [3]. The intraobserver coefficient of variation for aPWV in
our laboratory is 7.2 £ 2.1%.

Statistical analyses were performed with SPSS (version 20.0, Chicago, Illinois, USA) with
statistical significance for all analyses set at P value less than 0.05. Group differences at
baseline (i.e. placebo) were determined by one-way analysis of variance (ANOVA). In the
case of significant F values, Bonferroni posthoc analyses were performed. A 3 x 2 repeated-
measures ANOVA was used for between-group (young sedentary, middle-aged and older
sedentary, and middle-aged and older trained) and within-group (placebo condition, salsalate
condition) comparisons. When a significant condition x group interaction was revealed (P
<0.05), differences within individual groups during salsalate vs. placebo were compared
with paired t-tests. Bivariate Pearson correlation analyses were performed to examine
relations between variables of interest. All data are reported as means + SE.

Clinical characteristics of study participants

Resting heart rate, DBP and low-density lipoprotein cholesterol were all higher in middle-
aged and older sedentary than in young adults (Table 1). Maximal aerobic capacity, as
assessed by VOomax, Was reduced in middle-aged and older sedentary adults, but not in
middle-aged and older trained adults, as compared with young individuals. In addition to a
lower VOyax, middle-aged and older sedentary individuals had a higher resting heart rate,
were heavier and had a higher BMI than their trained peers. Other individual characteristics
did not significantly differ among groups. None of these characteristics changed
significantly in response to salsalate treatment.

Nuclear factor x B inhibition and aortic pulse wave velocity

During placebo treatment, aPWV was higher in middle-aged and older sedentary (859 + 49
cm/s) than young sedentary adults (626 + 14 cm/s). However, middle-aged and older trained
adults had lower aPWV (686 + 30 cm/s) than middle-aged and older sedentary adults (Fig.
1). Short-term salsalate administration lowered aPWV by nearly 10% in middle-aged and
older sedentary adults (to 783 * 44 cm/s) without changing aPWYV velocity in middle-aged
and older trained or young sedentary adults (P = 0.5). Under the salsalate treatment
condition, aPWV no longer differed between middle-aged and older sedentary and middle-
aged and older trained adults (P =0.21), but was still higher in the middle-aged and older
sedentary than young sedentary adults (P <0.01). The reduction in aPWV with sal-salate
administration was inversely related to baseline (placebo condition) aPWV (r =—0.60, P
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<0.001). This is consistent with the lack of change with salsalate in young sedentary and
middle-aged and older trained individuals, as these groups had lower baseline aPWV.

DISCUSSION

We have shown for the first time that suppression of NFxB signalling plays a major
mechanistic role in the lower aPWV, and perhaps, therefore, lower cardiovascular risk, in
regularly exercising middle-aged and older adults than sedentary peers. Consistent with
previous evidence [6,7], aPWV was greater in the middle-aged and older sedentary but not
middle-aged and older trained adults in comparison to the young sedentary adults. Short-
term treatment with salsalate, which we have previously shown suppresses vascular NFKB
signalling in the larger cohort these participants were included from [15,16], selectively
reduced aPWV in the middle-aged and older sedentary group, with no effect in middle-aged
and older trained or young sedentary groups. This reduction in aPWV was observed in the
absence of changes in blood pressure, heart rate or other assessed individual characteristics.
Following salsalate treatment, aPWV was no longer significantly different between the
middle-aged and older sedentary and middle-aged and older trained groups, indicating that
reduced NFkB signalling contributed to the lower baseline arterial stiffness in the trained
group. This is consistent with evidence we have published previously that middle-aged and
older adults performing regular aerobic exercise have reduced NFkB signalling [16]. Our
results are novel, as there is currently surprisingly little evidence available regarding the
physiological mechanisms by which aerobic exercise reduces arterial stiffness, particularly
in humans [19,20].

Evidence from patients with chronic systemic inflammatory diseases such as rheumatoid
arthritis supports a role of inflammation in modulating arterial stiffness [9,21,22]. Similarly,
acutely inducing inflammation in healthy adults via vaccination results in an increase in
aPWV [8]. Our findings are consistent with this relation between chronic systemic
inflammation and arterial stiffness, as regular exercise reduces systemic markers of
inflammation [10,11].

Although statistically and clinically significant, the reduction in aPWYV in the middle-aged
and older sedentary group (~10%) with salsalate was somewhat modest compared with the
improvements we have previously shown in brachial artery flow-mediated dilation
(FMDgp) following salsalate treatment [15,16]. Similar to our findings with FMDgap, the
response to salsalate was greatest in those individuals with the greatest baseline aPWV.
Specifically, aPWV was reduced in seven of the nine middle-aged and older sedentary
individuals, although the degree of reduction was small in three of these individuals, and
aPWV was not reduced to that of the young sedentary group. Collectively, this suggests that
mechanisms beyond suppressed NFkB signalling contribute to the attenuation of the age-
associated increase in arterial stiffness with habitual aerobic exercise.

Large elastic artery stiffness is modulated by both functional (i.e. vascular tone) and
structural (i.e. arterial wall proteins) influences [19,23]. Inflammation may modulate either
of these components; however, acute inhibition of NFKB with salsalate would affect only the
functional component, likely by enhancing nitric oxide bioavailability [23,24]. In contrast,
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long-term aerobic exercise may also modify structural properties influencing arterial
stiffness. Following exercise training in rodents, the reduction in arterial inflammation [25]
is also associated with structural modifications in the vasculature, including decreased
collagen I, collagen 111 and transforming growth factor p [26]. However, analogous
assessments are experimentally challenging in humans, and future studies are needed to
examine the contribution of any structural changes to reduced arterial stiffness with exercise
in humans. In addition, exercise may also induce functional changes to the vasculature via
mechanisms other than reduced NFKkB signalling, such as alterations in the sympathetic
nervous system [27], TNF-a [28], endothelin-1 [29] signalling or the COX 1/2 pathway
[30].

We recognize that it is not possible to completely separate inflammation and oxidative
stress, as inflammatory signalling stimulates oxidant enzyme systems to produce reactive
oxygen species [31], and reactive oxygen species also promote a pro-inflammatory cascade
[32,33]. In our previously published cross-over study evaluating the effect of NFxB
inhibition on vascular endothelial function [16], an acute infusion of ascorbic acid known to
inhibit superoxide production selectively improved FMDgp in middle-aged and older
sedentary adults during the placebo but not salsalate condition. These findings support that
the improvement in FMDpga with NFkB inhibition was in part due to reduced vascular
oxidative stress. However, we have previously shown that unlike with vascular endothelial
function (FMDgp), an acute infusion of ascorbic acid is not effective at reducing aPWVv
[34]. Thus, we elected not to use this approach to evaluate the role of oxidative stress in
reduced aPWV with NFxB inhibition, and cannot discern the potential role of oxidative
stress to reduced aPWV.

We acknowledge that there some additional limitations to our findings. Our results are a
cross-sectional group comparison, thus cannot discern the effects of an exercise intervention
on NFkB modulation of large elastic artery stiffness. In addition, our sample size was small,
but adequate to detect changes in our primary outcome of aPWV using a cross-over design.
Future studies will be needed to confirm and expand upon these findings.

Our findings are strengthened by the fact that we directly inhibited NFkB to assess the
contribution of this signalling pathway to arterial stiffness with sedentary ageing. To the best
of our knowledge, we have provided the first evidence that suppressed NFKB signalling may
mediate in part the lower aortic stiffness in middle-aged and older adults who regularly
exercise as compared with their sedentary peers. Because aPWV predicts incident
cardiovascular events in this population, this suggests that tonic suppression of NFxB
signalling in middle-aged and older exercising adults may potentially contribute to lower
cardiovascular risk.
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Abbreviations

aPWVv aortic pulse-wave velocity
CTRC Clinical and Translational Research Center
NFxB nuclear factor x B
TNF-a tumournecrosis factor a
VOomax maximal oxygen consumption
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Aortic pulse-wave velocity in young sedentary (Y'S; a), middle-aged and older sedentary
(OS; b) and middle-aged and older trained (OT; c) adults under conditions of placebo (black
bars) or salsalate (white bars). Data are mean + SE; *P <0.01 vs. YS of the same

condition; TP <0.01 vs. OT of the same condition; *P <0.05 vs. placebo of the same group.
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