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Abstract

Regular exercise is promoted as a therapeutic strategy for age-associated endothelial dysfunction.
Improvements in endothelial function are observed with endurance exercise in older men, but are
diminished or absent in older women. This review examines the hypothesis that sex hormones
modulate vascular adaptations to exercise training by influencing antioxidant defense systems,
mitochondrial function, oxidative stress, and intracellular signaling.
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INTRODUCTION

Cardiovascular disease (CVD) has been the leading cause of death in the United States for
the past century (26). Although CVD mortality has declined significantly over the previous
three decades, the mortality trend differs greatly by sex, with steeper rates of decline in men
compared to women (26). In fact, CVD mortality has increased in women 35-54 years old,
and compared to men, more women aged 45 and older die within a year after suffering a
myocardial infarction (26). The reasons for this sex disparity are unclear, but demonstrates
the urgent need to understand the sex-specific pathophysiology of CVD for the development
of therapeutic strategies for CVD prevention in women and men.
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For the greater part of the century, women were mostly excluded from research studies
because of the potential influence of varying sex hormone levels across the menstrual cycle
and the menopause transition. As such, little was known about the etiology of CVD in
women. Today, women comprise ~50% of research study participants, thanks in large part to
the establishment of the National Institutes of Health (NIH) Office of Women’s Health
Research in 1990 and the passage of the NIH Revitalization Act in 1993, which mandated
the inclusion of women in NIH-funded research. Since then, we have learned much more
about the manifestation of CVD in women and that some treatments that are effective for
CVD prevention in men such as aspirin, are not as effective for CVD prevention in women.
Despite these advances, many research studies still fail to consider potentially important sex
differences when designing clinical investigations. This is especially critical when designing
clinical trials aimed at prevention or treatment of disease as the response to drugs and
interventions may be sex dependent. In a recent report, the US Food and Drug
Administration (FDA) retrospectively found that among medications withdrawn by the FDA
from 1997-2000, more harms were incurred by women than by men. This underscores the
importance of sex differences, and the need to implement effective sex-specific strategies for
the prevention and treatment of CVD.

One of the salient sex differences in the risk for CVD is vascular aging, a major risk factor
for age-associated CVVD. Endothelial dysfunction, characterized by impaired endothelial-
dependent dilation, is a phenotypic feature of vascular aging, and is the key antecedent in the
initiation and progression of atherosclerotic CVD. Vascular aging in women is unique, in
that their arteries are also exposed to adverse changes in CVD risk factors (e.g., blood
pressure, adiposity changes) during the menopause transition where profound changes in sex
hormone levels are occurring. Indeed, the menopause transition appears to be a triggering
event that leads to accelerated age-associated endothelial dysfunction (24, 39). Notably,
premenopausal women have a lower incidence of CVD compared with age-matched men
(26). This apparent female protection has long been attributed to the potent vasodilatory,
antioxidant, anti-inflammatory and anti-proliferative effects of estrogen on the endothelium.
As such, the accelerated decline in endothelial function around the menopause transition has
been attributed to in a decline in ovarian function and the loss of endothelial protection by
circulating estrogens (24, 39).

The Women’s Health Initiative finding that estrogen therapy was not effective for the
prevention of CVD when initiated 10-20 years after menopause cast doubt on the
cardioprotective effects of estrogen (34). Thus, CVD prevention strategies have shifted to
encourage lifestyle recommendations such as physical activity and exercise programs in
older women. Although regular exercise is promoted as a therapeutic strategy for delaying
and improving vascular aging, there is growing awareness of potential sex differences in the
beneficial effects of exercise, with lesser benefit on vascular health in women (25, 28, 30,
37). The reasons for this are unclear, but may be related to sex differences in the plasticity of
the aging vasculature in response to exercise (28). We (25) and others (4, 30, 37) have shown
that the improvements in endothelial function with endurance exercise training observed in
older men are diminished or absent in older women. Because sex hormones have a
modulatory influence on vascular aging, sex-related differences in vascular adaptations to
exercise may be related to the marked, relatively abrupt reduction in circulating estrogen
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with menopause in women. In this regard, we recently demonstrated that endothelial
function is improved with endurance exercise training in estrogen treated postmenopausal
women, but not estrogen-deficient postmenopausal women, suggesting an essential role of
estrogen in endurance exercise training effects on the vasculature in women (25). The
reasons for the diminished vascular benefits to endurance exercise training in estrogen-
deficient women are not completely understood. Our overarching hypothesis is that sex
hormones modulate vascular adaptations to exercise training, particularly in women, and that
sex hormone deficiency impairs intracellular signaling and antioxidant defense systems,
decreasing the resistance of aged arteries to oxidative damage, consequently preventing
improvements in endothelial function with exercise training (Figure 1). Thus, current
exercise recommendations may need to be refined to consider the hormonal state of the
woman in order to optimize exercise training benefits to her vascular health. This review
article will focus on the hypothesized mechanisms for the modulatory influence of sex
hormones in exercise training benefits on vascular endothelial function in women.

SEX DIFFERENCES IN VASCULAR AGING

The vascular endothelium plays a key role in the maintenance of vascular health, and thus
the loss of normal endothelial function is believed to be a critical step in the initiation and
progression of atherosclerosis. Aging is associated with a progressive decline in endothelial
function, however, the effects of aging on the vascular endothelium appear to be sex-
specific. In general, premenopausal women have a healthier vascular endothelium compared
to age-matched men (24, 30). Endothelial function gradually declines in men around the 4t
decade of life, whereas in women, the decline begins about a decade later, then accelerates
to where sex differences are no longer observed by the 6t decade of life (39). The sex-
related differences in the decline in endothelial dysfunction have been attributed to changes
in gonadal function with aging, particularly in women (39). Consistent with this, we recently
demonstrated that ovarian function and circulating estrogen levels appear to be strong
modulators of the vascular aging process in women (24). Although endothelial function was
impaired in women who were categorized as early perimenopause (i.e., those demonstrating
menstrual cycle length changes =7 days) compared to premenopausal women, these women
still had robust endothelial function. In contrast, women who were of the same age as the
early perimenopausal women, but categorized as late perimenopausal (i.e., missing 2 or
more consecutive menstrual cycles but < 12 months of amenorrhea), had double the rate of
decline from premenopausal women. Endothelial function was further reduced in
postmenopausal women. Additionally, we and others demonstrate that endothelial function
can be improved with estrogen treatment (25, 41). Collectively, these data support the idea
that gonadal aging and declines in estrogen levels contribute to age-associated endothelial
dysfunction in women.

SEX DIFFERENCES IN ENDOTHELIAL ADAPTATIONS TO EXERCISE
TRAINING IN OLDER ADULTS

Historically, endurance exercise training has been shown to attenuate or ameliorate the age-
related decline in macrovascular and microvascular endothelial function in older men (4,
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30). However, surprisingly, this is not consistently observed in older (postmenopausal)
women (25, 30), suggesting that the adaptive responses to endurance exercise training in
older adults may be sex-specific. Pierce et al., demonstrated that macrovascular endothelial
function measured via brachial artery flow-mediated dilation (FMD) increased ~50% in
response to an 8 week moderate-intensity exercise training program (i.e., walking) in
previously sedentary middle-aged and older men, but did not change in age-matched
postmenopausal women (30). The authors corroborated the intervention findings with results
of a very large cross-sectional analysis of FMD measured in endurance-trained and
sedentary older men and women (30). Differences in training volume did not appear to
explain the sex-specific endothelial adaptations to exercise training. These findings were
consistent with previous cross-sectional studies in sedentary versus endurance-trained older
men (4, 7), and in endurance exercise training intervention studies in postmenopausal
women (25, 37). Although selective studies using small sample sizes and/or different
measurements of endothelial function have reported inconsistent results (1), the majority of
the literature suggests that the response of endothelial function to endurance exercise
training in healthy postmenopausal women is diminished compared to middle-aged and
older men.

SEX HORMONE MODULATION OF ENDOTHELIAL FUNCTION TO EXERCISE
TRAINING

As mentioned above, sex hormones appear to have a modulatory influence on vascular aging
in women and men, and as such, it has been suggested that sex-specific endothelial
adaptations to exercise training could be related to differential exposure to sex hormones
(28, 30). In women, endogenous sex hormone concentrations undergo an abrupt decrease
with menopause, however, in men, a parallel change is not observed (11). Only 10-15% of
60 yr-old, 30% of 70 yr-old and 50% of 80 yr-old men have total serum testosterone levels
below the normal range for young men (11). Thus, the lack of exercise training benefit on
endothelial function in postmenopausal women could be related, in part, to a decline in sex
hormones, particularly estrogen. In support of this, we recently reported that brachial artery
FMD increased following a 12 week moderate intensity endurance exercise training program
in previously sedentary postmenopausal women who were treated with either oral or
transdermal estrogen (Figure 2) (25). However, postmenopausal women who were treated
with placebo did not show FMD improvements with exercise training, consistent with
previous observations in estrogen-deficient postmenopausal women (Figure 3) (29). These
data provided the first direct evidence that estrogen is necessary to induce beneficial effects
of endurance exercise training on endothelial function in postmenopausal women. Our
hypothesis that estrogen plays a permissive role in endothelial adaptations to endurance
exercise training in women is supported by endothelial function studies conducted in
amenorrheic athletes, and leg exercise blood flow studies in perimenopausal and
postmenopausal women. First, highly trained amenorrheic premenopausal athletes have
reduced brachial artery FMD compared with eumenorrheic athletes and sedentary controls
(27, 32, 44). Additionally, brachial artery FMD is improved in amenorrheic premenopausal
athletes to levels observed in eumenorrheic athletes and sedentary controls with recovery of
menses (44), and with oral contraceptives (33). Second, leg blood flow and vascular
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conductance during single-leg knee extensions was attenuated in late perimenopausal and
postmenopausal compared to early perimenopausal women, suggesting that leg vasodilation
and exercise hyperemia are impaired in states of reduced estrogen concentrations (22).

POTENTIAL MECHANISMS UNDERYLING DIMINSHED VASCULAR
EXERCISE TRAINING BENEFITS IN OLDER WOMEN

The reasons for the apparent sex-specificity in exercise training effects on the vascular
endothelium, specifically diminished responses in estrogen-deficient postmenopausal
women compared to age-matched men, are unknown. To identify potential reasons for this
phenomenon, it is helpful to understand the mechanisms underlying age-associated
endothelial dysfunction and the reported anti-aging effects of endurance exercise training on
endothelial function.

Oxidative Stress

Age-associated endothelial dysfunction is attributed to reduced NO bioavailability,
secondary to vascular oxidative stress (7, 25, 40). Oxidative stress represents the imbalance
between the production and destruction of reactive oxygen species (ROS) by antioxidant
defense systems. Aging is associated with excessive ROS generation within multiple cellular
compartments including the plasma membrane (e.g., nicotinamide adenine dinucleotide
phosphate [NADPH] oxidase), peroxisomes (e.g., lipid oxidation), mitochondria (e.g.,
oxidative phosphorylation) and cytoplasm (e.g., xanthine oxidase), in the absence of
compensatory increases in antioxidant defense systems (e.g., superoxide dismutase [SOD],
catalase, glutathione). Excessive ROS production impairs endothelial function by scavenging
NO and by decreasing NO biosynthesis (17). The latter can occur by altering the metabolism
of arginine, the substrate for NO production, and/or by oxidizing the enzyme that produces
NO, endothelial nitric oxide synthase (eNOS) and its co-factors (i.e., tetrahydrobioptern
[BH4]). Both processes would cause eNOS to uncouple, resulting in a greater production of
superoxide and less NO, further contributing to vascular oxidative stress and reduced NO.

Mitochondrial Dysfunction

Mitochondrial dysfunction is a primary source of oxidative stress and plays a central role in
vascular aging (3). Mitochondria are the power plants of cells and are important for
maintaining cellular bioenergetics v7a oxidative phosphorylation. In the vasculature,
mitochondria are important for many functions beyond ATP generation. Mitochondrial
networks intersect with the nucleus and endoplasmic reticulum and serve as oxygen, nutrient
and calcium sensors, playing critical roles for cell signaling, cellular redox homeostasis and
regulation of programmed cell death. Mitochondria are both a source and target of ROS. As
mentioned above, ROS (superoxide and hydrogen peroxide [H,05]) are generated by the
mitochondria via the electron transport chain (ETC) and oxidative phosphorylation (3). Even
though mitochondria are equipped with antioxidant systems (i.e., manganese-dependent
[Mn] SOD) that detoxify ROS, with aging mitochondria membranes, proteins and DNA
become damaged from ROS and reactive nitrogen species (RNS) and produce excessive
amounts of ROS which overwhelms antioxidant defenses (3). Damaged mitochondria can
lead to alterations in cell bioenergetics, redox signaling and cell function. Excess
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mitochondrial-mediated oxidative damage has been shown to cause age-related endothelial
dysfunction (3, 10).

Estrogen may benefit endothelial function through effects on mitochondrial function.
Mitochondrial DNA (mtDNA) contains estrogen response elements and is elevated in
cerebral blood vessels of ovariectomized mice treated with estrogen compared to placebo
(14). Moreover, proteins involved in mitochondrial energy production and biogenesis (i.e.,
Nuclear respiratory factor [NRF]-1, peroxisome proliferator-activated receptor-y
coactivator-1 alpha [PGC-1al]) are elevated and mitochondrial ROS (i.e., HoO») is reduced
in the cerebral vasculature of ovariectomized rats treated with estrogen compared to placebo
(14). Thus, estrogen appears to protect the vasculature in part by modulating mitochondrial
function, increasing the efficiency of mitochondria and resulting in less mitochondrial ROS
production.

Exercise Training Effects on Oxidative Stress and Mitochondrial Function

It is well established that acute exercise promotes increased ROS production from exercise-
induced aerobic bioenergetic reactions in the mitochondria and cytosol (19). These exercise-
induced ROS are crucial signaling molecules that promote adaptive mechanisms to
endurance exercise training including upregulation of antioxidant defense systems (e.qg.,
SOD, catalase, GPX) and increased mitochondrial biogenesis (19). Newly formed
mitochondria are more efficient, and produce less ROS for the same level of ATP produced
(19). Chronic exercise training thus enhances antioxidant defense systems and mitochondrial
function, effectively lowering the concentration of ROS and increasing resistance to
oxidative damage (19).

The beneficial adaptations of mitochondrial function and antioxidant defense systems to
exercise training appear to be sustained with aging, at least in men. Animal and human
studies have shown that habitual exercise attenuates or reverses endothelial dysfunction in
older males by preserving mitochondrial function and mitigating age-associated oxidative
stress (6, 7, 10, 29). Aortic mitochondrial ROS, RNS and mitochondrial swelling were
reduced, mitochondrial ATP and DNA content were elevated, and endothelial function was
preserved in aged exercise trained rats compared to aged sedentary controls (10). Infusion of
the antioxidant ascorbic acid (i.e., vitamin C), a common experimental model that
temporarily and reversibly reduces ROS and removes the tonic oxidative stress-related
suppression of endothelial function, restored brachial artery FMD in older sedentary men but
had no effect on young or older endurance-trained men (7). In contrast to older men, we
reported that ascorbic acid infusion increased brachial artery FMD in both sedentary and
endurance-trained estrogen-deficient postmenopausal women, as well as in placebo-treated
(i.e., estrogen-deficient) postmenopausal women following 12 weeks of endurance exercise
training (25). Collectively, these observations suggest that the enhanced endothelial function
in older men is associated with an increased resistance of older arteries to oxidative stress,
whereas, the lack of endothelial improvements in response to exercise training in estrogen-
deficient postmenopausal women is related to decreased resistance to oxidative damage.
Notably, amenorrheic female athletes have elevated plasma markers of oxidative stress,
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which is suspected to play a role in the endothelial dysfunction observed in this population
(27).

The inability of endurance exercise training to mitigate the effects of oxidative stress on the
vascular endothelium in estrogen-deficient postmenopausal women is puzzling, but may be
related to sex differences in the versatility and adaptability of antioxidant defense systems to
oxidant exposure. Consistent with this broad concept, older male mice engaging in voluntary
wheel running for 10-14 weeks had increased aortic total, mitochondrial (manganese [Mn])
and cytosolic (copper-zinc [CuZn]) SOD activity compared to older caged controls (6).
Additionally, these mice had reduced aortic nitrotyrosine levels and NADPH oxidase
expression and activity, and preserved endothelial function (6). Similar findings have been
reported in clinical studies in humans. Older endurance-trained men were found to have
greater endothelial MnSOD, lower nitrotyrosine and NADPH oxidase p47 protein
expression in harvested brachial artery endothelial cells, and reduced circulating
endothelium-derived extracellular (ec) SOD activity compared to age-matched sedentary
men (29). These data suggest that endurance exercise training preserves vascular endothelial
function with aging in men by enhancing antioxidant defenses and protecting the vasculature
from oxidant stress.

To our knowledge, there is no direct evidence of the effect of endurance exercise training on
enzymatic and non-enzymatic antioxidants or ROS in arteries of postmenopausal women or
female animals. However, one study examined the effects of 90 days of 1 hour daily swim
training on antioxidant activity and ROS in female ovariectomized and intact (control)
Wistar rats (18). Swim training increased the endogenous antioxidants SOD, glutathione
peroxidase activity and glutathione content, and reduced lipoperoxidation in erythrocytes
and liver tissue in control animals (18). However, there was no improvement in antioxidant
enzymatic activities with swim training in ovariectomized rats, and lipoperoxidation oxidant
damage was increased (18). These data indicate that in females, estrogen-deficiency prevents
the upregulation in antioxidant defenses commonly observed with exercise training. Thus,
we believe that the inability of endurance exercise training to preserve or restore endothelial
function in estrogen-deficient postmenopausal women may be attributed to a failure of
antioxidant defense systems to adapt to endurance exercise training and mitigate oxidant
damage, presumably due to the lack of estrogen. Estrogen has a phenol-hydroxyl ring that
donates hydrogen, enabling estrogen to scavenge major sources of vascular ROS. Estrogen
also increases mitochondrial antioxidant defenses (i.e., MnSOD) and other intracellular
antioxidants (36). In this regard, ovariectomized animals have elevated ROS compared to
intact animals, and treating ovariectomized animals with estrogen prevents the development
of ROS and preserves endothelial function (13). In humans, a local infusion of ascorbic acid
restored NO bioavailability and microvascular endothelial function following oophorectomy
in premenopausal women (41). However, there was no effect of the ascorbic acid infusion on
microvascular endothelial function in the women before oophorectomy, in healthy controls,
or in oophorectomized women treated with estrogen for 3 months (41). Importantly, in our
previously-mentioned exercise training study, there was no effect of ascorbic acid infusion
on brachial artery FMD beyond the improvement observed following 12 weeks of endurance
exercise training in estrogen-treated postmenopausal women (25). Collectively, these
observations support the idea that estrogen plays a permissive role in endothelial adaptations
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to endurance exercise training by enhancing antioxidant defenses and increasing the
resistance to oxidative damage.

Impaired Estrogen Receptor/eNOS Signaling

Both estrogen and exercise maintain the integrity of the endothelium by increasing NO
bioavailability through common signaling pathways. Exercising blood flow increases the
frictional forces (i.e., shear stress) along the surface of the endothelium stimulating
mechanosensors including integrins, caveolae, ion channels and G-coupled protein receptors
(GPCRs) that transduce mechanical forces into biochemical signals to phosphorylate and
activate eNOS and increase NO-dependent vasodilation (16) (Figure 4). Similarly, estrogen
causes NO to be released through activation of eNOS via estrogen receptor (ER)a-mediated
non-genomic signaling pathways involving caveloae, integrins, ion channels and GPCRs
(20). Additionally, both exercise and estrogen increase eNOS protein via transcriptional
regulation of the eNOS gene (16, 20). Because estrogen and exercise share common
intracellular signaling pathways to mediate NO release, it is plausible that they play
synergistic roles in modulating intracellular signaling and gene expression in endothelial
cells. In this regard, /n vitro studies demonstrate that arterioles exposed to estrogen exhibit
upregulated eNOS and augmented NO-mediated vasodilation in response to increased flow
and shear stress (12). The increased NO-mediated vasodilation was prevented with ER
antagonism, indicating that the increased dilation was mediated v/ia ER upregulation of
eNOS (12). Because prolonged estrogen deficiency and oxidative stress decrease ERa
expression (2, 31), resulting in impaired ERa/eNOS signaling (31), it is plausible that the
lack of exercise benefit in estrogen-deficient postmenopausal women may be related to
reduced ERa and eNOS activation. We have previously demonstrated that /n vivo
endothelial cell ERa is reduced in estrogen-deficient postmenopausal compared with
premenopausal women (8). There was a strong positive relation between ERa and brachial
artery FMD, and endothelial eNOS and phosphorylated (p)-eNOSSer1177proteins, supporting
the idea that ERa is important for normal eNOS activation and endothelial function in
women. Taken together, these data suggest that a functioning ERa/eNOS signaling molecule
may have relevance for vascular adaptations to exercise training in postmenopausal women.

ESTROGEN MIMETICS AND EXERCISE TRAINING ADAPTATIONS

If ERs are important for vascular adaptations to exercise training in women it is plausible
that prescribing endurance-exercise training with ER agonists could enhance shear stress
signal transduction and improve endothelial function with endurance-exercise training in
estrogen-deficient postmenopausal women. One such non-pharmacological therapy is
resveratrol, a polyphenol (3,5,4’-trihydroxystilbene) present in many plant species that has
been thought to contribute to the cardiovascular benefits of drinking red wine (i.e., “French
Paradox™). Resveratrol has been identified as a vasoactive nutraceutical and has been shown
to benefit vascular endothelial function in preclinical and human studies (43). Acute (60
min) and chronic (6 wk) resveratrol treatment (dosed 30-270mg/d) increased brachial artery
FMD in healthy obese adults with and without mild hypertension, with no differences
between acute and chronic treatment (43). Similar to estrogen and exercise, resveratrol
increases NO release through eNOS activation (15). Importantly, the increase in eNOS
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activity with resveratrol is attenuated with the ER blocker ICI 182,780, indicating that the
effects of resveratrol on endothelial function are mediated in part, through ER activation of
eNOS.

In addition to possibly enhancing ER/shear stress signaling, resveratrol could also permit
exercise training adaptations in estrogen-deficient postmenopausal women by mitigating
oxidative stress. In preclinical studies, resveratrol supplementation prevented the increase in
ROS (xanthine oxidase and H,0,) and increased the activity of the antioxidants catalase and
MnSOD in skeletal muscle following isometric contractions in aged mice (35).

Preclinical studies have demonstrated that resveratrol enhances exercise training effects on
cardiovascular function and exercise performance (5). However, in a recent exercise training
study conducted in older men, 8 weeks of exercise training combined with oral resveratrol
(250 mg/d) was reported to have negative effects on CVD risk factors and cardiovascular
fitness (9). In this study exercise training improved mean arterial blood pressure (MAP),
LDL-cholesterol and maximal oxygen uptake (VO,max) With placebo treatment, but not with
resveratrol treatment, suggesting a potentially adverse effect of resveratrol on exercise
training adaptations (9). It is possible that the antioxidant effects of resveratrol blunted
exercise generated free radicals and impaired the ROS -induced adaptations to exercise
training, including mitochondrial biogenesis and upregulated antioxidant defenses.
Additionally, this study was conducted in older men whose gonadal state was not reported
(9), and thus, it is plausible that resveratrol combined with exercise training in estrogen-
deficient postmenopausal women could elicit different effects.

Thoughts and Considerations

The focus of this review is on sex-specific endothelial adaptations to chronic exercise
training in older adults. We did not discuss potential sex differences in endothelial
adaptations in young adults.In general, there does not appear to be differences in endothelial
function between sedentary and endurance-trained young adults. This is likely due to a
ceiling effect because endothelial function is near optimal, and may not be amenable to
improvements in vascular function, whereas in older adults there would be “room” for
improvement with exercise training because of age-associated impairments (21).We have
also not discussed sex-specific effects of resistance exercise training or acute exercise on
endothelial function.

We focused this review primarily on the modulatory role of estrogen in endurance exercise
training adaptations on endothelial function in women; we did not discuss the possible
important modulatory role of testosterone (and/or estrogen) on vascular adaptations to
exercise training in older men. We also did not discuss whether endothelial adaptations to
exercise training is altered in young women with other conditions associated with estrogen
deficiency (e.g., premature ovarian failure) or in perimenopausal women. To our knowledge
no study has examined the effects of endurance exercise training on endothelial function in
hypogonadal older men, young women with premature ovarian failure or in perimenopausal
women. We also recognize that other mechanisms not mentioned in this review could
explain the diminished endothelial adaptation to exercise training in older women. For
example, vascular inflammation has been linked to vascular endothelial dysfunction in older
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men and in estrogen-deficient postmenopausal women, and habitual exercise attenuates
endothelial dysfunction in older men by inhibiting the development of chronic low grade
vascular inflammation (23, 29, 42). Finally, our review focused on exercise training
adaptations in apparently healthy older adults; we did not discuss sex differences in exercise
training adaptations in clinical populations such as diabetes, hypertension, CVD, etc., nor
did we discuss the inter-individual variability in exercise training responses. Exercise
training may benefit endothelial function in clinical populations of women, and there may be
healthy estrogen-deficient postmenopausal women who do show benefit with exercise
training (30, 38). All of these topics warrant further research and discussion.

SUMMARY

Vascular aging, featuring endothelial dysfunction, is the major risk factor for CVD. As the
population ages, increasing numbers of adults will be living with CVD. Thus, effective
prevention strategies are needed to mitigate the negative impact on quality of life, and the
substantial societal and economic burdens of CVD. We acknowledge that regular exercise is
the first-line strategy for primary prevention of CVD and should be promoted as a
therapeutic strategy to target vascular aging. However, we believe that we have presented a
compelling argument that gonadal hormones modulate vascular adaptations to exercise
training, and thus, the gonadal state of older women (and possibly men) needs to be
considered when prescribing exercise interventions. Our hypothesis is that estrogen
deficiency prevents exercise training adaptive responses to mitochondrial function and
antioxidant defense systems, promoting greater ROS production and decreasing the
resistance of older arteries to oxidative damage. Moreover, oxidative stress decreases ERs,
impairing critical vascular signaling cascades shared with exercise training
mechanotransduction. Future research should investigate whether gonadal hormones
modulate the response of the aging vasculature to exercise training and the underlying
mechanisms (i.e., oxidative stress, ER signaling) for the failure of endothelial function to
adapt to exercise in older estrogen-deficient women. Additionally, understanding the sex
specific inter-individual variability to exercise training could provide information to possible
mechanisms of endothelial “trainability”. Future investigations should also examine whether
targeting mitochondrial ROS and/or other sources of ROS with pharmacological (e.g.,
selective estrogen receptor modulators) /non-pharmacological (e.g., neutraceuticals)
therapies concurrent with exercise training could present a therapeutic strategy to permit
vascular adaptations to exercise training in estrogen-deficient postmenopausal women.
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Key Points
. Cardiovascular disease is the leading cause of death in men and women, with
rates increasing in women 35-54 years old.
. The menopause transition and fluctuations in sex hormone levels may
accelerate age-associated endothelial dysfunction.
. Adaptions to endurance exercise training on endothelial function are
diminished in healthy postmenopausal women compared to middle-aged and
older men.
. Gonadal hormones modulate exercise training vascular endothelial responses,

likely by increasing the resistance of aged arteries to oxidative damage.
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Figure 1.

Working Hypothesis by which estrogen-deficiency limits endothelial adaptations to exercise
in healthy older women. In men, aging is associated with a gradual decline in brachial artery
flow mediated dilation (FMD) up until age 40, with a faster rate of decline thereafter.
Chronic exercise training preserves FMD with aging, partly due to reductions in reactive
oxygen species (ROS), greater production of endogenous antioxidants (AQ), resulting in
increased nitric oxide (NO) production. Conversely, in women regardless of training status,
the decline in FMD is attenuated up to the age of 50, after which there is an acceleration in
the decline in FMD likely due to the menopause transition and decreased estrogen
concentrations. The loss of estrogen in postmenopausal women likely impairs the
antioxidant defense system, despite chronic aerobic exercise training, thereby increasing
ROS levels that reduce NO concentrations. However, estradiol treatment in sedentary older
women attenuates the age-related decline in endothelial function, whereas duel aerobic
exercise training and estradiol treatment restores endogenous antioxidant defense systems
and increases the resistance to oxidative damage, thus, restoring brachial artery endothelial
function close to youthful levels.
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Figure 2.
Endothelial function measured via brachial artery flow-mediated dilation (FMD) before and

after 12 weeks of placebo, or oral or transdermal estradiol treatment, and an additional 12
weeks of placebo or estradiol treatment plus aerobic exercise training. *~<0.01 vs baseline;
T P<0.01 vs. 12 weeks; $P<0.01 vs placebo 12 weeks. (Reprinted from (25). Copyright 2013
Endocrine Society. Used with permission.)
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Figure 3.
Sex differences in the improvement of brachial artery flow-mediated dilation (FMD) to

endurance-exercise training in middle-aged/older (MA/O) men, and estrogen-deficient (E2)
and estrogen-replete (E2) postmenopausal women. *, £<0.05 vs before; 1, adapted from
Pierce et al. (30); 1, adapted from Moreau et al (25). (Reprinted from (25). Copyright 2013
Endocrine Society. Used with permission.)
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Figure 4.
Proposed synergistic role between estrogen and exercise in modulating intracellular

signaling and gene expression in endothelial cells. Estrogen and exercise share common
intracellular signaling pathways to mediate NO release, and thus, estrogen may enhance
exercise-induced increases in shear stress-associated signal transduction to increase NO
production and vasodilation. Estrogen receptors (ER) found on the cell membrane and
cytoplasm, particularly ERa, are involved with the transduction of the nongenomic effects
of estrogen through second messengers such as nitric oxide (NO), receptor tyrosine kinases
(RTKSs), integrins, G-protein—coupled receptors (GPCRs), as well as protein kinases
including phosphatidylinosiol-3-kinase (P13K), serine-threonine kinase Akt, mitogen-
activated protein kinase (MAPK), and protein kinases (PKA and PKC). Similarly, exercise
increases blood flow and shear stress along the surface of endothelial cells, stimulating
mechanosensors including GPCRs, integrins, cavoeloae and RTKSs and activating protein
kinases to phosphorylate and activate eNOS and release NO. Both estrogen and exercise also
increase transcriptional regulation of the eNOS gene in the nucleus. Prolonged estrogen
deficiency decreases ERa expression due to aging and oxidative stress, resulting in impaired
ERa/eNOS signaling, and thus, we postulate that the lack of exercise benefit in estrogen-
deficient women may be related to reduced ERa and eNOS activation.
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