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Abstract

Regular exercise enhances endothelial function in older men, but not consistently in estrogen-deficient
postmenopausal women. Estradiol treatment improves basal endothelial function and restores
improvements in endothelial function (flow-mediated dilation, FMD) to aerobic exercise training in
postmenopausal women; however, estradiol treatment is controversial. Resveratrol, an estrogen receptor
ligand, enhances exercise training effects on cardiovascular function and nitric oxide (NO) release in
animal models, but impairs exercise training effects in men. We conducted a randomized cross-over,
double-blinded, placebo-controlled pilot study to determine whether acute (single dose) resveratrol (250-
mg tablet) or estradiol (0.05 mg/day transdermal patch) treatment enhances FMD at rest and after a single
bout of moderate-intensity aerobic exercise in healthy estrogen-deficient postmenopausal women (n = 15,
58.1 ± 3.2 yr). FMD was measured before and after (30, 60, and 120 min) a 40-min bout of moderate-
intensity treadmill exercise (60–75% peak heart rate) under the respective conditions (separated by 1-2 wk).
FMD was higher (P < 0.05) before exercise and at all post-exercise time points in the resveratrol and
estradiol conditions compared to placebo. FMD was increased from baseline by 120 min postexercise in the
estradiol condition (P < 0.001), but not resveratrol or PL conditions. Consistent with our previous findings,
estradiol also enhances endothelial function in response to acute endurance exercise. Although resveratrol
improved basal FMD, there was no apparent enhancement of FMD to acute exercise and, therefore, may not
act as an estradiol mimetic.
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NEW & NOTEWORTHY The benefits of endurance exercise training on endothelial function are
diminished in estrogen-deficient postmenopausal women, but estradiol treatment appears to restore
improvements in endothelial function in this group. We show that basal endothelial function is enhanced
with both acute estradiol and resveratrol treatments in estrogen-deficient postmenopausal women, but
endothelial function is only enhanced following acute endurance exercise with estradiol treatment.
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INTRODUCTION

Endothelial dysfunction, assessed via brachial artery flow-mediated dilation (FMD), is widely regarded as a
biomarker of vascular aging and a predictor of future cardiovascular disease (CVD) morbidity and
mortality (12, 21). Sex differences exist in the age-related decline in endothelial function, starting in the
fourth decade of life for men, whereas an appreciably faster rate of decline is observed during the fifth
decade of life in women (3). Accordingly, CVD prevalence is higher in men until 60 years of age, after
which sex differences are no longer observed (38). The sex difference in the age-related decline in FMD
and CVD prevalence has been attributed to the decline in estradiol with the menopause transition (3, 31,
33). Because of concerns about adverse effects of chronic estrogen-based hormone therapy in
postmenopausal women, including estrogen-dependent cancers and CVD events, current guidelines reserve
the prescription of estrogen-based hormone therapy for short-term treatment of menopausal symptoms
(e.g., vasomotor), prevention of bone loss, and fractures in women at elevated risk, and hypoestrogenism
caused by hypogonadism, surgical menopause, or primary ovarian insufficiency (54). Therefore,
identification of alternative pharmacologic compounds and/or lifestyle prevention strategies (i.e., exercise)
to enhance endothelial function in estrogen-deficient postmenopausal women are needed.

Resveratrol is a polyphenol (3,5,4′-trihydroxystilbene) present in many plant species and 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 (30). Acute and chronic resveratrol treatment (dosed 30–270 mg) increased
brachial artery FMD in healthy obese adults, obese adults with mild hypertension, and hypertensive
postmenopausal women, with no differences between acute and chronic treatment (30, 61–64). However,
whether resveratrol improves endothelial function in healthy postmenopausal women is unknown.

Lifestyle modifications, particularly endurance exercise, are strongly endorsed to confer multisystem health
benefits and curb future risk of CVD-related events (13, 41). Although regular endurance exercise training
preserves or restores endothelial function in middle-aged and older men, similar exercise training benefits
are not consistently observed in sedentary estrogen-deficient postmenopausal women (8, 37, 44–46). Both
the abrupt reductions in FMD coinciding with the menopause transition and the lack of apparent benefit on
endothelial function with endurance exercise in estrogen-deficient postmenopausal women has spurred
investigation into the possible modulatory influence of estradiol on vascular adaptations to exercise
training. In this regard, we recently demonstrated that endothelial function is improved following 12 wk of
moderate-intensity endurance exercise training in previously sedentary postmenopausal women who were
treated with estradiol, but not in placebo-treated women (37).

The mechanisms by which estradiol modulates endothelial adaptations to exercise have not been completely
elucidated (46). In our previous study, estradiol treatment restored the ability of exercise to induce an
improvement in endothelial function in postmenopausal women by reducing oxidative stress (37). Estradiol
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and exercise also share common intracellular signaling pathways to phosphorylate and activate endothelial
nitric oxide synthase (eNOS) and mediate nitric oxide (NO) release. Exercise increases blood flow and
subsequent frictional forces (i.e., shear stress) along the surface of the endothelium, stimulating
mechanosensors (e.g., integrins, G protein-coupled receptors) that transduce mechanical forces into
biochemical signals to activate eNOS, and estradiol activates eNOS via estrogen receptor-α (ERα)-
mediated genomic and nongenomic signaling of these same pathways (4, 24, 51, 57, 67). It is possible that
estradiol modulates exercise-associated signal transduction to increase NO production and improve
endothelial function. As such, it would be important to know whether prescribing endurance exercise
training with pharmacological/nonpharmacological therapies that can attenuate oxidative stress and act via
ERα can enhance exercise signaling and improve endothelial function in postmenopausal women not using
estrogen-based hormone therapy.

In this regard, similar to estradiol, resveratrol has antioxidant properties and increases NO release through
eNOS activation (26, 40), effects that appear to be mediated, in part, through ER activation of eNOS (26).
Additionally, resveratrol enhances exercise training effects on cardiovascular function and NO release in
animal models (9, 39). Although, studies conducted in older men show that resveratrol may prevent
exercise training adaptations on CVD risk factors and cardiovascular fitness (15), because of resveratrol’s
estrogen-like properties, the effects of resveratrol on vascular responses to exercise could be sex-dependent
and be more favorable in postmenopausal women (28). The potential of resveratrol to enhance endothelial
function and NO in response to endurance exercise in postmenopausal women have not been determined.
Acute exercise bouts have been readily used to provide insight into the mechanisms of longer-term
adaptations to chronic exercise training (7). Accordingly, we conducted a pilot study to acquire preliminary
insight as to whether pretreatment with acute resveratrol or estradiol enhances endothelial function at rest
and in response to an acute single bout of moderate-intensity aerobic exercise in healthy estrogen-deficient
postmenopausal women. We hypothesized that both resveratrol and estradiol treatment would equally
improve FMD before and after an acute bout of aerobic exercise, whereas there would be no improvement
in FMD with placebo treatment.

METHODS

Study population. Fifteen healthy, estrogen-deficient postmenopausal women (52–63 years of age) were
recruited from the community. Postmenopausal status was defined as an absence of menses for at least 1
year as defined by the Stages of Reproductive Aging Workshop, and as previously defined (33, 34, 37, 50).
Participants were sedentary or recreationally active (<3 days/week of vigorous exercise), had not used
hormone therapy for ≥6 months prior to enrollment, were nonsmokers, normotensive based on previous
guidelines (resting blood pressure <140/90 mmHg), nondiabetic, had a fasted plasma glucose <110 mg/dL,
not taking medications that influence cardiovascular function (i.e. antihypertensive, lipid-lowering
medications), and were healthy, as determined by medical history, physical examination, standard blood
chemistries, and resting and maximal exercise electrocardiogram. Participants taking vitamin supplements
or nonsteroidal anti-inflammatory medications were asked to refrain from use for ≥4 wk prior to vascular
testing. Women with a history of hysterectomy or oophorectomy were excluded. The study was approved
by the Colorado Multiple Institutional Review Board, and all participants provided written informed
consent.

Study design. This was a randomized cross-over, double-blinded, placebo-controlled pilot study (Fig. 1).
Participants were tested under three different conditions, in random order, at the same time of day, with at
least 1 week between testing conditions. Treatment conditions consisted of placebo (inactive transdermal
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patch + inactive tablet); trans-resveratrol (250-mg resveratrol tablet + placebo transdermal patch); and
estradiol (0.05 mg/day transdermal patch + placebo tablet). Swanson Ultra Resveratrol 250 is derived from
the Chinese herb Polygonum cuspidatum. Both resveratrol and matching placebo tablets were provided by
Belmar Pharmacy (Lakewood, CO). Placebo and estradiol transdermal patches were placed 2 days before
the exercise visit, whereas placebo or resveratrol tablets were administered on the morning of the exercise
visit. Preexercise (baseline) endothelial function measures and blood sampling were obtained 45 min after
resveratrol/placebo administration. The dose and time after resveratrol supplementation were determined
on the basis of prior studies that have demonstrated its efficacy in improving resting FMD (61, 63).
Participants then completed a 5-min warm-up, followed by a 40-min bout of treadmill exercise at 60–75%
of their peak heart rate (measured via Polar monitor) achieved during screening cardiopulmonary exercise
testing. Women exercised at the same speed/grade for each of the three conditions. Endothelial function
tests were performed 30, 60, and 120 min after completing the exercise bout; blood sampling (glucose and
insulin) was performed before exercise and at 60 and 120 min after exercise.

Measurements. Participants were studied in the supine position following an overnight fast with proper
hydration (water only). The study took place at the Colorado Clinical and Translational Sciences Institute
(CCTSI) Clinical and Translational Research Center (CTRC).

Endothelial function. Supine blood pressure was measured prior to measures of endothelial function.
Ultrasound measurements of brachial artery flow-mediated dilation (FMD) were performed using a GE
Vivid I with a multifrequency linear-array transducer, as previously described (33, 34). Briefly, a pediatric
cuff was placed on the upper forearm, and brachial artery images were acquired ∼3–6 cm above the
antecubital fossa. The ultrasound probe was clamped to prevent involuntary movement, and measurements
were made to ensure the location of the same arterial segment for serial measurements. After obtaining
concurrent measures of baseline brachial artery diameter and blood flow velocity, reactive hyperemia was
produced by inflating the cuff to 250 mmHg for 5 min, followed by rapid deflation. After the release of the
arterial occlusion, Doppler blood flow velocity was acquired, and B-mode ultrasound brachial artery
diameter images were measured continuously for 2 min. Brachial artery diameter was analyzed using a
commercially available software package (Vascular Analysis Tools 5.5.1; Medical Imaging Applications,
Iowa City, IA). All images were coded by number, blinded to treatment condition, and analyzed by the
same individual (K.L.M.). Images were considered valid when clear vascular boundaries could be
identified; those without clear boundaries were not included in the analyses. Two participants had poor-
quality preexercise brachial images during the placebo visit, and additional images that were removed from
analyses included one participant’s resveratrol condition and one participant’s estradiol condition due to
poor preexercise images, one participant’s placebo condition 30 min postexercise assessment, one
participant’s estradiol condition 30 min postexercise assessment, one participant’s resveratrol condition 120
min postexercise assessment and estradiol condition 60 min postexercise assessment, and one participant’s
resveratrol condition 30 min postexercise assessment and estradiol condition 60 min postexercise
assessment. All procedures conformed strictly to published guidelines for assessing FMD in human
participants (5).

Seated blood pressure, body composition, and peak aerobic capacity. Seated brachial arterial blood pressure
was measured in triplicate with a semiautomated device in the morning following an overnight fast, as
previously described (53). Total (percent of total mass) and regional (percent of mass in trunk region) body
fat were determined using dual-energy X-ray absorptiometry (Hologic Discovery, version 12.6, Bedford,
MA). Peak oxygen consumption was determined using an individualized incremental treadmill exercise
protocol (52). A warm-up period was used to determine the walking speed that elicited a heart rate roughly
70% of age-predicted maximum. This speed was maintained during the test while the treadmill grade was
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increased by 2% every 2 min until volitional fatigue. A 12-lead electrocardiogram (Quinton Q4500;
Quinton Instruments, Seattle, WA) was used to monitor heart rhythm and rate continuously, while blood
pressure was measured during each exercise stage. Cardiorespiratory data were collected at 30-s intervals
using a ParvoMedics TrueOne 2400 automated metabolic gas analysis system. The highest oxygen uptake
(V̇O ) value achieved was recorded as V̇O .

Blood sampling. Fasted plasma concentrations of glucose, insulin (RIA immunoassay), estradiol
(chemiluminescence methodology, Beckman Coulter), total- (Roche Diagnostic Systems, Indianapolis, IN)
and high-density lipoprotein cholesterol (HDL; Diagnostic Chemicals, Oxford, CT) were determined using
enzymatic/colorimetric methods. Low-density lipoprotein (LDL) cholesterol was calculated using the
Friedewald equation (14). Because exercise can influence circulating glucose and insulin levels, and both
can modulate endothelial function (60), blood sampling for glucose, insulin, and estradiol occurred on the
day of vascular testing. All assays were performed by the CCTSI CTRC core laboratory.

Statistical analysis. Descriptive statistics were used to examine all data elements. The repeated
measurements of FMD were modeled using a general linear mixed model. This approach is conceptually
identical to repeated-measures analysis of variance but has the advantage of using all available data for all
15 women, including those whose FMD images were considered missing due to image quality; estimates
are unbiased under the assumption that missing data are missing at random. As this was a cross-over study
with repeated measures, a direct product compound symmetric covariance structure was used to model the
variance/covariance between the repeated measures within each treatment and within each subject. Linear
contrasts were used to estimate preexercise hemodynamic, blood, and vascular measures to postexercise
measures within condition (i.e., the within-group effects) as well as to compare measures at the same time
points among conditions (i.e., the between-group effects); maximum likelihood was used to estimate the
covariance structure. Standard statistical conventions of performing two-sided tests and P values < 0.05
designating statistically significant results were used. All analyses were conducted using SAS software
version 9.4 M5 (SAS Institute, Cary, NC).

RESULTS

Participant characteristics. Participant characteristics are presented in Table 1. On average, participants
were 7.1 ± 4.2 (means ± SD) years past menopause; 4 (27%) had used hormone therapy in the past for an
average of 6.7 ± 5.0 months. Clinical characteristics in past hormone therapy users did not significantly
differ from nonusers. All 15 women completed all three treatments and acute exercise bouts. One
participant was provided the incorrect treatment; therefore, an additional study visit was performed with the
correct treatment.

Hemodynamic, glucose, and insulin at baseline and after a single bout of exercise. Preexercise and
postexercise hemodynamic responses to the three acute exercise bouts are outlined in Table 2. Preexercise
systolic blood pressure was lower in the estradiol condition compared to placebo; systolic, diastolic and
mean arterial blood pressures (MAP) were lower between estradiol and resveratrol conditions. No
hemodynamic differences existed between resveratrol and placebo conditions. There were no differences in
preexercise heart rate (HR) among estradiol or resveratrol and placebo conditions.

Average exercise intensities did not differ among the three conditions (placebo: 67.4 ± 2.1% of peak HR;
resveratrol: 67.0 ± 2.6% of peak HR; estradiol 67.0 ± 2.6% of peak HR; P > 0.05), with all participants
exercising in the prescribed exercise dose each visit. During all three conditions, the heart rate and blood

2 2peak
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pressure responses postexercise were biphasic, such that HR increased (P < 0.05) and blood pressure
decreased (P < 0.05) compared to preexercise values, then normalized to preexercise levels by 120 min
postexercise (P > 0.05) with the exception of the estradiol condition. Postexercise systolic, diastolic, and
MAP did not differ between the placebo and resveratrol conditions at the respective time points (30, 60, and
120 minutes postexercise). Small, statistically significant differences were noted between the placebo and
estradiol visits. Postexercise 60- and 120-min systolic and diastolic blood pressure were significantly lower
(P < 0.05) in the estradiol treatment condition compared to placebo. Systolic blood pressure at 120 min
after exercise was significantly lower in the estradiol treatment condition compared to resveratrol. MAP
was significantly lower 30, 60, and 120 min after exercise in the estradiol compared to the resveratrol
conditions.

There were small significant differences in preexercise glucose levels among conditions between the
placebo and estradiol conditions, as well as between resveratrol and estradiol conditions. Glucose 60 min
after exercise was lower in the estradiol compared to resveratrol condition. Moreover, there were no
changes from preexercise values in glucose or insulin levels following the acute exercise bout in any
condition.

Preexercise brachial artery FMD and estradiol. Brachial artery baseline diameters did not significantly differ
among conditions (Table 2). Preexercise brachial artery FMD, both percent (Fig. 2) and absolute (Table 2),
were greater in the resveratrol and estradiol conditions than the placebo condition (both P < 0.05). As
expected, estradiol concentration was higher in the estradiol condition than the placebo and resveratrol
conditions (P < 0.001). There were no differences in estradiol concentrations between resveratrol and
placebo.

Acute exercise effects on brachial artery FMD. Brachial artery FMD, both percent (Fig. 2) and absolute (
Table 2), was greater in resveratrol and estradiol conditions compared with placebo at all postexercise time
points (Fig. 2; all P < 0.001). Within the placebo condition, FMD decreased at 30 min and 60 min after
exercise (both P < 0.05; Cohen’s d: both 0.6), but normalized at 120 min after exercise and was no longer
different (P = 0.54; Cohen’s d: 0.2) from preexercise FMD (Fig. 2). Within the resveratrol condition, there
were no differences between postexercise FMD at any time point compared to preexercise FMD (Fig. 2;
Cohen’s d: 0.4, 0.03, and 0.3, respectively). Within the estradiol condition, FMD was greater at 120 min
after exercise compared to preexercise FMD (8.0 ± 0.7% and 5.9 ± 0.7%, respectively, P < 0.001; Cohen’s
d: 1.1), but 30- and 60-min postexercise FMD values were not different from preexercise (P = 0.46 and P =
0.08, respectively; Cohen’s d: 0.5 and 1.1, respectively).

When comparing the change scores (FMD at postexercise time points – preexercise FMD) between
conditions, only the 60- and 120-min change scores in the estradiol condition were significantly different
(both P < 0.01; Cohen’s d: 1.5 and 1.4, respectively) from the placebo change scores at the same time
period (Fig. 3). There were no significant differences in change scores between resveratrol and placebo at
any postexercise time point (30 min after exercise, P = 0.86; 60 min after exercise, P = 0.24; 120 min after
exercise, P = 0.63), and no difference between resveratrol and estradiol (30 min after exercise, P = 0.52,
Cohen’s d: 0.1; 60 min after exercise, P = 0.26, Cohen’s d: 0.3; 120 min after exercise, P = 0.10, Cohen’s
d: 0.1).

DISCUSSION
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In the present study, we extended our previous observations demonstrating the essential role of estradiol in
basal endothelial function and endothelial adaptations to chronic endurance exercise training in
postmenopausal women by examining whether a potential “estrogen mimetic” (i.e., resveratrol) could
modulate basal endothelial function and responses to a single bout of exercise in postmenopausal women.
We first show that a single dose of resveratrol or estradiol increased brachial artery FMD to a similar extent
compared to placebo. However, only estradiol treatment led to an enhanced brachial artery FMD response
to exercise. These data provide further support for the important role of estradiol in the endothelial
response to endurance exercise in postmenopausal women and suggest that estrogen mimetics like
resveratrol may improve basal endothelial function, but whether it enhances endothelial function in
response to exercise warrants further exploration.

Modulatory action of resveratrol on basal endothelial function in estrogen-deficient postmenopausal women.
Resveratrol is a vasoactive nutraceutical, with both acute and chronic administration improving vascular
endothelial function to a similar degree (61, 64). Analogous to estradiol, the improvement in endothelial
function is mediated by increased NO release through eNOS activation (25, 40). The increase in eNOS
activity with resveratrol is attenuated with estrogen receptor blockade, indicating that the effects of
resveratrol on endothelial function are mediated, in part, through estrogen receptor activation of eNOS (26),
and thus, resveratrol may be a nutraceutical substitute for estradiol in women.

To our knowledge, the present study was the first to examine the effects of resveratrol on endothelial
function in healthy postmenopausal women. The robust increase in resting brachial artery FMD with acute
resveratrol dosed at 250 mg was similar in magnitude to that observed by Marques et al. (from 4.2 to 7.1%)
with acute administration of a 300-mg dose of trans-resveratrol in hypertensive women aged 45–65 years
(30). Interestingly, Marques et al. (30) showed no improvement in FMD with resveratrol in age-matched
hypertensive men (from 4.4 to 4.9%). Our findings extend these previous observations by incorporating an
estradiol arm. As expected, acute estradiol treatment led to a significant increase in baseline FMD
compared to placebo, and to a similar degree reported previously (37).

Effects of resveratrol or estradiol treatment on the postexercise FMD response. Acute exercise has been
suggested to present the cardiovascular system with a hormetic challenge that, with repetition, leads to
physiological adaptations (7). Previous investigations, primarily in young men, have characterized the time
course of brachial artery FMD responses to an acute bout of endurance exercise (6, 7). Generally, a
biphasic FMD response occurs after a bout of moderate- or vigorous-intensity exercise, with a decline in
FMD immediately after exercise and a subsequent normalization or increase >60 min after exercise (1, 22,
23). The decrease in FMD immediately after exercise may be related to elevated retrograde shear, shear-
induced substrate depletion, and/or a reduced shear stimulus during the FMD test (7). Additionally, a
decrease in blood pressure from peak to postexercise may be associated with a reduction in NO
endothelium-dependent dilation due to arterial baroreflex-induced increase in sympathetic nervous system
activity (20, 42).

Consistent with previous observations in men (1, 23, 66), we showed a significant decline (~1%) in FMD
30 min after the acute bout of exercise with placebo treatment that persisted 60 min after exercise, but
normalized by 120 minutes after exercise. However, our data are in contrast to previous observations of
Serviente et al. (47) and Yoo et al. (66), who reported no significant change in FMD 20–30 min after acute,
moderate-intensity, and high intensity interval training treadmill exercise in postmenopausal women. These
findings may be explained, in part, by the relatively short bout of exercise (~30 min), as previous studies
have determined that longer bouts are associated with an initial decline in FMD adults (7). Our data are
also in contrast to Harvey et al. (18), who showed an increase in FMD ~60 min after 45 min of moderate
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intensity (60% V̇O ) in postmenopausal women. The conflicting results could be due to methodological
differences; Harvey et al. (18) fed their participants a light meal post-treadmill exercise and assessed FMD
following upper arm occlusion, whereas participants in the present study were fasted, and FMD was
assessed following forearm occlusion. Previous work that established the existence of macronutrient-
specific effects on FMD (2, 56), as well as different FMD responses between upper and forearm cuff
occlusions (10) has contributed to guidelines recommending FMD to be performed in the fasted stated
(≥12 h) and using a forearm occlusion model (55).

Although the decrease in FMD at 30 min after exercise in the resveratrol condition approached ~1%, it was
not statistically significant (P = 0.16). This may be explained by the relatively large standard deviation
(±2.4%), perhaps reflecting the exclusion (n = 4) of poor-quality images at this time point. In contrast to
the placebo condition, estradiol treatment prevented the transient decrease in FMD at 30- and 60-min after
exercise and led to an increase in FMD 120 min after exercise. These data are disparate to Harvey et al.
(19), who did not show additional improvements in FMD following a single bout of treadmill exercise in
postmenopausal women treated with oral estradiol (2 mg/day). In this study, both acute exercise and
estradiol treatment with no exercise improved FMD, but their effects were not additive. The conflicting
results could be due to differences in assessment of FMD (i.e., upper arm occlusion in Harvey et al. vs.
forearm occlusion in the present study). Serviente et al. (47) determined whether the brachial artery FMD
response following acute moderate-intensity treadmill exercise would differ in women with varying ovarian
hormone exposure (perimenopausal who have higher estrogen exposure than postmenopausal women, who
have low estrogen exposure). Brachial artery FMD increased 30 min after exercise in the perimenopausal,
but did not change in the postmenopausal women, despite having similar FMD before exercise. In a
subsequent study, fitness appeared to modulate the response to acute exercise, with only low-fit
perimenopausal women demonstrating an increase in FMD 30 min after exercise (48). These data are
consistent with the present study’s findings that higher levels of circulating estradiol may prevent the
transient decrease in FMD following acute exercise and provides support for the importance of estradiol in
permitting endothelial adaptations to exercise in women.

Although resveratrol did not enhance the brachial artery response to a single bout of exercise, the present
study’s findings that FMD was higher at all postexercise time points in the resveratrol condition compared
with placebo is in contrast to a study conducted in older men that reported attenuation of improvements in
cardiovascular function (MAP and maximal oxygen uptake) with chronic exercise training in resveratrol-
treated compared to placebo-treated men (16). Results from the present study indicate that resveratrol does
not negatively impact the endothelial response to exercise in estrogen-deficient postmenopausal women;
whether resveratrol has a permissive effect on endothelial adaptations to chronic exercise training in older
women warrants further investigation.

Potential mechanisms underlying the modulatory influence of resveratrol and estradiol on basal endothelial
function and responses to acute exercise. We can only speculate on the mechanisms that explain the
favorable effects of resveratrol and estradiol on basal FMD and FMD responses following an acute exercise
bout with estradiol treatment. Oxidative stress is a key modulator of NO and basal endothelial function in
estrogen-deficient postmenopausal women (58). Reactive oxygen species (ROS), such as superoxide,
scavenge NO, reducing its overall bioavailability and associated endothelial vasodilatory response (27).
Additionally, it has been suggested that oxidative stress from increased ROS production during exercise
may contribute to the transient decrease in FMD with acute exercise (7, 49). Because both resveratrol and
estradiol can increase NO bioavailability through antioxidant effects (58, 59, 65), the higher basal FMD
(i.e., preexercise) in both conditions compared to placebo may reflect reduced oxidative stress in these
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conditions. Moreover, the decrease in FMD 30 and 60 min after exercise in the placebo condition could be
due to increased exercise induced ROS production, whereas the higher FMD at all time-points after
exercise in both resveratrol and estradiol conditions compared to placebo may reflect prevention or
attenuation of exercise-induced ROS and decreased FMD after exercise. Consistent with this, resveratrol
supplementation prevented the increase in ROS (i.e., xanthine oxidase and hydrogen peroxide) and
increased the activity of the antioxidants catalase and manganese superoxide dismutase in skeletal muscles
following isometric contractions in aged mice (43). Additionally, we previously reported that brachial
artery FMD increased during a systemic infusion of ascorbic acid (a well-described experimental model to
acutely suppress oxidative stress) (11) following 12 wk of endurance exercise training in placebo-treated
postmenopausal women, whereas no improvement was seen in estradiol-treated women (36). These results
indicate that estrogen may play a key permissive role in the adaptive response of the endothelium to
endurance exercise in women through antioxidant actions.

Other potential mechanisms that may contribute to the initial decline in endothelial function postexercise
include increases in inflammation (17) and vasoconstrictors (e.g., endothelin-1) (29). For a detailed review
of this topic, readers are directed to the following articles (32, 35, 46).

Experimental considerations and limitations. This pilot study had several limitations. The objective was to
characterize the basal and postexercise endothelial vasodilatory responses with resveratrol or estradiol
treatment in healthy estrogen-deficient postmenopausal women. Findings may not extend to other
populations, including men, and those with CVD risk factors. Without robust markers of NO and oxidative
stress (i.e., both ROS and endogenous antioxidants), we can only speculate on the mechanistic role that NO
and ROS may play in response to the treatment conditions. Future studies, including more robust and
sensitive measures of NO and oxidative stress, are needed to begin to elucidate the mechanistic effects of
acute and chronic resveratrol or estradiol treatment on vascular function in women. Although the FMD
response at rest with resveratrol treatment was generally favorable, the implications of chronic resveratrol
supplementation in conjunction with endurance exercise training in postmenopausal women are unknown.
Additionally, because we did not measure endothelial-independent vasodilation, we cannot state for certain
that the effects of the interventions and acute exercise on brachial artery FMD were mediated entirely by
the vascular endothelium; it is plausible that the effects were also mediated by vascular smooth muscle cell
function. Lastly, although blood glucose and insulin did not change after exercise from preexercise during
any treatment condition, glucose levels during the estradiol treatment condition were lower at preexercise
compared to the placebo condition. The small difference (3 mg/dL) was not considered clinically
meaningful.

Conclusions. The importance of estradiol for basal endothelial function and endothelial adaptations to
exercise in women has been demonstrated in our previous work and others and was confirmed in the
present study (46). However, alternatives to estradiol are needed given concerns about the potential harms
of estrogen-based hormone therapy in postmenopausal women (46). We showed here for the first time that
1) a single dose of resveratrol improved endothelial function at rest in healthy estrogen-deficient
postmenopausal women to the same extent as transdermal estradiol; and 2) only estradiol may interact with
endurance exercise to enhance endothelial function further, consistent with our previous observations (37).
Accordingly, these findings do not support resveratrol as an estrogen mimetic for enhancing endothelial
function in response to acute aerobic exercise in older women.
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Figures and Tables

Fig. 1.

Experimental design. BD, blood draw; FMD, flow-mediated dilation.

Table 1.

Participant characteristics

Parameter Value

Age, yr 58.1 ± 3.1

Body mass, kg 60.6 ± 12.0

BMI, kg/m 23.2 ± 34.9

Total body fat, % 31.5 ± 5.8

Seated systolic BP, mmHg 110 ± 12

Seated diastolic BP, mmHg 67 ± 9

Total cholesterol, mg/dL 203 ± 32

LDL cholesterol, mg/dL 113 ± 15

HDL cholesterol, mg/dL 71 ± 25

Glucose, mg/dl 87 ± 9

Peak systolic BP, mmHg 161 ± 15

Peak diastolic BP, mmHg 77 ± 7

Peak HR, bpm 164 ± 11

Respiratory exchange ratio 1.06 ± 0.07

V̇O , ml·kg ·min 32.6 ± 5.7

Data are expressed as means ± SD; n = 15. BMI, body mass index; BP, blood pressure; HDL, high-density lipoprotein; HR, heart
rate; LDL, low-density lipoprotein; V̇O , oxygen consumption.

Table 2.

Hemodynamic, brachial artery and metabolic parameters before acute treadmill exercise, and at 30, 60, and 120 min after treadmill
exercise, during placebo, resveratrol, and estradiol treatments

2

2peak
−1 −1

2
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Values presented for the 15 subjects are expressed as means ± SE. BP, blood pressure; bpm, beats per minute; HR, heart rate; MAP,
mean arterial pressure.
Significantly different (P < 0.05) from placebo condition at same time point.
Significantly different (P < 0.05) from pre-exercise within condition.
Significantly different (P < 0.05) from resveratrol at the same time point.

Placebo Resveratrol Estradiol

Preexercise 30 min 60 min
120
min Preexercise 30 min 60 min

120
min Preexercise 30 min 60 min

120
min

FMD

    
Brachial
diameter,
mm

3.85 ± 0.12 3.90 ±
0.11

3.87 ±
0.11

3.79 ±
0.11

3.69 ± 0.10 3.71 ±
0.10

3.74 ±
0.10

3.67 ±
0.10

3.68 ± 0.11 3.73 ±
0.11

3.77 ±
0.11

3.74 ±
0.11

    
Brachial
FMD,
mm∆

0.16 ± 0.02 0.14 ±
0.02

0.13 ±
0.02

0.16 ±
0.02

0.25 ±
0.03

0.22 ±
0.03

0.26 ±
0.03

0.27 ±
0.03

0.22 ±
0.02

0.21 ±
0.03

0.27 ±
0.03

0.31 ±
0.02

Blood
markers

    
Glucose,
mg/dL

93 ± 2 93 ± 2 92 ± 2 94 ± 2 94 ± 2 92 ± 2 90 ± 2 91 ± 2 90 ± 2

    
Insulin,
mIU/L

6.8 ± 0.8 6.6 ±
0.8

6.2 ±
0.8

6.4 ± 1.0 6.1 ±
1.0

6.3 ±
1.0

5.9 ± 0.7 5.9 ±
0.7

5.6 ±
0.7

    
Estradiol,
pg/mL

10.6 ± 3.2 10.5 ± 3.6 64.6 ±
26.6

HR and
BP FMD

    
HR, bpm

58 ± 1 68 ± 1 64±1 59 ± 1 59±1 57 ± 2 66 ± 2 58 ± 2 58 ± 1 68 ± 1 64 ± 1 60 ± 1

    
SBP,
mmHg

114 ± 2 108 ±
2

110±2 113 ±
2

115±2 107 ±
2

108 ±
2

115 ±
2

109 ± 1 104 ±
1

104 ±
1

108 ±
1

    
DBP,
mmHg

69 ± 2 66 ± 2 67±2 69 ± 2 71±2 66 ± 2 66 ± 2 70 ± 2 66 ± 2 63 ± 2 64 ± 2 67 ± 2

    
MAP,
mmHg

84 ± 2 81 ± 2 82±2 85 ± 2 88±2 81 ± 2 82 ± 2 86 ± 2 81 ± 1 77 ±
1

78 ±
1

82 ± 1

* * * * * * *†

*§ §
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† † † † † †
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Fig. 2.

Brachial artery flow-mediated dilation (FMD) within placebo condition (A; n = 13), resveratrol condition (B; n = 12 before and 60
min after exercise, n = 11 30 and 120 min after exercise), estradiol condition (C; n = 12 before exercise and 120 min after exercise, n
= 10 30 and 60 min after exercise). Individual responses are presented in gray, and values are expressed as group means ± SE,
presented by the black circles and lines. The repeated measurements of FMD were modeled using a general linear mixed model to
account for missing data due to image quality. †P < 0.05 vs. preexercise value within condition. *P < 0.05 different from placebo
condition within the same time point.

Fig. 3.

Brachial artery flow-mediated dilation (FMD) change scores within placebo condition (A; n = 13), resveratrol condition (B; n = 12
before and 60 min after exercise, n = 11, 30 and 120 min after exercise), estradiol condition (C; n = 12 before exercise and 120 min
after exercise, n = 10, 30, and 60 min after exercise). Individual responses are presented in gray, and values are expressed as group
means ± SE, presented by the black circles and lines. The repeated measurements of FMD were modeled using a general linear mixed
model to account for missing data due to image quality. *P < 0.05 different from placebo condition within the same time point.


