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Abstract

Cardiovascular diseases (CVD) remain the leading cause of morbidity and mortality in both men
and women in developed societies. Age is the greatest risk factor for CVD due largely to adverse
changes to arteries that include stiffening of the large elastic arteries (aortic and carotid arteries)
and endothelial dysfunction. Vascular aging is driven by oxidative stress, which reduces nitric
oxide (NO) bioavailability and stimulates changes in the extracellular matrix. In women,
reductions in circulating estrogens with menopause interact with aging processes to induce
vascular dysfunction. Regular aerobic exercise is the most evidence-based strategy for reducing
CVD risk with aging in both men and women. Much of this CV-protective effect of aerobic
exercise is likely due to its vascular health-enhancing influence. Large elastic artery stiffening with
advancing age is attenuated in healthy adults engaged in aerobic exercise training, and aerobic
exercise interventions improve arterial stiffness in previously sedentary middle-aged and older
men and postmenopausal women. Regular aerobic exercise also enhances endothelial function
with aging in men (by reducing oxidative stress and preserving NO bioavailability), but not
consistently in estrogen-deficient postmenopausal women. In postmenopausal women, treatment
with estradiol appears to restore the ability of aerobic exercise to improve NO-mediated
endothelial function by reducing oxidative stress. Several research gaps exist in our understanding
of potential sex differences in the vascular adaptations to regular aerobic exercise. More
information is needed on the factors that are responsible for sex differences, including the role of
circulating estrogens in transducing the aerobic exercise training “stimulus”.
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Despite recent declines in prevalence, cardiovascular diseases (CVD) remain the leading
cause of morbidity and mortality in men and women in both developed societies and most
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developing nations (Wang et al., 2016; Benjamin et al., 2018). By far, the greatest risk factor
for CVD is advancing age with most of the burden of CVD falling on middle-aged and older
adults (Benjamin et al., 2018). Given projected increases in the absolute numbers of middle-
aged and older men and women in the future, a sharp upward trend in CVD is forecasted in
the absence of effective population-wide prevention efforts (Heidenreich et al., 2011).

A major target for the prevention of CVD in middle-aged and older adults is vascular aging
(Najjar et al., 2005; Lakatta, 2015; Niiranen et al., 2017; Nowak et al., 2018; R. Seals et al.,
2018; Rossman et al., 2018; Seals et al., 2018). With advancing age, several adverse changes
occur in the arterial system that drive the development of CVD. One clinically important
event is stiffening of the large elastic arteries, i.e., the aorta and carotid arteries (Lakatta &
Levy, 2003) (Figure 1). This age-associated arterial stiffening is mediated in part by changes
to the extracellular matrix within the walls of arteries including degradation of elastin fibers,
which are replaced by collagen deposition (fibrosis), and increased formation of crosslinking
molecules such as advanced glycation end-products (AGEs) (Lakatta, 2003; Lakatta & Levy,
2003; Fleenor, 2013; Nowak et al., 2018). Greater arterial smooth muscle tone, likely
mediated by an imbalance between bioavailability and/or action of vasodilatory and
vasoconstrictor signaling, is also believed to contribute to age-associated arterial stiffening
(Lakatta & Levy, 2003; McEniery et al., 2003; Wilkinson et al., 2004; Lyle & Raaz, 2017,
Nowak ef al., 2018). This imbalance of the vasoactive molecular milieu, most prominently a
decrease in nitric oxide (NO) bioavailability, induces a second negative change with vascular
aging—endothelial dysfunction, as typically indicated by impaired endothelium-dependent
dilation in response to chemical or mechanical (increased flow) stimuli (Celermajer et al.,
1994; Taddei et al., 1996; Taddei et al,, 2001; Seals et al., 2011) (Figure 1).

Although the cellular mechanisms that mediate arterial stiffening and endothelial
dysfunction with aging remain under investigation, there is extensive evidence supporting
important roles for vascular oxidative stress and chronic low-grade inflammation (Taddei et
al., 2001; Eskurza et al., 2004b; Moreau et al., 2005; Donato et al., 2007; Donato et al.,
2009; Pierce et al., 2009; Hildreth et al., 2013; Moreau et al., 2013a; Walker et al., 2014)
(Figure 1). In women, reductions in circulating estrogens associated with menopause interact
with other cellular aging processes to influence vascular function via mechanisms that whilst
incompletely understood, also appear to involve oxidative stress and inflammation (Moreau
et al., 2012; Hildreth et al., 2013; Moreau et al., 2013a; Moreau & Hildreth, 2014).

Collectively, these observations suggest that strategies that suppress the development of
oxidative stress and inflammation, maintain vasodilatory/vasoconstrictor balance, preserve
endothelial function and inhibit arterial stiffening would be highly effective for preventing
age-associated CVD (Figure 1). In this context, physical activity, in general, and regular
aerobic exercise, in particular, are strongly associated with reduced CVD risk, especially in
middle-aged and older men and women (Eckel et al., 2014). The cardiovascular-protective
effect of aerobic exercise likely is mediated by multiple mechanisms, including a more
favorable cardiovascular risk factor profile (Mora et al., 2007; Eckel et al., 2014). However,
the latter explains no more than 50% of the effects of physical activity on CVD risk (Mora et
al., 2007). The unexplained variance in the influence of aerobic exercise on CVD appears to
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be mediated, at least in part, via favorable modulation of vascular aging (Joyner & Green,
2009; Seals, 2014).

The purpose of this symposium review article, which summarizes a presentation at the 2018
Europhysiology meeting in London, is to discuss similarities as well as potential differences
in how regular aerobic exercise influences vascular function with aging in healthy men and
women. Particular attention will be paid to the potential influence of reductions in
circulating estrogens in observed sex differences. Broader reviews of the topic of exercise
and vascular aging are available elsewhere (Seals ef al., 2008; Seals et al., 2009; Moreau &
Hildreth, 2014; Santos-Parker et al., 2014; Seals, 2014; Moreau & Ozemek, 2017).

Regular Aerobic Exercise and Arterial Stiffness with Aging

The effects of regular aerobic exercise on large elastic artery stiffness with aging have been
investigated using both carotid-to-femoral artery pulse wave velocity (cfPWV), a measure of
aortic stiffness, and carotid artery compliance or its blood pressure-modified reciprocal
measure, the carotid beta-stiffness index (Vaitkevicius et al., 1993; Tanaka et al., 1998;
Tanaka et al., 2000; Moreau et al., 2003). Increases in cfPWV and reductions in carotid
artery compliance (increases in beta-stiffness index) indicate arterial stiffening; changes in
the opposite direction indicate greater compliance (reduced stiffness)

Among healthy sedentary men, cfPWV increases with aging, but middle-aged and older men
who perform regular aerobic exercise have a cfPWV closer to young men than their
sedentary peers (Vaitkevicius et al., 1993). Similarly, among healthy females, sedentary
postmenopausal women demonstrate greater cfPWV compared with sedentary
premenopausal women, whereas no significant differences are observed in cfPWV between
endurance exercise-trained postmenopausal and premenopausal women (Tanaka et al.,
1998). Collectively, these findings indicate that aortic stiffening with aging is attenuated in
healthy men and women who perform regular aerobic exercise compared with sedentary
adults.

Carotid artery compliance decreases (carotid beta-stiffness index increases) with aging in
both sedentary and aerobic exercise-trained healthy men and women; however, the
magnitude of the changes with age in exercising men and women is only ~50% of that
observed with age in sedentary adults (Tanaka et a/., 2000; Moreau et al., 2003; Matsubara
et al., 2013; Tanahashi et al., 2014) (Figure 2A). To assess the potential modulatory
influence of circulating estrogen status on carotid artery elasticity with aging in women, we
studied eumenorrheic premenopausal controls and groups of postmenopausal women
differing in hormone therapy and aerobic exercise status. The impairment in carotid artery
compliance observed in postmenopausal vs. premenopausal women was smaller in
postmenopausal women who were taking estrogen-based hormone therapy compared with
their estrogen-deficient peers (Moreau et al., 2003). Carotid artery stiffness was similar in
estrogen-treated sedentary women and endurance exercise-trained estrogen-deficient
women; that is, both estrogen treatment without regular aerobic exercise and regular aerobic
exercise without estrogen treatment were associated with more favorable carotid artery
compliance compared with their sedentary estrogen-deficient peers.
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In addition to such cross-sectional observations, aerobic exercise interventions increase
carotid artery compliance (reduce carotid artery beta-stiffness index) to a similar extent (25—
30%) in previously sedentary healthy middle-aged and older men (Tanaka et a/., 2000) and
estrogen-treated postmenopausal women (Moreau et al., 2003) (Figure 2B). Improvements
in arterial stiffness with aerobic exercise training also have been reported in estrogen-
deficient postmenopausal women (Matsubara et a/., 2013; Tanahashi et al., 2014).

Mechanisms of Action

The mechanisms by which regular aerobic exercise counteracts arterial stiffening with aging
in humans are largely unknown, in part because of the difficulty in accessing and/or
manipulating the aorta and carotid arteries without the confounding influence of altering
blood pressure and triggering vascular tone-modulating cardiovascular reflexes (Seals,
2014). There is some evidence, however, that aerobic exercise training may modulate
oxidative stress and/or inflammation.

Oxidative Stress—Lower concentrations of circulating markers of oxidative stress, such
as plasma oxidized LDL, and lower expression of genes related to oxidant production in
peripheral blood mononuclear cells have been reported in the aerobic exercise-trained vs.
sedentary state in middle-aged and older men and women (Moreau et a/., 2006; Gano et al.,
2011; Pierce et al., 2011a; Santos-Parker et al., 2017). Such findings support the possibility
that the lower arterial stiffness of the exercising middle-aged and older adults may be related
to lower systemic oxidative stress. Moreover, observations in healthy estrogen-deficient
postmenopausal women using supra-physiological infusions of the potent antioxidant
vitamin C (ascorbic acid) to acutely suppress excess superoxide bioavailability support the
view that lower oxidative stress contributes to the greater carotid artery compliance observed
in endurance exercise-trained versus sedentary women (Moreau et al., 2006). This is
consistent with findings in old male mice in which reductions in carotid artery stiffness in
response to voluntary wheel running were associated with reduced oxidative stress-related
collagen expression (Fleenor et al., 2010). However, the role of excessive superoxide-
associated oxidative stress in carotid artery stiffening with aging in healthy sedentary men is
unclear. In contrast to postmenopausal women (Moreau et al., 2006), systemic infusion of
vitamin C did not affect carotid artery compliance in healthy sedentary middle-aged and
older men (Eskurza et al., 2004a), and no data presently are available in exercising vs.
sedentary middle-aged and older men.

Inflammation—The lower arterial stiffness in middle-aged and older men and women who
exercise regularly may also be related to less age-associated inflammation. Several
investigations have reported lower concentrations of circulating markers of inflammation
such as C-reactive protein and inflammatory cytokines and/or higher concentrations of anti-
inflammatory cytokines in middle-aged and older men and women who regularly perform
vigorous aerobic exercise compared with non-exercising controls (Kasapis & Thompson,
2005; Nicklas et al., 2008; Pierce et al., 2011b; Santos-Parker et al., 2017). Moreover, lower
expression of genes coding for nuclear factor x B (NFxB), a master pro-inflammatory
transcription factor, and pro-inflammatory cytokines have been observed in peripheral blood
mononuclear cells of middle-aged and older men and women after vs. before aerobic
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exercise training (Gano et al., 2011). These findings are consistent with the concept of lower
systemic inflammation with aging in the middle-aged and older exercising adults. Similar
observations have been made for expression of pro-inflammatory cytokines in breast tissue
of exercising vs. sedentary postmenopausal women (Hanna et a/., 2018). The results of
preclinical investigations in mice extend these observations to vascular tissue. Voluntary
wheel running in older male mice reduced expression of NFx B and pro-inflammatory
cytokines in whole aortic lysate to levels observed in young mice (Lesniewski et a/., 2011).
Running wheel exercise also normalized age-related increases in macrophage and T
lymphocyte infiltration, another marker of vascular inflammation, in the adventitial and
perivascular regions of the arterial wall (Lesniewski et a/., 2011).

Summary—Collectively these observations suggest that the lower levels of large elastic
artery stiffness observed in middle-aged and older adults who perform regular aerobic
exercise may, at least in some cases, be associated with lower oxidative stress and/or
inflammation compared with their sedentary peers. However, additional research is needed
to support such conclusions, and sex differences in the respective roles of these mechanisms
in modulating age-and exercise-related differences in arterial stiffness remain a possibility.

Regular Aerobic Exercise and Vascular Endothelial Function with Aging

Healthy Middle-Aged and Older Men

Regular aerobic exercise is generally associated with preserved vascular endothelial function
with aging in healthy men, as assessed by endothelium-dependent dilation (Seals, 2014). We
and others have shown that the forearm blood flow responses to intra-brachial artery
infusion of the endothelium-dependent dilator acetylcholine, a clinically-relevant measure of
endothelial function of the forearm resistance arteries (microvasculature) (Halcox Julian et
al., 2002; Deanfield et al., 2007; Seals et al., 2014), is markedly lower in healthy sedentary
middle-aged and older versus young adult men but is well-maintained with aging in
endurance exercise-trained middle-aged and older men (DeSouza et al., 2000; Taddei et al.,
2000) (left panel Figure 3A). Similarly, we have also shown that brachial artery flow-
mediated dilation (FMD), a well-established measure of conduit artery (macrovascular) NO-
mediated endothelium-dependent dilation and predictor of future clinical CV outcomes
(YYeboah et al., 2007; Rossi et al., 2008), in healthy sedentary middle-aged and older men is
only ~50% of that observed in young adult controls but is well-preserved in middle-aged and
older men engaged in endurance exercise-training (Eskurza et al., 2004b). Importantly, in
previously sedentary healthy middle-aged and older men, 8-12 weeks of conventional
moderate-intensity aerobic exercise (brisk walking) improves both forearm resistance artery
and brachial artery endothelial function to levels not significantly different from young
healthy men (DeSouza et al., 2000; Pierce et al., 2011b) (left panels Figure 3A and 3B).

The robust endothelium-dependent dilation observed in middle-aged and older exercising
men is achieved by maintaining NO bioavailability at young adult levels (Taddei et a/., 2000;
Seals et al.,, 2008). This healthy endothelial function phenotype observed in endurance
exercise-trained middle-aged and older men compared with their sedentary peers is
associated with lower oxidative stress, as indicated by a significant increase in endothelium-
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dependent dilation in response to acute vitamin C infusion in sedentary, but not in exercising
men (Taddei et al., 2001; Eskurza et al., 2004b). These observations are unaffected when
endothelium-dependent dilation is corrected for arterial blood pressure and expressed as
increased vascular conductance (DeSouza et al., 2000; Taddei et al., 2001). Moreover,
endothelium-/mdependent dilation in response to a NO “donor” (infusion of nitroprusside or
sublingual administration of nitroglycerine), a measure of vascular smooth muscle
sensitivity to NO, is unaffected by aerobic exercise status in healthy middle-aged and older
men (DeSouza et al., 2000; Taddei et al., 2001; Eskurza et al., 2004b; Pierce et al., 2011b),
suggesting that the enhanced endothelium-dependent dilation found in the exercising men is
attributable to adaptations of the vascular endothelium per se.

Healthy Estrogen-Deficient Postmenopausal Women

In healthy women, vascular endothelial function, as assessed by brachial artery FMD,
declines progressively from the premenopausal state of young adult females across the
menopause transition, or “perimenopause” period, to the postmenopausal state in which
menstrual periods have stopped for at least one year (Moreau et al., 2012). The menopause
transition starts in the mid-to late 40s and features the initial change in menstrual cycle
regularity and alterations in the sex hormone environment (Santoro, 2016; Moreau, 2018).
As such, strategies that are effective in preserving or enhancing endothelial function as
women transition through and into the postmenopausal period of life may lessen the marked
increase in CVD prevalence observed after menopause (Santoro & Sutton-Tyrrell, 2011;
Moreau & Hildreth, 2014; Moreau, 2018).

Unfortunately, the effects of regular aerobic exercise on vascular endothelial function in
postmenopausal women are not nearly as clear as in middle-aged and older men. We found
that an 8-week program of brisk walking that improved brachial artery FMD by ~50% in
previously sedentary but healthy middle-aged and older men had no effect on brachial FMD
in healthy estrogen-deficient women who had been postmenopausal for ~10 years (Pierce et
al., 2011b) (left panel Figure 3B). Upon post hoc analysis we could find no biological or
exercise training-related factor that explained the lack of improvement in the women,
including pre-training (baseline) brachial FMD. No changes were observed in endothelium-
independent dilation with exercise training.

Consistent with our findings, some other studies also have reported no improvement in
brachial artery FMD with aerobic exercise training in estrogen-deficient postmenopausal
women (Casey et al., 2007; Swift et al., 2013). However, improvements in brachial FMD
with aerobic exercise have been reported, particularly in women with more greatly impaired
endothelial function at baseline (Black et a/., 2009; Swift et al., 2011; Akazawa et al., 2012,;
Swift et al., 2013). Of note, a more recent study in healthy estrogen-deficient women who
had only been postmenopausal for an average of 3 years, found that a 12-week program of
vigorous leg cycle ergometry exercise training increased femoral artery endothelium-
dependent dilation (increase in femoral vascular conductance) to intra-femoral artery
infusion of both acetylcholine and the prostacyclin analog epoprostenol, indicating improved
leg conduit artery endothelial function in response to leg cycling-based aerobic exercise
training (Nyberg et al., 2016).
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Potential Role of Exercise Training Stimulus—We considered the possibility that the
exercise training “stimulus” used in our aerobic exercise intervention study (Pierce et al.,
2011b), although the same exercise duration (~50 min/d), intensity (70-75% of maximal
exercise heart rate), frequency (6 d/wk) and treatment duration (8-9 weeks) used in the
middle-aged and older men, was somehow insufficient to evoke an adaptation in the
postmenopausal women. To determine this, we assessed brachial artery FMD in a large
cohort of healthy middle-aged and older men and estrogen-deficient postmenopausal women
who were either sedentary or had been performing strenuous endurance exercise training for
at least 5 consecutive years (Pierce ef al., 2011b). Consistent with the results of our aerobic
exercise intervention study (Pierce et al., 2011b), middle-aged and older endurance exercise-
trained men demonstrated a 50% greater brachial artery FMD compared with their sedentary
peers (right panel Figure 3B). In contrast, yet consistent with our exercise intervention
results, no differences were observed in brachial FMD between endurance exercise-trained
and sedentary estrogen-deficient postmenopausal women (right panel Figure 3B). These
findings suggest that an insufficient exercise training stimulus (intensity, duration and/or
volume of aerobic exercise performed) does not obviously explain the absence of an effect
on vascular endothelial function in estrogen-deficient postmenopausal women compared
with middle-aged and older men.

Potential Role of Resistance Versus Conduit Artery Adaptations—As described
above, aerobic exercise training induces significant increases in endothelium-dependent
dilation (endothelial function) in both forearm resistance arteries and the brachial artery in
healthy middle-aged and older men. Because the studies described above in estrogen-
deficient postmenopausal women all assessed endothelium-dependent dilation in conauit
arteries, primarily brachial artery FMD, it is possible that regular aerobic exercise improves
endothelial function in resistance arteries, but not in conduit arteries.

To address this possibility, we recently conducted an investigation that compared the
forearm blood flow responses to intra-brachial artery infusions of acetylcholine in 3 groups:
(1) premenopausal, (2) estrogen-deficient postmenopausal sedentary, and (3) estrogen-
deficient endurance exercise-trained postmenopausal women (Santos-Parker et al., 2017). In
agreement with our previous observations when assessing brachial artery FMD, we found
that the postmenopausal sedentary women had significantly lower forearm blood flow
responses to acetylcholine compared with the premenopausal controls, indicating impaired
endothelium-dependent dilation of resistance arteries with the combination of aging and
menopause (right panel Figure 3A). Most importantly, and also in keeping with our prior
findings, the forearm blood flow responses to acetylcholine were similar in the sedentary
and endurance exercise-trained postmenopausal women; expression of the responses as
(blood pressure-corrected) forearm vascular conductance provided the same results. As in
our studies using brachial FMD, there were no group differences in endothelium-
independent dilation (intra-brachial artery infusion of nitroprusside). These findings support
the idea that, in contrast to middle-aged and older men, regular aerobic exercise does not
consistently enhance vascular endothelial function in either resistance or conduit arteries of
healthy estrogen-deficient postmenopausal women.
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Healthy Estrogen-Treated Postmenopausal Women

The postmenopausal women studied in previous investigations on the effects of regular
aerobic exercise and vascular endothelial function were estrogen-deficient, i.e., they had
significantly lower circulating concentrations of estrogens compared with the premenopausal
women serving as controls. It is possible that in sedentary postmenopausal women,
improvements in endothelial function with aerobic exercise training require higher
circulating concentrations of estrogen to properly transduce the stimulus created by regular
exercise (Parker et al., 2010; Pierce et al., 2011b).

Accordingly, we conducted a randomized, placebo-controlled, double-blind clinical trial
(Moreau et al., 2013b) in which groups of sedentary estrogen-deficient postmenopausal
women (~8 years post-menopause on average) were given either: a daily oral estradiol tablet
and a weekly transdermal placebo patch; a weekly transdermal estradiol patch and a daily
oral placebo tablet; or a daily placebo tablet and a weekly placebo patch, for 12 weeks.
These initial 12-week periods were followed in each case by 12 weeks of aerobic exercise
training (brisk walking for 40-45 min/d, 5-7 d/wk) during which time the women
maintained their initial estradiol or placebo treatment condition. Compared with baseline
values, circulating estrogens (i.e., estradiol and estrone) concentrations were increased
significantly at 12 and 24 weeks in the two estradiol-treated groups and unchanged in the
placebo group.

Brachial artery FMD was increased after the initial 12 weeks of treatment (no exercise) in
both estradiol groups, but not in the placebo controls. Most importantly, brachial FMD
increased further in response to the subsequent 12-week period of aerobic exercise training
only in the estradiol-treated groups, no improvement was observed in the placebo treated
(estrogen-deficient) women, consistent with our previous findings (Pierce et al., 2011b)
(Figure 4). The combination of estradiol treatment and aerobic exercise training produced a
similar overall increase in brachial artery FMD as that observed in our previous study in
middle-aged and older men (Pierce et al., 2011b), whereas the response in the placebo-
treated group was identical to that reported in our prior exercise intervention trial in
estrogen-deficient postmenopausal women (Pierce et al., 2011b) (Figure 4).

Oxidative Stress—To determine the influence of oxidative stress in explaining the
different effects of aerobic exercise training in the presence and absence of high circulating
estrogen concentrations, we used acute vitamin C infusions to temporarily reduce
superoxide bioavailability (Moreau et al., 2013b). At baseline (i.e., prior to any treatment),
vitamin C infusion increased brachial artery FMD in all 3 groups of sedentary estrogen-
deficient postmenopausal women, suggesting excessive superoxide-associated tonic
suppression of endothelial function (Figure 5). As an internal control, an increase in brachial
FMD with vitamin C infusion was also documented in a separate group of estrogen-deficient
postmenopausal women who were endurance exercise-trained. This observation confirmed
that in the absence of high circulating estrogen, habitual aerobic exercise has no obvious
effect on vascular oxidative stress and its tonic inhibition of endothelium-dependent dilation
in postmenopausal women. After 12 weeks of regular aerobic exercise, vitamin C infusion
still produced an increase in brachial artery FMD in the placebo-treated women, but not in
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the 2 estradiol-treated groups, suggesting amelioration of oxidative stress-related
suppression of endothelial function with exercise training in healthy postmenopausal women
with restored circulating estrogen concentrations (Figure 5). The latter findings are
consistent with the lack of effect of vitamin C infusion on brachial artery FMD and the
reduced expression of nitrotyrosine, a marker of oxidative stress, in brachial artery
endothelial cells in middle-aged and older men who regularly perform aerobic exercise
compared with their sedentary peers (Eskurza et al.,, 2004b; Pierce et al., 2011a).

Summary—Taken together, these results support the hypothesis that regularly performed
aerobic exercise alone, whether short-term moderate-intensity exercise or longer-term
vigorous endurance exercise training, does not consistently improve vascular endothelial
function in healthy estrogen-deficient postmenopausal women. However, the combination of
estradiol treatment and regular aerobic exercise appears to induce improvements in
endothelial function similar to those produced by exercise training alone in middle-aged and
older men (Pierce et al.,, 2011b) (Figure 5). These findings suggest that some currently
undetermined circulating level of estrogen (greater than that typically occurring in an
untreated state) may be required to “transduce” the physiological stimulus created by regular
aerobic exercise for improving endothelial function in postmenopausal women.

In this context, 3 additional observations are worth noting. One is that, in general, middle-
aged and older men actually have higher circulating concentrations of estradiol compared
with untreated postmenopausal women (Bjgrnerem et al., 2004). Thus, it is possible that
estrogen is also required to transduce exercise signals to the vascular endothelium in middle-
aged and older men, but they have sufficient circulating estrogen concentrations to do so,
whereas non-estrogen treated postmenopausal women may not. A second point is that our
findings in postmenopausal women are consistent with results showing amelioration of
vascular endothelial dysfunction in amenorrheic premenopausal endurance athletes in
response to estrogen treatment (oral contraceptive pills) or restoration of menses
(Rickenlund et al., 2005b, a). Finally, it is possible that sex differences in vascular
remodeling might play a role in the inconsistent results reported to date on endothelial
function and exercise training in postmenopausal women. Some work indicates that large
conduit arteries like the brachial artery may remodel over time during an aerobic exercise
training program (Tinken et a/., 2008). These structural changes may mask an improvement
in conduit artery endothelial function at a particular point in time. Other investigators have
not observed changes in, for example, brachial artery diameter in response to aerobic
exercise training in middle-aged and older adults (Pierce et al., 2011b; Moreau et al.,
2013b). Moreover, such a mechanism would not explain the absence of an improvement in
resistance artery endothelial function in estrogen-deficient postmenopausal women (Santos-
Parker et al., 2017).

Role of Reduced Inflammation in the Effects of Regular Aerobic Exercise on Vascular
Endothelial Function in Middle-Aged and Older Men and Women

As discussed above, findings based on circulating concentrations of inflammatory markers,
as well as results from studies of inflammatory gene expression in peripheral blood
mononuclear cells, suggest the possibility of reduced systemic inflammation in middle-aged
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and older men and women in the aerobic exercise-trained vs. sedentary state (Kasapis &
Thompson, 2005; Nicklas et al., 2008; Pierce et al., 2011b; Santos-Parker et al., 2017). As
such, lower systemic inflammation may contribute to aerobic exercise training-associated
improvements in vascular endothelial function in both middle-aged and older men and
estrogen-treated postmenopausal women. Moreover, observations showing reduced
expression of NFx B in aorta of older male mice after several weeks of voluntary wheel
running indicate a strong anti-inflammatory effect of aerobic exercise training with aging in
whole (large) arteries (Lesniewski et al., 2011).

Other findings extend these observations to the vascular endothelium. Brachial artery FMD
was decreased and expression of NFx B in brachial artery endothelial cells was increased in
healthy middle-aged and older vs. young adult sedentary men, whereas middle-aged and
older aerobic exercise-trained men had levels of brachial FMD and endothelial cell
expression of NFx B similar to young sedentary men (Pierce et al., 2011a). Furthermore,
short-term treatment with the NFx B inhibitor salsalate reduced endothelial cell expression
of NFx B and improved brachial artery FMD in healthy non-exercising middle-aged and
older men and estrogen-deficient postmenopausal women but had no effect in aerobic
exercise-trained middle-aged and older adults (both middle-aged and older groups were
~30% postmenopausal women, all estrogen-deficient) or in non-exercising young adult
controls (Walker et al., 2014). These findings are consistent with the idea of a tonic pro-
inflammatory suppression of vascular endothelial function in sedentary, but not in
aerobically exercising middle-aged and older adults. However, relatively few
postmenopausal women were included in the latter study; as such, a more definitive
understanding of the interactive effects of inflammation and aerobic exercise training on
vascular endothelial function in this group will require investigation in a larger cohort.

Conclusions

As illustrated in the abstract figure, findings from our laboratory and others support the view
that regular aerobic exercise inhibits arterial stiffening with advancing age in healthy men
and women. Moreover, aerobic exercise interventions reduce arterial stiffness in previously
sedentary middle-aged and older men and, possibly, in both estrogen-treated and estrogen-
deficient postmenopausal women, although evidence is limited in women. Observations
from well-controlled studies indicate that aerobic exercise training also preserves vascular
endothelial function with aging in healthy men by enhancing NO bioavailability and
reducing oxidative stress. In contrast, at present we lack consistent evidence for a similarly
beneficial effect of aerobic exercise in estrogen-deficient postmenopausal women. However,
the results of an initial investigation suggest that estradiol treatment may restore the ability
of an aerobic exercise stimulus to evoke improvements in endothelial function in
postmenopausal women by reducing oxidative stress.

Future Directions

Presently there are several biomedically significant gaps in our understanding of potential
sex differences in the beneficial effects of regular aerobic exercise on vascular aging. The
following represent some of the possible future research directions in this area (Figure 6).
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The limited information we have on vascular adaptations to aerobic exercise
interventions in postmenopausal women is based on studies with very small
samples sizes. A larger randomized placebo-controlled trial will be necessary to
more definitively establish the effects of regular aerobic exercise on arterial
stiffness and endothelial function in estrogen-deficient postmenopausal women.

At least some of the inconsistencies in the results of studies to date in estrogen-
deficient postmenopausal women likely are due to differences in the participants
studied and/or research design. It will therefore be important to identify the
factors that contribute to inter-individual variability in the vascular adaptations
to exercise in this population, including, but not limited to the initial CVD risk
factor profile of the participants, the stage of reproductive aging
(perimenopausal; early vs. late postmenopausal); the specific vascular beds
studied (microvascular vs. macrovascular circulations; arm vs. leg arteries); the
intensity, duration and frequency of the exercise stimulus; and length of the
exercise training intervention.

Only one clinical trial performed in small groups of estrogen-deficient
postmenopausal women has assessed the potential permissive role of circulating
estrogen concentrations in transducing the beneficial effects of aerobic exercise
on vascular function. Again, a larger randomized clinical trial is needed to
confirm these initial results.

Limited results available on the mechanisms that mediate vascular adaptations to
aerobic exercise with aging in men and women also suggest the possibility of
sex differences. Accordingly, additional studies are needed to establish the
mechanisms of action by which regular aerobic exercise enhances vascular
function in middle-aged and older men compared with estrogen-deficient and/or
estrogen-treated postmenopausal women.

Randomized clinical trials are needed to determine if aerobic exercise training
improves vascular function in postmenopausal women at high risk of
cardiometabolic disorders or with diagnosed clinical disease.

Currently, estrogen treatment is clinically contraindicated for purposes other
than: a) short-term medical management of menopausal symptoms; b)
prevention of bone loss and fractures in women at elevated risk (in whom
alternative treatments are not tolerated); or ¢) hypoestrogenism caused by
hypogonadism, surgical menopause, or primary ovarian insufficiency. As such,
establishing the mechanisms by which estrogen supplementation facilitates
transduction of exercise-induced signals for stimulating vascular health might
lead to the identification of alternative natural compounds that could serve the
same role. Putative compounds that may enhance exercise signaling in
postmenopausal women must be tested for efficacy, as well as risk.

If aerobic exercise training is determined to be less effective for enhancing
vascular function in postmenopausal women than in middle-aged and older men,
it will be essential to establish alternative evidence-based lifestyle and
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pharmacological prevention and treatment strategies to optimize cardiovascular
health in women, as reviewed elsewhere (Moreau & Hildreth, 2014; LaRocca et
al., 2016; Martens & Seals, 2016; Moreau & Ozemek, 2017; Moreau, 2018;
Nowak et al., 2018; Seals et al., 2018).

8) Presently it is unknown if sex hormone-associated modulation of the
cardiovascular benefits of aerobic exercise extend to middle-aged and older men.
For example, it will be important to determine if the circulating concentration of
testosterone (or estrogens) influences and, thus, contributes to the inter-
individual variability in the vascular adaptations to aerobic exercise training in
middle-aged and older men. By extension, we need to establish if the vascular
adaptations to aerobic exercise training are blunted in hypogonadal men.
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g_igure 1. Mechanisms of age-associated vascular dysfunction and subsequent car diovascular
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Aging in both men and women is associated with increased oxidative stress and
inflammation, marked by increased superoxide (O-,) bioactivity and inflammatory
mediators. Together, these processes induce vascular dysfunction, featuring (lower left) large
elastic artery stiffening mediated by degradation of elastin fibers (purple), increased
deposition of collagen fibers (brown), and greater crosslinking of elastin and collagen
molecules by advanced glycation endproducts (dashed connecting lines); and (right)
vascular endothelial dysfunction characterized by reduced nitric oxide (NO) bioavailability
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and endothelium-dependent dilation. These and other changes to arteries, in turn, increase
the risk of developing clinical cardiovascular diseases.
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Figure 2. Aging, aerobic exercise and carotid artery compliance.
A: carotid artery compliance is reduced in both sedentary (Sed) and aerobic exercise trained

(EXx) healthy older men and women compared to young controls; however, the age-related
reduction in carotid compliance is attenuated by ~50% in Ex older adults. *P<0.05 vs.
Young Sed, **P<0.05 vs Older Sed. B: carotid artery compliance increased by ~25-30%
after 12 weeks of moderate-intensity aerobic exercise in previously sedentary healthy older
men and estrogen-treated postmenopausal women. P<0.05 vs Before Ex. Data are from
Tanaka et al. (Tanaka et a/., 2000) and Moreau et al. (Moreau et al., 2003).
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Figure 3. Aging, aerobic exercise and endothelial function.
A: peak forearm blood flow (FBF) to acetylcholine (a measure of microvascular endothelial

function) is reduced in healthy sedentary (Sed) older men (Older Before Ex) vs. Young Sed,
older aerobic exercise trained (Older Ex) and older Sed men after aerobic exercise training
(Older After Ex) (/eff). *P<0.05 vs. other groups. In women, peak FBF to acetylcholine is
reduced in both Older Sed and Older Ex estrogen-deficient (postmenopausal) vs. Young Sed
(premenopausal) (right). *P<0.05 vs. Young Sed. B: brachial artery flow-mediated dilation
(FMD, a measure of macrovascular endothelial function) increased after 8 weeks of
moderate-intensity aerobic exercise training in previously sedentary middle-aged/older men
but not in estrogen-deficient postmenopausal women (/ef?). Brachial artery FMD is greater
in aerobic exercise-trained (Ex) compared to sedentary middle-aged/older men, but there is
no difference in FMD between sedentary and Ex estrogen-deficient postmenopausal women
(righ?). *P<0.05 vs Before Ex. Data are from DeSouza et al. (DeSouza et al., 2000), Santos-
Parker et al. (Santos-Parker et al., 2017) and Pierce et al. (Pierce et al., 2011b).
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Figure 4. Sex differencesin improvementsin endothelial function to aerobic exercisetrainingin
middle-aged/older adults.
Brachial artery flow-mediated dilation (FMD) increased after 8—12 weeks of exercise

training in healthy middle-aged/older (MA/O) men (far left) and postmenopausal women
treated with estrogen-based hormone therapy (+HT, far right), but not in estrogen-deficient
postmenopausal women (-HT) (middle left and middle right). Data are from Pierce et al.
(Pierce et al., 2011b) and Moreau et al. (Moreau et a/., 2013b). Reproduced from Moreau et
al. (Moreau et al., 2013b).
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Figure 5. M echanisms of aerobic exercise training on endothelial function in the absence and
presence of estrogen in postmenopausal women.

In healthy estrogen-deficient postmenopausal women, aerobic exercise has no obvious effect
on oxidative stress-suppression of vascular endothelium-dependent vasodilation. In contrast,
estrogen treatment in postmenopausal women ameliorates the oxidative stress-related
suppression of endothelial function with exercise training.
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Figure 6.
Gaps in knowledge and future research directions.
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