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A B S T R A C T   

Background: Postmenopausal women exhibit higher rates of disability and cardiovascular disease (CVD) with 
aging compared to men. Whereas habitual exercise training is a known strategy to enhance physiologic function 
in men and premenopausal women, exercise-related adaptations are often modest in postmenopausal women. We 
propose dietary nitrate (beetroot juice) administered prior to exercise training may be a feasible approach to 
improve mobility and cardio-metabolic health outcomes in postmenopausal women. 
Methods: Our randomized, placebo-controlled study aims to determine preliminary effects sizes for changes in 
functional mobility and endothelium-dependent vasodilation across three study arms: exercise only (EX), exer-
cise + placebo (EX + PL), and exercise + beetroot (EX + BR). Thirty-six postmenopausal women are recruited in 
small cohorts wherein group exercise is implemented to facilitate social support and adherence to an 8-week 
training progression. Participants are randomized to one of three study arms (n = 12 per group) following 
baseline assessments. Post-intervention assessments are used to determine pre-post changes in outcome measures 
including distance covered during a 6 min walk test, walking economy, muscle speed and power, and 
endothelial-dependent vasodilation as determined by flow-mediated dilation. Measures of feasibility include 
recruitment, retention, adherence to exercise prescription, perceived exercise session difficulty, and adverse 
event rates. 
Discussion: Evidence-based, translational strategies are needed to optimize exercise training-related adaptations 
in postmenopausal women. Findings will inform larger randomized clinical trials to determine if pre-exercise 
consumption of beetroot juice is an efficacious strategy to promote mobility and attenuate CVD disease risk.   

1. Introduction 

The principle age-related barrier to healthy, independent living is a 
progressive decline in physiologic function and movement quality. Thus, 
the preservation of health and quality-of-life are of significance to over 
50 million individuals aged 65 years and older in the United States [1]. 
Postmenopausal women, in particular, represent a growing segment of 
the population that exhibit higher rates of disability and cardiovascular 
disease (CVD) with advancing age compared to men [2,3]. While 
habitual exercise training is an effective strategy to slow age-related 
decrements in physiologic function, strong evidence suggests the 
vascular adaptations (i.e., enhanced vasodilator capacity of skeletal 

muscle microvasculature) to training are dependent on sex and repro-
ductive age [4,5]. Postmenopausal women do not consistently possess 
the same vascular responsiveness to exercise compared to premeno-
pausal women [6] or men [7]. As such, targeted efforts are needed to 
overcome the limitations of current exercise prescriptions to attenuate 
age-related shifts in CVD risk and loss of functional mobility among 
postmenopausal women. 

A combination of age-related oxidative stress and diminishing 
endogenous estrogen [8,9] likely contribute to an increased CVD risk 
and attendant nitric oxide insufficiency among postmenopausal women. 
Since nitric oxide is essential for numerous physiologic functions, 
including endothelial-dependent vasodilation, inhibition of platelet 
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aggregation, and muscular efficiency/contractility [10,11], declining 
nitric oxide bioavailability is implicated in vascular endothelial 
dysfunction and an impaired adaptive response to exercise training 
stimuli [12,13]. Exogenous estrogen treatments are a seemingly plau-
sible remedy to restore physiologic function in postmenopausal women, 
as estrogen is directly implicated in nitric oxide biosynthesis [14] and 
exerts cardioprotective benefits in premenopausal women [15]. How-
ever, data from the Women’s Health Initiative and the Heart and 
Estrogen/Progestin Replacement Study does not support the use of es-
trogen replacement therapy for the long-term prevention of CVD risk 
after menopause [15,16]. Therefore, it is essential to consider alterna-
tive approaches that increase nitric oxide bioavailability to improve 
mobility and vascular health in postmenopausal women. 

In response, a three-arm randomized, placebo-controlled trial was 
developed to test the feasibility of a dietary nitrate supplement (in the 
form of beetroot juice) administered prior to exercise with an overall 
objective seeking to augment the benefits of habitual exercise training. 
While historically the oxidation of endogenous L-arginine was thought to 
be the primary source of nitric oxide production, recently an enter-
osalivary circuit has been identified wherein ingested nitrate (from, e.g., 
leafy greens, beetroot) are reduced to nitrite by bacteria in the oral 
cavity and subsequently to nitric oxide in systemic circulation [17]. 
Compelling evidence in humans have shown reduced blood pressure 
[18,19], enhanced endothelial-dependent vasodilation [20] and 
improved exercise performance [21] with dietary nitrate supplementa-
tion. However, the feasibility of dietary nitrate supplementation com-
bined with habitual exercise training is largely unknown in older 
populations. Thus, the ongoing BEE SWEET project aims to test the 
feasibility of pre-exercise beetroot juice supplementation and to deter-
mine preliminary effect sizes for outcome measures of functional 
mobility and endothelial-dependent vasodilation to inform a 
larger-scale randomized clinical trial. 

2. Research goals (specific aims and hypotheses) 

The primary aim of the BEE SWEET study is to determine the feasi-
bility of an 8 week exercise training program (EX) coupled with the 
consumption of beetroot juice (EX + BR) or placebo (EX + PL) prior to 
exercise in postmenopausal women. Prior work supports daily, short- 
term (i.e., 21 days) consumption of beetroot juice in men and women 
aged 62 ± 1 years [22], yet this was performed in the absence of exercise 
training. Research unequivocally supports the utility of exercise training 
in older adults, still in the context of this design, feasibility is unknown. 
Outcomes of interest include recruitment, retention, adherence to ex-
ercise prescription and assessments, perceived difficulty of exercise 
sessions, and adverse event rates. Project success will be based on 83% 
[30 of 36] of randomized participants completing 8 weeks of resistance 
training exercise with analyzable measures for the 6 min walk test, 
treadmill walking economy, isokinetic dynamometry, 
endothelium-dependent vasodilation, and blood samples for measures of 
soluble endothelial microparticles and plasma nitrate/nitrite at baseline 
and follow-up. 

Secondary aims are to determine preliminary effect sizes for EX + BR 
compared to EX + PL and EX on distance covered during a 6 min walk 
test, treadmill walking economy, peak power and velocity assessed with 
isokinetic dynamometry, and endothelial-dependent vasodilation as 
evidenced by percent increase in flow-mediated dilation and cutaneous 
vascular conductance. Consistent with others showing performance 
benefits of beetroot juice consumption during aerobic exercise perfor-
mance [23] and endothelial function [24], we anticipate a small (η2 =

0.01) to medium (η2 = 0.06) effect size in a beneficial direction for EX +
BR compared to EX + PL and EX. Further information related to effect 
size interpretation is described by Lakens (2013) [25]. 

An exploratory aim is to determine the preliminary effect size for EX 
+ BR compared to EX + PL and EX for changes in soluble endothelial 
microparticles including soluble vascular cell adhesion molecule-1 

(sVCAM-1), soluble intracellular adhesion molecule-1 (sICAM-1), and 
soluble E-selectin. Given the link between nitric oxide bioavailability 
and regulation of NF-ҡB [26], it is reasonable that EX + BR may have 
synergistic properties that could elicit favorable effects on the vascular 
endothelium. As such, we anticipate a small to medium effect size [η2 =

0.01–0.06 [25]] in a beneficial direction for EX + BR compared to EX +
PL and EX. 

3. Study design 

3.1. Rationale for the use of beetroot juice (dietary nitrate) 

It is understood that age-related oxidative stress contributes to nitric 
oxide insufficiency [9]. In this context, the formation of peroxynitrite, 
attributable to the interaction between nitric oxide and superoxide, 
lowers nitric oxide bioactivity and triggers local injury including cellular 
necrosis/apoptosis [27]. Since nitrate and nitrite can be reduced to form 
nitric oxide, the nitrate-nitrite-nitric oxide pathway represents an 
alternative route to enhance the bioavailability of nitric oxide at the 
tissue level [28,29]. Supplementation with dietary nitrate, a naturally 
occurring compound in leafy greens and beetroot, is one such strategy to 
enhance nitric oxide bioavailability in populations with nitric oxide 
insufficiencies [30,31]. In populations with impaired endogenous nitric 
oxide synthesis, acute dietary nitrate supplementation has resulted in 
lowered peripheral resistance [32], greater skeletal muscle oxygenation 
[33], improved exercise tolerance [30], enhanced muscle contractility 
[34,35] and more robust vascular responses to exercise training [31]. 

Since peak plasma concentrations of nitrate and nitrite occur within 
1–2 h and 3–4 h following ingestion of dietary nitrate [36], respectively, 
there is a reasonable window of time to perform exercise. Since deox-
yhemoglobin can trigger the one-electron reduction of nitrite to nitric 
oxide, often accelerated in conditions of low oxygen tension and pH 
[37], it is likely ample nitrite to nitric oxide conversion will occur in 
active skeletal muscle [23,38]. By harnessing the practical time (2–3 h), 
during which plasma nitrate and nitrite levels are elevated, beetroot 
juice consumption can be planned to coincide with the start of exercise. 
This, in turn, will acutely elicit the following effects in postmenopausal 
women: 1) improved blood flow/muscle oxygenation; 2) greater exer-
cise tolerance and; 3) lower perceived exercise difficulty. 

3.2. Study population 

A total of 36 postmenopausal women are randomized to one of three 
interventions: 1) EX (n = 12), 2) EX + PL (n = 12) or, 3) EX + BR (n =
12). Eligible participants are being enrolled at the coordinating center, 
Indiana University School of Public Health – Bloomington. The objective 
is to recruit four cohorts of nine women to facilitate adherence through 
social support with group exercise. Based on 2010 United States Census 
Bureau Circular Area Profile data taken from a 50 mile radius of the 
Bloomington testing site, it is anticipated that approximately 83.6% (n 
= 30) of the sample population will self-identify as White, 9.4% (n = 3) 
as Black or African American, 2% (n = 1) as Asian, and 4.7% (n = 2) as 
other or multiple races [39]. Approval from the local Institutional Re-
view Board has been obtained and participants are providing informed 
consent prior to enrollment. 

3.3. Eligibility criteria 

The following eligibility criteria are employed to identify post-
menopausal women who are between the ages of 55–74 years old and 
would be able to safely participate in our exercise intervention. Women 
are included if: 1) had a measured body mass index between 27.0 and 
34.9 kg/m2, 2) self-reported as postmenopausal as evidenced by not 
having a menstrual cycle within the past 12 months, 3) are able to 
ambulate without assistance, and 4) have physician’s clearance to begin 
an exercise program. Participants are excluded if: 1) currently smoke or 
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use tobacco products, 2) have greater than stage II hypertension (i.e., 
159/99 mm Hg), 3) use prescription anti-coagulant medications (i.e., 
Coumadin or Warfarin), 4) use medication with potent vasodilator ef-
fects (i.e., phosphodiesterase-5 inhibitors, calcium channel blockers, 
nitrates), 5) use medication that alters stomach acid production (i.e., 
proton pump inhibitors), 6) use medication that affects heart rate (i.e., 
systemic β-adrenergic blockers), 7) are undergoing hormone replace-
ment therapy, 8) have significant orthopedic limitations or other con-
traindications to strenuous exercise, 9) anticipate elective surgery 
during the study period, or 10) live > 50 miles from the Indiana Uni-
versity – Bloomington study site. Further exclusion criteria include a 
history of 1) habitually exercising ≥3 times per week and 2) diagnosis of 
a major metabolic disease (i.e., Type I diabetes, Type II diabetes, thyroid 
disorders). 

3.4. Recruitment and screening 

Postmenopausal women who meet basic eligibility requirements are 
being recruited within a 50 mile radius of the Bloomington testing site 
using indirect methods including posted flyers in/around campus 
buildings, health clinics, gynecology offices, and local aging organiza-
tions. Scripted emails are also sent to campus-wide health and wellness 
programs (e.g., Healthy IU), local aging group organizations (e.g., 
Bloomington Commission on Aging, Active Aging Coalition), and faculty 
list-serves. Study details are available on the Indiana Clinical and 
Translational Sciences Institute’s “All IN for Health” website that 
matches potentially eligible volunteers to health studies conducted 
across Indiana and on ClinicalTrials.gov (NCT04370756). Open 
recruitment occurs for fixed periods of 4–6 weeks. 

Recruitment is through self-referral only with potential participants 
contacting research team members in response to recruitment materials. 
Those interested undergo a thorough scripted phone screening wherein 
all study procedures are explained, and a copy of the informed consent 
statement is sent to the prospective participant via mail or email. 
Potentially eligible participants are invited to attend an on-site 
screening that begins with participants providing written informed 
consent. Eligibility criteria of age (verified by state issued driver ID), 
prescription medications (verified from current prescription bottles/la-
bels), and measured body mass index are assessed during the on-site 
screening. Participants are further required to obtain clearance from 
their primary care physician stating that they are safely able to engage in 
the outlined exercise protocols. 

3.5. Enrollment and randomization 

Participants who meet all eligibility requirements and have physi-
cian’s clearance are enrolled in cohorts of six to nine to facilitate social 
support and adherence to the supervised exercise training. We anticipate 
enrolling four waves of nine women to successfully meet the target 
sample size of 36 postmenopausal women (12 per group). 

Group allocation is randomly determined using a computer-based 
number generator in blocks of three to ensure equal between-group 
distribution (i.e., n = 1 EX, n = 1 EX + PL, n = 1 EX + BR). For 
example, in the first wave of nine participants, three are randomly 
assigned to the EX group, three randomly assigned to the EX + PL group, 
and three randomly assigned to the EX + BR group. Each assignment is 
kept in a sealed envelope until completion of all baseline assessment 
measures. 

3.6. Setting 

The BEE SWEET project is funded through a Grant Linking 
University-wide Expertise (GLUE) award sponsored by the Indiana 
Clinical and Translational Sciences Institute. The mission of GLUE 
awards is to support collaborative efforts of researchers across Indiana 
campuses with the goal of developing large multi-investigator projects. 

Accordingly, outside of the coordinating site at the Indiana University 
School of Public Health – Bloomington, participants will attend assess-
ment visits at the Clinical Research Center located within the Indiana 
University Health University Hospital – Indianapolis. Recruitment ef-
forts and enrollment are taking place at the coordinating study site. 

3.7. Assessments 

3.7.1. Schedule 
Participants attend three baseline laboratory assessment visits prior 

to group assignment. Following the 8 week exercise program, baseline 
testing procedures are repeated across three follow-up assessments. The 
first assessment visit consists of laser-Doppler flowmetry and measure-
ments of brachial blood pressure completed before and 3 h after acute 
ingestion of beetroot juice (140 mL); the second, a blood draw followed 
by pulse-wave velocity analyses, a 6 min walk test and walking economy 
test performed on a treadmill; and the third, flow-mediated dilation and 
isokinetic dynamometry. Fig. 1 depicts the visit flow and group 
randomization whereas Table 1 provides an outline of all measurements 
taken during the six assessments. 

3.7.2. Program feasibility measures (primary outcomes) 
Recruitment rate will be calculated as the number of participants 

randomized per months of recruitment time at the coordinating site. The 
percent of randomized participants with complete outcome measures for 
the 6 min walk test, walking economy, isokinetic dynamometry, 
endothelium-dependent vasodilation, and blood samples for concen-
trations of soluble endothelial microparticles at baseline and follow-up 
will be calculated as the retention rate. 

Adherence to the 8 week exercise program will be assessed as the 
percent of completed exercise sessions from 24 possible sessions (i.e., 
three times per week for 8-weeks). Additionally, the number of sessions 
attended per week (frequency), session heart rate, and rating of 
perceived exertion (intensity), total minutes of each session (duration), 
and the number of sets, repetitions, and amount of weight selected for 
individual exercises performed (volume) will be recorded. 

The adherence of participants assigned to the beetroot juice sup-
plementation group will be randomly assessed using the NIOX Vero® 
(Circassia, Morrisville, NC) for analyses of fractional exhaled nitric oxide 
concentration 3 h following ingestion. Readings of exhaled nitric oxide 
will be compared to values obtained during baseline assessment 
following the acute ingestion of beetroot juice to confirm adherence 
with supplementation. 

The number and frequency of serious adverse events (e.g., chest pain, 
bone fracture) and minor adverse events (e.g., strained muscle, sore 
joint) will be monitored. 

3.7.3. Measures of functional mobility and endothelial-dependent 
vasodilation (secondary outcomes) 

Consistent with standard practices and procedures [40], participants 
are instructed to walk for a duration of 6 consecutive minutes around an 
indoor, closed course. A chest strap heart rate monitor is worn to mea-
sure post-exercise heart rate and indices of heart rate recovery at 1, 2, 
and 3 min following the cessation of walking. A hip-worn triaxial 
accelerometer is used to examine acceleration signal complexity [41] 
and estimates of energy expenditure (kilocalories). Participants are 
asked to identify their level of perceived exertion on a continuous visual 
analogue scale ranging from “no exertion” to “maximal exertion.” Dis-
tance covered during the 6 min walk test is associated with aspects of 
functional mobility in older adults [42–44]. Acceleration complexity is a 
measurement of functional capacity that has shown to differentiate be-
tween clinical groups, such as older versus young healthy adults and 
those with an elevated risk for falls [45,46]. 

Breath-by-breath analyses of oxygen uptake is continuously recorded 
during treadmill walking at a walking speed of 2 mph and 0% grade for 
6 min using a Vmax™ Encore metabolic cart (Vyaire Medical, Mettawa, 
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IL). Resting oxygen uptake, measured for 3 min prior to walking with 
subjects in a standing position, is subtracted from oxygen uptake aver-
aged across the duration of the walking task to obtain an evaluation of 
walking economy. Measures of heart rate, blood pressure, and ratings of 
perceived exertion using the validated Borg CR10 scale [47] are also 
obtained at minutes three and five of walking task. 

Walking self-efficacy is assessed using a validated questionnaire [48] 
that asks participants to rate their confidence in ability to walk at a 
moderately-fast pace in incremental 5 min intervals (from 5 to 40 min). 
Participants rank their confidence on a percentage scale ranging from 
0% (“not confident at all”) to 100% (“extremely confident”). A total 
self-efficacy score is computed by dividing the total sum of all confi-
dence ratings by the number of the items in the scale for an aggregate 
walking self-efficacy score of 100. 

Measures of peak power and velocity of the lower limb are calculated 
following isokinetic dynamometry using a Biodex System 4 Pro™ 
(Biodex Medical Systems, Shirley, NY). Briefly, participants perform 3–4 
maximal knee extensions with their dominant leg at angular velocities of 

0, 1.57, 3.14, 4.71, and 6.28 rad/s with 2 min of rest allowed between 
each set. As previous described [34], the highest torque generated at 
each velocity is used to calculate peak power at that velocity, after which 
the resultant power-velocity curve is fit with a parabolic function to 
determine peak power and peak velocity (i.e., Y-maximum and 2nd 
Y-intercept of the fitted parabola), respectively. The intraclass correla-
tions for peak power and peak velocity from our laboratory are 0.98 and 
0.94, respectively [49]. 

Flow-mediated vasodilation is performed by a singular trained 
vascular technician and used to non-invasively assess in vivo 
endothelium-dependent vasodilation using a high-resolution (10 MHz), 
linear-array ultrasound (ACUSON CV70, Siemens Healthcare, Germany) 
following standardized procedures [50]. Baseline imaging of brachial 
artery diameter is taken 1–2 cm above the antecubital fossa following 
10 min of the participant resting supine in a temperature-controlled 
room (68–71 ◦F) with their right arm stabilized by an immobilizer 
cuff. After baseline measures, a blood pressure cuff placed around the 
right forearm is inflated to 250 mmHg for 5 min to induce reactive 

Fig. 1. Flowchart of assessment visits and intervention randomization for the BEE SWEET trial.  

Table 1 
Measures obtained during each assessment visit for the BEE SWEET trial.  

Procedure Visit 
0 Screening 

Visit 1 
Baseline 

Visit 2 
Baseline 

Visit 3 
Baseline 

Visit 4 Follow- 
up 

Visit 5 Follow- 
up 

Visit 6 Follow- 
up 

Written Informed Consent X       
Medical Health History Questionnaire X       
Obtain Physician Clearance X       
Verification of Eligibility Criteria X       
Body Composition (DEXA)  X     X 
Body Composition (BIA)  X X   X X 
Heart Rate  X X   X X 
Blood Pressure  X X   X X 
Laser-Doppler Flowmetry  X     X 
Acute Ingestion of Beetroot Juice (140 mL)  X     X 
Fractional exhaled nitric oxide  X     X 
Oxyhemoglobin Saturation/Methemoglobin 

Oximetry  
X     X 

Questionnaire  X     X 
Venous Blood Draw   X   X  
Pulse Wave Velocity Analysis   X   X  
Treadmill Walking Economy Test   X   X  
6 min Walk Test   X   X  
Accelerometry   X   X  
Ratings of Perceived Exertion   X   X  
Flow-Mediated Dilation    X X   
Leg Isokinetic Dynamometry    X X    
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hyperemia. Immediately following deflation of the cuff, at 60 s after-
wards, and again at 90 s afterwards, imaging is taken to verify hyper-
emia. Images are interpreted by a singular, blinded investigator (S.K.G.). 
The larger percent increase in brachial artery measured at 60 and 90 s is 
taken as an estimate of flow-mediated vasodilation. The intraclass cor-
relations from our laboratory following these procedures are 0.97 and 
0.73 for baseline brachial artery diameter and flow-mediated vasodila-
tion, respectively [51]. 

Laser-Doppler flowmetry (Moor Instruments, Axminster, UK) is used 
to assess cutaneous vascular conductance in response to a local heating 
stimulus. Two small probes seated within heating units are applied to 
the dorsal aspect of the non-dominant forearm to continuously assess 
cutaneous red blood cell flux. Beat-to-beat blood pressure is performed 
using a Finapres® (Finapres Medical Systems, NL). After 5 min of resting 
measurements, the heating units are warmed at a rate of 1 ◦C/sec to a set 
temperature of 39 ◦C for 25 min. This temperature was selected as it has 
been shown to be most reflective of nitric oxide dependent vasodilation 
[52]. The temperature of the heating units is then increased to 44 ◦C for 
an additional 15 min. Red blood cell flux and mean arterial pressure are 
averaged across the final 5 min of heating at 39 ◦C and 44 ◦C. Cutaneous 
vascular conductance at 39 ◦C is calculated as average red blood cell 
flux/mean arterial pressure and reported as a percentage of maximum at 
44 ◦C. 

Measures of arterial stiffness are performed using pulse wave ve-
locity via ATCOR SphygmoCor® (Naperville, IL). Following 10 min of 
supine rest, a femoral blood pressure cuff and carotid tonometer are 
applied simultaneously to obtain pressure waveforms at the carotid and 
femoral artery sites. SphygmoCor® software uses physical distance 
measurements between the sites to calculate pulse wave velocity (in 
milliseconds). 

3.7.4. Soluble endothelial microparticle measures (exploratory outcome) 
Venous blood samples are drawn by a trained phlebotomist for 

subsequent analyses of endothelial microparticles. Following centrifu-
gation, samples are aliquoted and kept frozen at − 80 ◦C until batch 
analyses. The endothelial microparticles of interest, sVCAM-1, sICAM-1, 
and soluble E-selectin, will be quantified in duplicate using enzyme 
linked immunosorbent assay technique and spectrophotometry. 

3.7.5. Potential covariates 
There is a high degree of inter-individual variability in responsive-

ness to dietary nitrate supplementation [49]. Factors presumably 
influencing the responsiveness to dietary nitrate include differences in 
lean tissue mass [53] and nitrate-nitrite-nitric oxide reduction capacity 
(i.e., oral microbiota, reductase enzymes) [49,54]. To account for po-
tential differences in these factors, total and segmental measures of lean 
mass and fat mass are obtained at multiple time points across assessment 
visits using dual-energy X-ray absorptiometry (DEXA; GE Healthcare, 
Madison, WI) and bioelectrical impedance analysis (BIA; Tanita, 
Arlington Heights, IL). Additionally, the percent change in fractional 
exhaled nitric oxide with acute ingestion of the beetroot juice supple-
ment will be determined for each participant. Fractional exhaled nitric 
oxide non-invasively reflects the reduction of ingested nitrate to nitrite 
and nitric oxide in the oral cavity [55]. 

DEXA, dual-energy X-ray absorptiometry. BIA, bioelectrical imped-
ance analysis. 

3.8. Interventions 

3.8.1. Summary 
The BEE SWEET intervention is designed to evaluate an 8 week ex-

ercise training program (EX) with the consumption of beetroot juice (EX 
+ BR) or placebo (EX + PL) prior to sessions. Following baseline as-
sessments, cohorts of up to nine women will be randomly assigned to 
one of three intervention groups. All groups will participate in the ex-
ercise training progression. 

3.8.2. Exercise progression (EX; control) 
Exercise training sessions consist of resistance-based exercises per-

formed in a group setting dedicated to the study at a local facility 
(CrossFit Bloomington). All training sessions are led and supervised by a 
certified coach who adapts the workouts based on individual needs and 
ability. Each 1 h session consists of a 20 min warm-up that includes 
instruction and demonstration of the workout, dynamic mobility drills 
involving the major muscle groups and joints used in the main exercise 
session; a 20 min resistance-based circuit training workout consisting of 
multiple, self-paced sets of 4–6 exercises; and a 20 min cool-down 
involving 5 min of aerobic movement (e.g., stationary cycling) and 
static stretching of the major muscle groups used during the main ex-
ercise session. Minimal rest (<30 s) will be encouraged during the 
transition between movements and sets. Exercise session intensity will 
be monitored continuously by participants and supervising coaches/ 
research team members using a Polar heart rate monitor (H10, Polar 
Electro, Kempele, Finland) connected via Bluetooth to the Polar Beat 
phone application. Session intensity will be adjusted (e.g., to maintain a 
prescribed target heart rate that will progress gradually from 40 to 50% 
of heart rate reserve (HRR) at week 1 to 60–70% HRR at week 8. 
Additional details of the exercise training program are provided in 
Table 2. 

HRR = heart rate reserve. 

3.8.3. Exercise progression with prior placebo consumption (EX + PL; 
placebo) 

Participants randomized to the EX + PL group will be supplied with a 
placebo version of the 140 mL commercially-available beetroot juice 
(James White Drinks, UK) deplete of nitrate. The manufacturer extracts 
nitrate from the beetroot juice using an ion-exchange resin, which 
maintains the taste and appearance of the beverage. 

The EX + PL and EX + BR groups will be initially supplied with a 4 
week ration (24 bottles) of the beetroot or placebo beverages, which will 
then be repeated at the half-point of the exercise training progression. 
Participants will be instructed to consume the beverage between 2 and 3 
h prior to each scheduled exercise training session (maximum 3 times 
per week) to ensure that the timing of the training session coincides with 
peak nitrate/nitrite bioavailability [36]. 

3.8.4. Exercise progression with prior beetroot consumption (EX + BR; 
experimental) 

Participants randomized to the EX + BR experimental group will be 
supplied with 140 mL of commercially-available beetroot juice (James 
White Drinks, UK) containing approximately 12 mmol of nitrate. During 
the final training week, participants in the experimental group will be 
administered the placebo to negate any carry-over effects that could 
influence the follow-up assessment outcomes. 

3.9. Quality control measures 

The success of our exercise training/beetroot supplementation 
intervention is predicated on the assumption that participants are 
consuming an effective dose of dietary nitrate and are achieving an in-
tensity during exercise sessions that is conducive for adaptations to 
occur. Accordingly, measures are taken to control the quality of the 
beetroot juice supplement and exercise session stimulus. 

Due to the known variability in nitrate content of commercially- 
available beetroot juice, the supplement chosen (Beet It Sport Nitrate 
400 Shot, James White Drinks, UK) has consistently provided nitrate 
content within manufacturer specifications [56]. The nitrate content of 
the beetroot juice and placebo beverages are additionally measured at 
random in accordance with previous work [56] to confirm product 
integrity. 

While participants are instructed to maintain their usual diet during 
the intervention, to refrain from eating foods with a high nitrate content 
(e.g., leafy greens, beets) within 12 h of scheduled assessment visits, or 
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from using antibacterial mouthwash (e.g., Listerine, Cepacol) for the 
entire study duration, they are not adhering to a controlled diet. The 
amount of nitrate consumed through usual diet will be estimated using a 
three-day dietary recall (i.e., two weekdays and one weekend day) ob-
tained at weeks 1 and 8 of the intervention. 

The progression and intensity of exercise training (from weeks 1–8) 
is monitored via continuous heart rate monitoring along with assessing 
post-exercise session rating of perceived exertion with the validated 
Borg CR10 scale [47]. At least three individuals affiliated with the study 
will be present at each training session to monitor exercise heart rate and 
make adjustments to encourage the participant to stay within the target 
heart rate zone (i.e., to increase their cadence while stationary cycling, 
select a heavier weight for farmer’s carry). Participants will also be 

supplied with access to an online training journal, in which they will 
record the total amount of repetitions and sets of exercises performed 
during each session. Research team members will be given remote access 
to the online training journal and periodic checks will be made to assess 
compliance. 

The first week of exercise training consists of two instructional ses-
sions wherein participants will become familiarized with the workout 
structure, equipment, basic movements, and potential exercise modifi-
cations. On the third session of the first week, participants will complete 
a series of baseline tests including consisting of a loaded carry (i.e., 
weighted farmer’s carry) with a self-selected weight for 2 min followed 
by sets of resistance exercises (e.g., bodyweight squats, sit-ups, ring 
rows, push-ups/modified push-ups). The amount of mechanical work 
completed for the farmer’s walk is calculated as distance traveled (m) x 
weight (kg) in 2 min and normalized to body mass. Additionally, the 
number of sets performed for the specified resistance exercises are 
quantified. Exercise testing will be completed again during the 3rd, 5th, 
and 7th week of intervention to evaluate changes in mechanical work 
during the farmer’s carry and performance on the designated resistance 
exercises. 

Participants are withdrawn from study participation if they miss 
more than three consecutive exercise sessions in any given week across 
the 8 week training intervention. Additionally, they must complete a 
minimum of 70% of the total scheduled exercise training sessions (17 
out of 24 sessions attended) to continue with follow-up assessments. 

A data safety monitor, independent of the primary investigator and 
funding source, has been appointed to oversee aspects of data man-
agement/security and safety monitoring. Periodic inspections of data 
quality and random assessments of participant recruitment, retention, 
adherence, and adverse events will be performed. In addition, formal 
meetings between the study site coordinator (M.N.B) and the data safety 
monitor will occur every 3 months to address items related to data 
quality. 

3.10. Participant safety 

Precautionary measures are followed to encourage participant safety 
with all study activities. Participants are required to obtain physician 
clearance prior to enrollment, and additionally, screened by research 
personnel for past history, signs, and symptoms of cardiac, pulmonary, 
or metabolic disease that would preclude safe participation in exercise 
as determined by a medical health history questionnaire consistent with 
the American College of Sports Medicine guidelines [57]. 

The potential for unintended/adverse effects related to acute beet-
root juice ingestion are monitored during the first baseline assessment 
visit. Participants ingest 140 mL of the commercially-available beetroot 
juice in a controlled laboratory setting while measures of blood pressure 
and methemoglobin saturation (SpMet®, Masimo, CH) are taken each 
hour for three consecutive hours. Consistent with previous work [58], a 
reduction of ≥20 mm Hg in systolic blood pressure or value ≥ 12% in 
blood methemoglobin saturation measured using a CO-oximeter is 
indicative of an adverse event precluding further participation [59]. In 
agreement with local institutional policy, all adverse events are reported 
to the Institutional Review Board. 

3.11. Sample size and data analysis considerations 

This project primarily seeks to determine elements of feasibility and 
preliminary effect sizes, such that our data will inform development of a 
larger-scale clinical trial to confirm efficacy. Due to the novelty of ex-
ercise training coupled with beetroot juice consumption, our group was 
unable to perform a priori power analyses for sample size estimates. 
However, previous accounts have observed large beneficial effects on 
mean arterial blood pressure, pulse wave velocity, flow-mediated 
vasodilation, plasma nitrite/nitrate concentrations, and 6 min walk 
distance following combined resistance and aerobic exercise training 

Table 2 
Details of the 8 week resistance-based circuit training program.  

Weeks Day Exercises Duration Prescribed 
Intensity 

All All Warm-up: dynamic mobility drills 
for the major muscle groups and 
joints used during the main 
exercise session, instruction and 
demonstration of main exercises 

20 min  

1, 3, 5, 
7 

1 5 sets of: 
1:00 - weighted farmer’s carry 
1:00 - AbMat sit-up 
1:00 – weighted farmer’s carry 
1:00 – stationary cycling 

20 min Week 1: 
40–50% HRR 
Week 3: 
50–60% HRR 
Week 5: 
60–70% HRR 
Week 7: 
60–70% HRR  

2 15-12-9 repetitions of: 
Bodyweight squat 
Push-up/modified push-up 
Bodyweight ring row 
Stationary cycling for 15 Kcal, 12 
Kcal, 9 Kcal 

20 min Week 1: 
40–50% HRR 
Week 3: 
50–60% HRR 
Week 5: 
50–60% HRR 
Week 7: 
60–70% HRR  

3 Assessment exercise: weighted 
farmer’s carry 
Sets of: 
Stationary cycling for 15 Kcal 
30 bodyweight squats 
20 AbMat sit-ups 
10 ring rows 
5 push-ups/modified push-ups 

2 min 
20 min 

Week 1: 
40–50% HRR 
Week 3: 
50–60% HRR 
Week 5: 
50–60% HRR 
Week 7: 
60–70% HRR 

2, 4, 6, 
8 

1 5 sets of: 
1:00 – weighted wall-ball throws 
1:00 – walking lunges 
1:00 – weighted wall-ball throws 
1:00 – stationary cycling 

20 min Week 2: 
40–50% HRR 
Week 4: 
50–60% HRR 
Week 6: 
50–60% HRR 
Week 8: 
60–70% HRR  

2 15-12-9 repetitions of: 
Box step-up 
Modified burpee 
Push-up/modified push-up 
Stationary cycling 15 Kcal, 12 
Kcal, 9 Kcal 

20 min Week 2: 
40–50% HRR 
Week 4: 
50–60% HRR 
Week 6: 
50–60% HRR 
Week 8: 
60–70% HRR  

3 Sets of: 
10 modified burpees 
10 push-ups/modified push-ups 
20 walking lunges 
15 AbMat sit-ups 
20 weighted wall-ball throws 

20 min Week 2: 
40–50% HRR 
Week 4: 
50–60% HRR 
Week 6: 
50–60% HRR 
Week 8: 
60–70% HRR 

All All Cool-down: 5 min of aerobic 
activity, static stretching of major 
muscle groups used during the 
main exercise session 

20 min   
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protocols [60,61] and chronic dietary nitrate interventions [20] in 
samples of 10–12 postmenopausal women per group. In addition, a 
sample size of 12 per group has been recommended for parallel design 
pilot studies to achieve a level of precision around mean and variance 
estimates used for future sample size calculations [62]. Fig. 2 illustrates 
a schematic timeline for anticipated enrollment. 

Descriptive statistics and calculations of rates (e.g., recruitment, 
retention, adherence, and adverse events) will be conducted to fulfill the 
primary study aim. Outcomes for secondary and exploratory aims will 
be analyzed using mixed models and analyses of covariance (ANCOVA). 
To compare the effects of EX + BR and EX + PL against EX, only data 
from subjects who complete at least 70% of the total possible exercise 
training sessions (17 out of 24 sessions) will be included in the final 
analyses. 

4. Discussion 

Postmenopausal women report higher rates of disability and CVD 
compared with men of a similar age [2,3]. Age-related oxidative stress is 
a likely factor contributing to the loss in nitric oxide and attendant 
decline in physiologic function during and after the menopausal tran-
sition [8,9]. The BEE SWEET trial is designed to evaluate the feasibility 
of dietary nitrate, consumed 2–3 h prior to exercise, as a means to 
promote adaptive responses to habitual training programs. Preliminary 
effect sizes will be used to direct future randomized controlled trials 
intended to confirm the translational application of dietary nitrate 
coupled with exercise training to reduce oxidative stress and inflam-
mation following menopause. 

Exercise training is a highly effective, evidence-based approach to 
restore vascular function with aging [63,64]. In previously sedentary 
older men (aged 55–79 years), 8 weeks of brisk walking elicited a >50% 
increase in brachial artery endothelium-dependent vasodilation as 
assessed by flow-mediated dilation [7]. However, the same exercise 
prescription had no impact on the large-artery function of age-matched 
women [7]. Further data support this finding, suggesting the respon-
siveness to habitual exercise training may be sex- and mode-specific in 
older adults, with postmenopausal women inconsistently benefiting 
from habitual aerobic exercise training programs [6,63]. Of note, 
resistance [65–67] and combined aerobic/resistance exercise training 
protocols [60,61] have reduced systolic and diastolic blood pressure in 
postmenopausal women conceivably due to alterations in autonomic 
balance that may be dysregulated following menopause [4,68]. Auto-
nomic dysfunction has previously been observed in 67% of generally 
healthy postmenopausal women aged 55–65 years [68]. Sex-specific 
differences conceivably exist due to additional estrogen-related im-
pairments in nitric oxide signaling among older women [69]. 

Accordingly, restoration of estrogen through acute hormone replace-
ment treatment has resulted in improvements in vascular function 
following aerobic exercise training interventions in estrogen-deficient 
postmenopausal women [69]. The use of estrogen-replacement ther-
apy is controversial, however, and has not proven to be an effective 
long-term strategy for reducing CVD risk, particularly for women in late 
menopause [15,16]. The present trial was developed to evaluate the 
potential utility of dietary nitrate (beetroot juice) as an alternative 
strategy to restore the loss in nitric oxide signal transduction and 
enhance vascular responsiveness with habitual resistance exercise 
training in a cohort of postmenopausal women. 

Indeed, the BEE SWEET trial seeks to evaluate preliminary effect 
sizes of pre-exercise dietary nitrate (beetroot juice) on changes in 
endothelial-dependent vasodilation following habitual exercise training. 
From a mechanistic perspective, we reason that the additive effects of 
nitric oxide - derived through chronic beetroot juice ingestion and re-
petitive shear stress invoked during resistance exercise training sessions 
(3 times per week for 8 weeks) [70] - will result in more robust 
endothelium-dependent vascular adaptations when compared to exer-
cise training alone. Separately, dietary nitrate and habitual exercise 
training interventions have favorably influenced blood pressure [19, 
71–73], macrovascular [7,73,74], and microvascular function [75] in 
healthy older men and women. However, the cumulative effect of di-
etary nitrate coupled with exercise training has not yet been compared 
to exercise training alone, and it is further unknown whether such in-
terventions will elicit differing adaptations in conduit or resistance 
vessels [63,73]. As such, we are assessing changes in both macro-
vascular (brachial artery diameter) and microvasculature (cutaneous 
vascular conductance) function using flow-mediated vasodilation and 
laser-Doppler flowmetry, respectively, following EX + BR compared 
with EX and EX + PL. 

Additional evidence supports the premise of our hypothesis. Specif-
ically, pre-exercise dietary nitrate will augment the intensity of exercise 
training sessions. Owing to reduced oxygen cost and/or improvement in 
muscle contractile efficiency [76,77], dietary nitrate supplementation 
has been shown to result in a higher self-selected intensity [78], 
extended time to exhaustion [79,80] and lower perceptions of effort 
during exercise [79] in younger adults. An improved ability to tolerate a 
single bout of exercise could lead to more potent exercise training-effects 
by allowing participants to exercise at a greater intensity each session. 
However, despite evidence that dietary nitrate supplementation im-
proves submaximal exercise tolerance in older adults with underlying 
chronic disease [81,82], studies evaluating the effectiveness of dietary 
nitrate on exercise performance in healthy older adults is limited and 
conflicting [83]. As such, we are monitoring evidence of improved ex-
ercise tolerance through ratings of perceived session difficulty (Borg 

Fig. 2. Recruitment and enrollment of participants will occur in fixed periods of 4–6 weeks over the course of approximately 18 months. The minimum duration for 
each cohort from enrollment to the final follow-up visit is 10 weeks. EX, exercise training only. EX + PL, exercise training with placebo. EX + BR, exercise training 
with beetroot juice. 
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CR10), session intensity (continuous heart rate) and volume (repeti-
tions, sets, self-selected weight) across the exercise training interven-
tion. Potential mechanisms of improved exercise tolerance, such as a 
reduced oxygen cost of walking and improved muscle contractile 
properties are also evaluated, as well as outcomes of functional mobility 
that have clinical implications including the 6 min walk test and walking 
self-efficacy. 

While this preliminary approach is designed to evaluate feasibility 
and preliminary effect sizes for acute changes in endothelial-dependent 
vasodilation and functional mobility following an 8 week exercise 
training period, the maintenance of behavior-modifications following 
health-related interventions is key in evaluating their success [84,85]. 
As such, to fully understand the translational application of dietary ni-
trate coupled with exercise training on health outcomes in post-
menopausal women, additional longitudinal trials with sustained 
follow-up periods are necessary. Importantly, long-term alterations in 
free-living physical activity habits evaluated by accelerometry or 
doubly-labelled water are strongly associated with risk of developing 
CVD [86,87], functional disability [88] and all-cause mortality [89]. 
The exit-evaluation administered at the conclusion of the BEE SWEET 
trial is meant to guide future studies that will investigate the influence of 
dietary nitrate supplementation on behavior modifications following the 
intervention period. Participants will be asked whether they think they 
consumed beetroot juice or placebo and whether this affected their 
ability to exercise. Additionally, participants will be asked to indicate 
their likelihood of continuing with an exercise program. Findings from 
the BEE SWEET trial will direct further work aimed at tracking changes 
in free-living physical activity and health behaviors associated with 
mobility and CVD risk following similar EX = BR interventions. 

5. Conclusions 

In conclusion, the BEE SWEET trial may reveal that coupling pre- 
exercise dietary nitrate with structured exercise training is a feasible 
approach to improve functional mobility and endothelial-dependent 
vasodilation in postmenopausal women. Results will inform the design 
of a larger-scale, randomized controlled trial to evaluate efficacy of di-
etary nitrate with exercise training to elicit longer-term behavioral 
modifications that attenuate CVD risk in postmenopausal women. 
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