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ABSTRACT 

Differentiating the adverse chronological- and reproductive-aging associated changes on 

the vasculature remains a challenge to investigate. This is particularly important for women as the 

onset of menopause coincides with unfavorable changes to cardiovascular disease (CVD) risk 

factors. The permanent loss of estrogen following menopause is associated with reductions in 

nitric oxide bioavailability (NO), an important vasodilator and signaling molecule, which can lead 

to impaired endothelium-dependent vasodilation. Endothelial dysfunction, a prognostic indicator 

of CVD risk, rapidly declines across the menopause transition, independent of chronological age. 

To further understand the effects of reproductive aging on the vasculature, the first study of this 

dissertation compared the extent of vascular dysfunction from pneumatic cuff-induced whole arm 

endothelial ischemia-reperfusion (IR) injury in estrogen-replete premenopausal (n=11) and 

estrogen-deficient postmenopausal women staged into early- (1-6 years following menopause, 

n=11) and late- (6+ years following menopause, n=11) postmenopause. In this cross-sectional 

study, we found that despite comparable baseline endothelial function to premenopausal women, 

early postmenopausal women demonstrate an exaggerated IR-induced impairment in endothelial 

function.  

Few low risk-estrogen therapies exist for enhancing vascular health, and traditional 

pharmacological management of CVD risk factors are less effective in older women. 

Consequently, there is a clinical demand to investigate innovative non-pharmacological 

interventions, specifically nutraceuticals, focusing on dietary strategies that can enhance NO 

bioavailability in postmenopausal women. The subsequent study comprising this dissertation 

tested the ability of both acute (600 mg nitrate per 140 mL x one dose) and 7-day (300 mg nitrate 

per 70mL daily x 7 days) nitrate-rich beetroot juice supplementation to raise circulating 

concentrations of nitrite and favorably influence resting endothelial function, endothelial 

protection (i.e., endothelial resistance) against IR injury, and plasma oxidative stress (chapter 5) 
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in normotensive, metabolically healthy early- (n=12) and late- (n=12) postmenopausal women. A 

randomized, placebo-controlled (BRnitrate vs. BRplacebo; IND#119978), double blind, crossover 

study design was used, with a minimum 14-day washout period between treatments and 

standardized pre-visit instructions to minimize between-visit variation in plasma nitrite 

concentration. Compared to responses observed with BRplacebo, our findings demonstrate: 1) 

acute BRnitrate consumption raised plasma nitrite concentration and improved endothelial 

resistance against IR injury, regardless of postmenopausal stage, 2) despite a clinically significant 

increase in resting endothelial function, nitrate-mediated endothelial protection against IR injury 

was not maintained 24-hours following the last dose of 7-day supplementation with BRnitrate in 

either postmenopausal group and 3) while 7-day BRnitrate did not affect the plasma metabolome, 

we show that reproductive aging critically impacts the plasma metabolite profile between 

postmenopausal stages. Collectively, these results provide the first evidence that acute dietary 

nitrate supplementation enhances endothelial protection against IR injury, regardless of 

postmenopausal stage. Moreover, our findings highlight that chronobiological variations in nitrate 

metabolism and the timing of BRnitrate supplementation in relation to the IR injury protocol, may 

have confounded the observed results following 7-day BRnitrate supplementation. These studies 

also raise a new series of questions related to the mechanisms by which dietary nitrate may 

benefit postmenopausal cardiovascular health and support the pursuit of larger scale trials of 

dietary nitrate supplementation to determine whether these effects are in fact clinically significant 

and sustainable.  
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  Chapter 1  
 
Introduction  

Cardiovascular disease (CVD) remains the worldwide leading cause of morbidity and 

mortality, representing 32% of all global deaths (1). Approximately 20.5 million people died of 

CVD in 2021 of which ischemic heart disease was the leading cause of premature death in 146 

countries for men and 98 countries for women (2-4). Comparably in the United States, 1 in 5 

deaths are attributed to CVD with approximately 5% of adults aged 20 and older diagnosed with 

coronary (ischemic) heart/artery disease (CAD) (5).  Globally, men have a higher age-

standardized CVD death rate (280.8 deaths per 100,000 people in 2019) than women (204.0 

deaths per 100,000 people in 2019), however this difference is not consistent across all countries 

(4). Six of 21 countries in the North Africa and Middle East region and thirteen of 46 countries in 

the Sub-Saharan Africa region had higher female CVD death rates compared to males (4). The 

most significant modifiable risk factors that contributed to male and female CVD deaths in 2021 

include elevated LDL cholesterol (3.8 million deaths), elevated fasting plasma glucose (2.3 

million deaths), air pollution (4.8 million deaths), and high blood pressure (10.8 million deaths) 

(4). The ongoing trend and increase in CVD prevalence worldwide showcases the importance of 

CVD risk management and prevention, however there is limited evidence regarding the 

differences in onset, symptoms, and the burden of disease between men and women. 

Since 1984, it has been reported that annually more women than men die of 

nonobstructive coronary microvascular disease (6, 7), yet identification and early preventative 

treatments are regularly delayed and often misdiagnosed. Women are also accompanied with 

more recurrent hospitalizations compared with men due to more frequent angina diagnosis, higher 

myocardial infarction morality, and higher rates of heart failure hospitalizations; resulting in 
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relatively greater treatment costs of CAD for women compared to men (6, 8). Additionally, 

results from the European Heart Survey demonstrate that women are less likely to be referred for 

functional ischemia testing for stable angina pectoris (9). Findings from the National Health and 

Nutrition Examination Surveys (NHANES) showed an increased prevalence of myocardial 

infarctions (MI)  in middle aged women (35-54 years) over the span of approximately two decades 

(1990-2010), contrary, the prevalence of MI was and continues to decline in similarly aged men 

(10). These data suggest that the under-recognition and differences in clinical presentation of 

CVD faced by women often leads to less aggressive treatment strategies and a lower 

representation of women in clinical trials.  

While advancing chronological age is the major risk factor attributable to CVD 

development in both sexes, the loss of vascular protective sex hormones, due to the decline in 

ovarian function with menopause (i.e., reproductive aging), exacerbates CVD risk in 

postmenopausal women. The menopause transition is associated with augmented lipid profiles, 

oxidative stress, insulin sensitivity, and elevated blood pressure, subsequently, accelerating risk 

for menopause-induced CVD development (11-15). The loss of estrogen, and its pro-

antioxidant and NO stimulating vascular protective properties, following menopause, 

coincides with declining endothelial function. In addition, vascular aging, defined as 

progressive arterial stiffening and reduced endothelial vasodilatory capacity, coincides 

with menopause. Reproductive vascular aging progresses with years since menopause, 

such that women in the later years (6+ years since the FMP) of postmenopause exhibit 

worse endothelial function compared to recently postmenopausal women (16). Women in 

differing postmenopausal stages (i.e., Early-Postmenopause 1-6 years since the FMP; and 

Late-Postmenopause 6+ years since the FMP) possess distinct vascular characteristics in 

endothelial function, arterial stiffness, and carotid intima-media thickness, independent of 

age and CVD risk factors (17).  
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 The timing hypothesis suggests that the vascular benefits of hormone therapy 

depend on the timing of the initiation of hormone therapy relative to menopause, age, or 

both (18), such that the effectiveness of hormone therapy between early- and late- 

postmenopausal women relies heavily on the timing of the intervention relative to 

postmenopausal stage (i.e., years since menopause/final menstrual period (FMP)). It has 

been proposed that that early-postmenopausal stage is a potential therapeutically 

advantageous period to initiate CVD treatments prior to the onset of permanent 

endothelial dysfunction in the late-postmenopausal years (18-20). A longitudinal study 

investigating the effects of 17ɓ-estradiol (1 mg/day) treatment reported a slower rate of 

carotid-artery intima-media thickness among early- compared to late-postmenopausal 

women (17). Additionally, findings from the Womenôs Health Initiative (WHI) indicate a 

significantly lower risk of CAD and death following hormone therapy among women 

who were less than 60 years of age, less than 10 years past menopause or both; however, 

these differences were unapparent among women in the later years of postmenopause 

(21-23). Although the timing hypothesis was first coined in regard to hormone therapy, 

this phenomemon may be applicable to non-pharmaceutical (i.e., nutraceutical) 

interventions aimed to prevent or attenuate CVD risk factor development for 

postmenopausal women.   

Our lab has previously shown that an acute dose of dietary nitrate 

supplementation, in the form of beetroot juice, significantly blunted the decline in 

endothelial function following ischemia-reperfusion injury in early-postmenopausal 

women (24). To expand on this work, the studies that comprise this dissertation aimed to 

further characterize impairements in 1) resting endothelial function and 2) endothelial 
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protection of women in early- and late-postmenopausal stages. Moreover, we aimed to 

investigate if the nutraceutical, nitrate-rich beetroot juice, confers postmenopausal stage 

dependence on 1) resting macrovascular function, 2) endothelial resistance to whole-arm 

ischemia reperfusion injury, and 3) plasma metabolite profiles. In the first study we 

assessed the effects of estrogen status (ovarian reserve) on endothelial function pre- and 

post- ischemia reperfusion injury in premenopausal, early- and late-postmenopausal 

groups. Subsequently, we investigated the effects of acute and short term dietary nitrate 

supplementation on resting and post-ischemia reperfusion injury endothelial function in 

early- and late- postmenopausal women. Lastly, using plasma metabolomics, we 

characterized the baseline plasma metabolome profiles of women in both stages of 

menopause and investigated if the antioxidant potential of 7-day nitrate-rich beetroot 

juice supplementation affects plasma markers of oxidative stress.  

Specific Aims and Hypotheses 

Specific Aim 1: The primary aim of the first study of this dissertation was to 

compare the extent of vascular dysfunction from upper arm ischemia reperfusion injury in 

estrogen-replete premenopausal and estrogen-deficient postmenopausal women at discrete 

stages of menopause.  

Primary hypothesis: Estrogen replete premenopausal women would exhibit the 

greatest protection against IR injury followed by early postmenopausal and then late 

postmenopausal women.   

Secondary hypothesis: Young, healthy premenopausal women would exhibit lower 

pulse wave velocity compared to older, early- then late-postmenopausal women.   
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Specific Aim 2: The second study of this dissertation was to investigate the acute 

effects of dietary nitrate supplementation on 1) indirect hemodynamic measures of 

microvascular function and 2) macrovascular endothelial resistance and resilience to whole-

arm ischemia reperfusion injury in early- and late-postmenopausal women. We also aimed to 

investigate the acute effects of dietary nitrate on resting macrovascular endothelial function.   

Primary hypothesis: In this randomized, placebo controlled, double blind, cross-

over study we hypothesized that the magnitude of both macrovascular- and microvascular- 

impairment would be greater in the nitrate-depleted vs. nitrate-rich condition following IR 

injury. We further hypothesized that the impairment in macro- and micro-vascular function 

following IR injury under both nitrate-rich/depleted conditions will be greater in late- 

compared to early-postmenopausal women.   

Secondary hypothesis: We hypothesized that basal brachial artery macrovascular 

function, would improve ~100 minutes following an acute dose of nitrate-rich but not nitrate-

depleted supplementation, to a greater extent in early- compared to late-postmenopausal 

women.   

 

Specific Aim 3: The third study of this dissertation was to investigate the effects of 

7-days of dietary nitrate supplementation on macro- and indirect micro-vascular (using 

macrovascular arterial hemodynamic measures) endothelial resistance and resilience against 

upper arm ischemia reperfusion injury in early- and late-postmenopausal women. We also 

aimed to investigate the effects of short-term dietary nitrate supplementation on basal 

macrovascular function and arterial stiffness.  

Primary hypothesis: In this randomized, placebo controlled, double blind, cross-

over study we hypothesized that the magnitude of both macrovascular and microvascular 
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impairment following IR injury would be attenuated with 7-days of nitrate-rich vs. nitrate-

depleted supplementation. We further hypothesized that there will be a greater impairment in 

macro- and micro-vascular function following IR injury with 7-days of nitrate-rich/depleted 

supplementation in late-postmenopausal compared to early-postmenopausal women.  

Secondary hypothesis: We hypothesized that 7-days of nitrate-rich supplementation 

would improve resting brachial artery macrovascular function to a greater extent in early- 

compared to late- postmenopausal women.   

Tertiary hypothesis: We hypothesized that 7-days of nitrate-rich supplementation 

would improve brachial-ankle pulse wave velocity to a greater extent in early- compared to 

late-postmenopausal women.   

 

Specific Aim 4: The last study of this dissertation aimed to investigate differences in 

plasma biomarkers of oxidative stress following 7-days of nitrate-rich and nitrate-depleted 

supplementation in postmenopausal women at distinct stages of menopause. We also aimed 

to assess baseline plasma metabolite profiles between postmenopausal stages.   

Primary  hypothesis: We hypothesized that 7-days of nitrate-rich supplementation 

will reduce plasma biomarkers of oxidative stress to a greater extent in early- compared to 

late-postmenopausal women.  

Secondary hypothesis: Due to the pro-oxidant state induced by chronological and 

reproductive aging in postmenopausal women, we hypothesized that basal plasma biomarkers 

of oxidative stress will be greater in late- compared to early-postmenopausal women.   
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Chapter 2 
 

Menopausal stage differences in endothelial resistance to ischemia-
reperfusion injury  

This chapter is published:  

Delgado Spicuzza JM, Proctor DN, Thijssen DHJ, Somani YB. Menopausal stage 

differences in endothelial resistance to ischemia-reperfusion injury. Physiol Rep. 2023 

Sep;11(18):e15768. doi: 10.14814/phy2.15768. PMID: 37734868; PMCID: PMC10513907. 

Abstract 

In postmenopausal women, reduced ovarian function precedes endothelial dysfunction 

and attenuated endothelial resistance to ischemia reperfusion (IR) injury. We hypothesized that 

IR injury would lower endothelial function, with premenopausal women demonstrating the 

greatest protection from injury, followed by early, then late postmenopausal women. Flow

mediated dilation (FMD) was assessed at baseline and following IR injury in premenopausal 

(n = 11), early (n = 11; 4 Ñ 1.6 years since menopause), and late (n = 11; 15 Ñ 5.5 years since 

menopause) postmenopausal women. There were significant group differences in baseline FMD 

(p = 0.007); post hoc analysis revealed a similar resting FMD between premenopausal 

(7.8% Ñ 2.1%) and early postmenopausal (7.1% Ñ 2.7%), but significantly lower FMD in late 

postmenopausal women (4.5% Ñ 2.3%). Results showed an overall decline in FMD after IR injury 

(p < 0.001), and a significant condition*time interaction (p = 0.048), with early postmenopausal 

women demonstrating the most significant decline in FMD following IR. Our findings indicate 

that endothelial resistance to IR injury is attenuated in healthy early postmenopausal women. 



10 
 

 
 

Introduction  

 The onset of menopause and associated changes in ovarian hormones, particularly the 

loss of estrogen, often precedes endothelial dysfunction and accelerated central and peripheral 

arterial stiffening in women. Estrogen mediated maintenance of endothelial function is achieved 

by promoting nitric oxide (NO) synthesis via the upregulation of NO synthase, as well as other 

direct and indirect antioxidant and anti inflammatory signaling pathways (Chen, 1999; Gavin et 

al., 2009; Nikolic et al., 2007; Nuedling, 2001; Prorock, 2003; Simoncini et al., 2000). The 

absence of these protective pathways appears to play a role in menopause stage dependent 

reductions in vasodilatory capacity and increased arterial stiffening (Hildreth et al., 2014; 

Moreau, 2003; Samargandy et al., 2020; Zaydun et al., 2006), setting the stage for cardiovascular 

disease (CVD) progression (Rossi et al., 2008). 

Impaired endothelial dependent vasodilation is predictive of CVD development in 

postmenopausal women, (Inaba et al., 2010; Rossi et al., 2008) and this may, in part, relate to 

attenuated protection against endothelial ischemia reperfusion (IR) injury (Prorock, 2003); a type 

of injury that can take place during myocardial infarction or planned surgeries and is initiated by 

a period of inadequate blood flow resulting in reactive oxygen species (ROS) generation followed 

by restoration of blood flow. Reestablishing blood flow is essential to recover the ischemic tissue; 

however, this can exacerbate cellular damage, due to even greater ROS formation (Kharbanda et 

al., 2001). Increased oxidative stress during IR may, over time, contribute to impairments in basal 

endothelial function in estrogen deficient women (Moreau et al., 2020). Activation of estrogen 

receptor Ŭ/ɓ has been shown to reduce oxidative damage and improve cardioprotection against IR 

injury in several animal models (Booth et al., 2003; Lin et al., 2009; Wang et al., 2006). Together, 

the upregulation of NO and antioxidant role of estrogen is thought to sequester ROS generated 

during the reperfusion portion of IR injury and subsequently, reduce oxidative tissue damage to 

the target organ, and/or endothelium. These studies highlight the potential impact of estrogen
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mediated vascular protection from IR injury, although studies examining this in humans are 

currently lacking. Investigating vascular responses at discrete menopausal stages may provide 

additional insight into the temporal impact of estrogen deficiency on endothelial resistance to IR 

injury. 

In the present cross sectional study, we compared the extent of vascular dysfunction from 

pneumatic cuff induced whole arm endothelial IR injury in estrogen replete premenopausal 

women, who served as our control group, and estrogen deficient women staged into early (1ï

6 years following menopause) and late (>6 years following menopause) postmenopausal. We 

hypothesized that IR injury would acutely lower endothelial function in all groups; however, 

estrogen replete premenopausal women would exhibit the greatest protection against IR injury, 

followed by early postmenopausal, then late postmenopausal. To account for the strong 

association between estrogenic status and endothelial dysfunction in women, we also included a 

baseline assessment of peripheral arterial stiffness. 

 Methods 

Participants  

Study participants were recruited from Penn State campus and the greater surrounding 

State College, Pennsylvania community and provided written informed consent. Out of the 54 

women screened, 33 met eligibility criteria and completed all portions of the study. All 

procedures were approved by the Office of Research Protections at The Pennsylvania State 

University in agreement with the guidelines set forth by the Declaration of Helsinki. 

Participants in the premenopausal group were women in their reproductive years (with 

regular menstrual cycles or taking hormonal contraception). Six of the 11 premenopausal group 

were on hormonal contraception (3 Mirena IUD, 1 Nexplanon, 1 Camila). Of the five 
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premenopausal women not on hormonal contraceptives, four self reported having regular 

menstrual cycles. Those in the postmenopausal group, were staged into early (1ï6 years following 

their final menstrual cycle), and late (>6 years following their final menstrual cycle) based on the 

STRAW+10 criteria (Harlow et al., 2012). Menstrual cycle was not controlled for in 

premenopausal women. Eligible participants did not have overt chronic disease as confirmed by a 

physician reviewed medical history questionnaire and venous blood chemistry (hematological, 

liver, and kidney function), and met the following criteria: resting brachial blood 

pressure < 130/80 mmHg, body mass index between 18.5 and 35 kg/m2, fasting plasma glucose 

<100 mg/dL or HbA1c <6.0%, fasting plasma low density lipoprotein <160 mg/dL, non smoker, 

not taking any cardiovascular medications or hormone replacement therapy (postmenopausal 

group only), and had not donated blood or blood products in the past 3 months. Physical activity 

was determined using the self reported International Physical Activity Questionnaire 

(Booth, 2000). After participant eligibility was determined, volunteers were asked to visit the lab 

on one occasion to undergo study testing. 

Study Design  

Participants arrived at the Clinical Research Center at The Pennsylvania State University 

between 7 and 10 a.m. having met the pretesting requirements: 12 h fasted, 12 h without caffeine, 

48 h without alcohol and dietary supplements, and 24 h refraining from vigorous exercise. After 

voiding and 10 min of seated rest, resting blood pressure and heart rate were measured in 

triplicate with a 1 min rest separating measurements. Participants rested for an additional 10 min 

in a supine position before pulse wave velocity (PWV; VP2000 Colin Medical) was measured in 

triplicate to assess arterial stiffness (Tanaka et al., 2009). After 10 min of rest, vascular 

assessments with Doppler ultrasound were performed before and after the IR injury protocol. All 
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vascular assessments were performed on the same arm (right arm), in a dark, quiet, temperature

controlled (21°C) room following expert guidelines (Thijssen et al., 2019). 

Arterial Stiffness Measurements 

Ankle brachial pulse wave velocity (PWV) was measured by placing four blood pressure 

cuffs securely around the participant's upper arms and ankles, ECG electrodes were placed on the 

inner right and left wrists, and the phonocardiogram sensor was placed on the rib cage location 

according to manufacturer instructions (Colin VP). The automatic measurement was initiated and 

lasted between 45 s and 1 min. PWV and ankle brachial index (ABI) were measured supine in 

triplicate separated by 1 min. 

Vascular Assessments 

Experimental Protocol  

Brachial artery flow mediated dilation (FMD), a method primarily mediated by NO 

endothelium dependent vasodilation, was measured in the right arm (extended 80ï90 degrees 

from the torso). A rapid inflation/deflation pneumatic cuff (Hokanson) was placed around the 

forearm distal to the olecranon process. Longitudinal B mode images of the brachial artery in the 

distal portion of the upper arm were acquired using a multifrequency linear array probe attached 

to a high resolution ultrasound machine (Phillips IU22). Doppler velocity was simultaneously 

recorded at an insonation angle of 60 degrees and sample volume was adjusted to the vessel size. 

Resting brachial artery diameter and blood velocity were recorded for 1 min. The pneumatic cuff 

was inflated to 250 mmHg for 5 min and arterial lumen diameter and blood velocity were 

continuously measured during the 5 min cuff inflation. Upon cuff deflation, imaging continued 
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for 3 min. Transducer placement was marked on the participant's arm to minimize differences in 

imaging location between measurements. The same sonographer performed all FMD tests and 

had a coefficient of variation of 1% for baseline diameter and 16.9% for relative FMD. These 

values are in line with recommended expert values (Thijssen et al., 2019). 

Data Analysis 

Live commercial edge detection software was used to analyze artery diameter, blood 

velocity, and shear rate (FMD Studio, Cardiovascular Suite 4, Quipu, Pisa, Italy) and reviewed 

manually to ensure accurate wall detection. The region of interest was chosen by the same 

sonographer for all analyses and kept constant throughout each protocol to minimize artificial 

intra subject variation. Variables assessed using the software included baseline diameter, peak 

diameter, resting and peak shear rates, velocities, and shear area under the curve (SR AUC) to 

peak diameter. FMD was calculated as the percent increase from baseline to peak diameter during 

reactive hyperemia ((peak diameter baseline diameter)/baseline diameter * 100%). 

Arterial Hemodynamics 

Shear rate (sī1), the frictional force exerted by blood flow, was calculated using the 

following equation: 4 * mean blood velocity (cm/s)/ diameter (cm) (FMD Studio, Cardiovascular 

Suite 4, Quipu, Pisa, Italy). Shear rate area under the curve (SR AUC), the stimulus for FMD 

(Pyke & Tschakovsky, 2005), was defined as the area from the start of cuff inflation to the time 

of peak diameter. Blood flow is reported as a 30 s average before cuff inflation and calculated by 

multiplying the cross sectional area (ˊr2) of the artery with resting blood velocity. Reactive 

hyperemia (RH) blood flow AUC and velocity AUC, indices of microvascular function, were 

calculated within the first minute following cuff deflation using the trapezoid method (GraphPad 
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Prism version 8.0.0 for Windows, GraphPad Software). Peak blood flow is reported as the highest 

3 s average following cuff release and represents RH. 

IR Injury Protocol  

To induce a transient yet significant whole arm endothelial IR injury, a pneumatic cuff 

was placed around the upper portion of the right arm as close to the axilla as possible to 

sufficiently occlude the brachial artery. The cuff was inflated to a pressure of 250 mmHg for 

20 min. The cuff was then deflated, and reperfusion occurred for 15 min before FMD was 

repeated. The upper arm IR injury model is a noninvasive, well established procedure used to 

study endothelial mediated vascular injury (Kharbanda et al., 2001). 

Statistical Analysis 

Based on a previous similarly designed endothelial IR injury study in premenopausal 

women (Parker et al., 2016), an a priori power analysis was conducted (G*Power version 3.0.1) 

for an F test (ANOVA, repeated measures, within between interaction). Based on statistical 

power (1 ɓ) of 0.80, a medium effect size of 0.5, and an overall significance level of 0.05, at least 

10 participants in each group would be sufficient to detect group differences in endothelial 

function before and after IR injury; our primary outcome measure. 

All data were examined using descriptive statistics on SPSS software version 28 (IBM 

Corp.) Outliers outside of cook's distances were removed. One way analysis of variance 

(ANOVA) and post hoc tests using a Bonferroni correction were used to assess differences in 

participant characteristics and arterial stiffness measures. To account for the imbalanced dataset, 

FMD results were evaluated using a linear mixed model to assess differences in both absolute and 

allometrically scaled FMD (ln(peak diameter) ln(baseline diameter), before and after IR injury 
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between premenopausal and postmenopausal groups. Fixed variables group and time were set to 

three levels: premenopausal, early and late postmenopausal; and two levels: pre IR and post IR, 

respectively. We used SR AUC as a covariate as this parameter can influence vascular outcomes 

(Atkinson & Batterham, 2013). Values in tables are reported as mean Ñ standard deviation. 

Results 

Participant Characteristics 

Time since menopause in early and late postmenopausal women was 4 Ñ 1.6 years and 

15 Ñ 5.5 years, respectively (p < 0.001). Women categorized as late postmenopausal were 

significantly older (63 Ñ 5) than early (56 Ñ 3, p < 0.001). BMI was not different across groups 

(p = 0.34); however, total cholesterol (p = 0.002) and LDL (p = 0.03) were lower in 

premenopausal women in comparison to postmenopausal groups (Table 2-1). 

Arterial Stiffness  

Pairwise comparisons revealed significant differences in PWV between groups, with the 

highest velocity exhibited by late postmenopausal women, followed by early, then premenopausal 

women (p < 0.001, Table 2-1). 

Effects of estrogen status on vascular function and protection against IR injury 

Baseline group differences in FMD were detected (p < 0.01); baseline FMD was similar 

between premenopausal and early postmenopausal, but significantly lower in late postmenopausal 

women (Figure 2-1 and Table 2-2). Results of the linear mixed model using allometrically scaled 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10513907/table/phy215768-tbl-0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10513907/table/phy215768-tbl-0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10513907/table/phy215768-tbl-0002/
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FMD showed there was an overall decline in FMD after IR injury (p < 0.001), and a significant 

condition*time interaction (p = 0.048, Figure 2-1). Pairwise comparisons revealed that early 

postmenopausal women demonstrated the greatest decline in FMD following IR injury, while the 

relative decline in premenopausal and late postmenopausal women were similar. 

Effects of estrogen status on hemodynamic measures following IR injury  

Results of the linear mixed model revealed a significant condition*time interaction effect 

(p = 0.04) for baseline blood flow, and baseline velocity (p = 0.007, Table 2-2). Post hoc analyses 

revealed no significant group differences between pre IR and post IR baseline blood flow. 

Pairwise comparisons demonstrated that late postmenopausal women had the greatest baseline 

velocity compared to early postmenopausal (p = 0.014) and premenopausal women (p = 0.002). 

Discussion 

In the present cross sectional study, our primary aim was to evaluate menopause stage 

differences in vascular protection against endothelial IR injury, with estrogen replete 

premenopausal women representing the control comparison. Despite comparable baseline 

endothelial function to premenopausal women, early postmenopausal women demonstrate an 

exaggerated IR induced impairment in endothelial function. Late postmenopausal women exhibit 

a post IR decline in endothelial function to the same level as early postmenopausal women; 

however, late postmenopausal women demonstrate lower baseline endothelial function prior to 

injury. Our secondary aim was to evaluate menopause stage differences in arterial stiffness; our 

findings reinforce previous work showing progressive arterial stiffening with reproductive aging 

in women (Samargandy et al., 2020; Zaydun et al., 2006). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10513907/figure/phy215768-fig-0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10513907/table/phy215768-tbl-0002/
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Notably, macrovascular function declined in all groups following endothelial IR injury; 

with the range of this decline (premenopausal: 35%; early: 60%, late postmenopausal: 25%) 

comparable to other young and middle aged groups using a similar model of IR injury 

(Kharbanda et al., 2001; Lalande et al., 2021; Loukogeorgakis et al., 2005; Parker et al., 2016; 

Stray Gundersen et al., 2022). However, while both premenopausal and early postmenopausal 

groups demonstrated similar resting vascular function (FMD: 7.8Ñ 2.1% and 7.1 Ñ 2.7%, 

respectively), IR injury induced greater endothelial dysfunction in the early postmenopausal 

group. 

This finding reveals a potential tipping point in vascular function, highlighted by the 

response to IR injury. In heart failure patients, 12 weeks of exercise training improved 

endothelial resistance to IR injury, without changes in resting endothelial function after the 

12 weeks (Thijssen et al., 2019). Considering this sequence of events in the reverse order brings 

forth the idea that an initial step in the menopause induced decline in resting endothelial function 

may be, first, an attenuated protection against IR injury. Indeed, our observations show reduced 

endothelial resistance to IR injury in the early postmenopausal years, followed by a decline in 

basal endothelial function in late postmenopause; a finding that may help to explain why we did 

not observe an immediate decline in baseline vascular function after menopause (Holder et 

al., 2021). The loss of estrogen secondary to menopause may underlie our observations. The late 

follicular phase of the menstrual cycle, when estradiol concentrations are elevated, is associated 

with preservation of radial artery endothelial function in response to IR injury (Parker et 

al., 2016). Moreover, Hamelin and colleagues reported higher risk for acute ischemic coronary 

events in the early follicular phase of the menstrual cycle, when estradiol concentrations are 

depressed (Hamelin et al., 2003; Lloyd, 2000). This previous work suggests circulating estradiol 

levels are partially responsible for endothelial resistance to IR injury in premenopausal women 
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and may be attributable to estrogen receptor alpha mediated increases in NO signaling 

(Prorock, 2003; Simoncini et al., 2000; Wang et al., 2006). 

Our findings indicate that resting endothelial function following menopause may be 

preserved until sometime between early and late postmenopause. Previous cross sectional data 

show that macrovascular endothelial function, measured by brachial artery FMD, declines with 

menopausal stage (Celermajer et al., 1994; Moreau et al., 2012). However, a recent study 

demonstrated a minimal decline in FMD in healthy older women when strictly controlling for age 

and CVD risk factors (Holder et al., 2021). Interestingly, when we stratified postmenopausal 

women into early and late postmenopausal stages, we saw no difference in baseline FMD 

between early postmenopausal and premenopausal women. This may be due to the strict 

exclusion criteria for CVD risk factors employed in this study (Witte et al., 2005). Additionally, 

early postmenopausal women have significantly higher plasma L arginine concentrations (a 

substrate endogenously converted to endothelial NO) compared to perimenopausal women, which 

could represent a compensatory response to increase NO biosynthesis and preserve endothelial 

function after the sudden decline in estrogen with menopause (Klawitter et al., 2017). With more 

prolonged estrogen deficiency (>6 years), there is a reduction in estrogen receptor alpha 

function/expression that is associated with impaired endothelium dependent vasodilation (Gavin 

et al., 2009; Klawitter et al., 2017; Moreau et al., 2012; Pinna et al., 2008). Our work reinforces 

that prolonged estrogen deficiency in the late postmenopausal years is associated with impaired 

macrovascular function. The similar resting FMD between premenopausal and early 

postmenopausal women suggests that the early stage of the menopause represents a critical time 

for initiation of CVD interventions before more reductions in baseline vascular function surface. 

Our observations indicate greater arterial stiffening in postmenopausal women in 

comparison to the premenopausal group, which may be driven, in part, by menopause induced 

changes in reproductive hormones (Gavin et al., 2012; Khan et al., 2018; Moreau, 2003; 
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Samargandy et al., 2020; Takahashi et al., 2005; Zaydun et al., 2006). The SWAN heart study 

reported increased central arterial stiffness within the first year of the final menstrual period, as 

assessed by carotid femoral PWV (Samargandy et al., 2020). The notable difference in the 

number of years since menopause observed between early (4 Ñ 1.6 years) and late (15 Ñ 5.5 years) 

postmenopausal groups, and the relatively smaller difference in chronological age between 

groups (early: 56 Ñ 4 years; late: 63 Ñ 5years), points to reproductive aging (i.e., prolonged 

estrogen deficiency) playing a lead role in menopause stage differences in PWV that we 

observed. Combined changes in reproductive hormones following menopause and chronological 

aging are likely both contributing to menopause stage differences in arterial stiffness (Gavin et 

al., 2009, 2012; Moreau, 2003; Samargandy et al., 2020). 

Experimental Considerations 

There are some limitations in the present study. Hormone concentrations were not 

measured in our pre or postmenopausal participant pools and would have allowed us to confirm 

estrogen deficiency in the latter group. Menstrual cycle phase and contraceptive use were not 

controlled in premenopausal women and we recognize this is a limitation in our study. While 

recent data suggest that resting FMD may not be influenced by these factors (Shenouda et 

al., 2018; Stanhewicz & Wong, 1985), it is possible that differences may appear with the response 

to IR injury as shown previously in premenopausal women (Parker et al., 2016). Despite these 

limitations, our study design allowed us to interpret changes in endothelial function in response to 

a physiological stressor, that is relevant to CVD development, in two discrete menopausal stages. 

However, endothelial dysregulation cannot solely be accredited to changes in sex hormone 

concentrations; additional factors including chronological age, physical fitness, and oxidative 

stress status should be considered. Future longitudinal studies are required to confirm that 
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estrogen and/or other hormones (i.e., follicle stimulating hormone) mediates endothelial 

resistance to IR injury in women across the lifespan. 

Conclusions and potential clinical relevance  

We demonstrate for the first time that endothelial resistance to vascular IR injury is 

diminished in the early postmenopausal years in healthy women. The finding that protection 

against IR is attenuated to a greater extent in early postmenopausal women than premenopausal 

women, despite demonstrating similar baseline vascular function, has implications for CVD 

prevention strategies. First, our observation highlights that, even in the presence of preserved 

endothelial function, relevant adaptations are present that affect vascular resistance during early 

menopause. Second, work by Mehta and colleagues supports that this early period of menopause 

is the most clinically relevant stage for initiation of CVD interventions such as short term 

hormone therapy and statin treatment (Mehta et al., 2019). Overall, our results emphasize the 

importance of CVD interventions in the 6 year window following the final menstrual period. 

 

 

 

Figure 2-1:  The effects of IR injury on adjusted brachial artery flow mediated dilation before (pre
IR) and immediately after IR injury (post IR). Results of the linear mixed model with individual 
data points represented as gray lines and pre  and post IR group means represented as black and 
open squares, respectively in A. Premenopausal: pre IR n = 11, post IR n = 10; B. Early 
postmenopausal: pre  and post IR n = 11, C. Late postmenopausal: pre IR n = 11, post IR n = 10. 
Abbreviations; IR, ischemia reperfusion; FMD, flow mediated dilation; PM, postmenopausal; 
*p < 0.05, significantly greater decline in brachial artery FMD pre  and post IR compared to 
premenopausal and late postmenopausal women. 
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Table 2-1: Participant characteritics. Results of the one-way ANOVA are presented as mean Ñ SD. 
a Premenopausal n = 10, * p < 0.05, significantly different from early postmenopausal, **  p < 0.05 
significantly different from late postmenopausal. 

 

 

Table 2-2: Effects of IR injury on brachial artery flow mediated dilation before (baseline) and post
IR injury in premenopausal and postmenopausal women. Results of the linear mixed model are 
represented as mean Ñ SD.a Premenopausal n = 10, b Late postmenopausal n = 10, * p < 0.05, 
significantly greater decline in brachial artery FMD from pre  to post IR compared to 
premenopausal and late postmenopausal women, **  p < 0.05 significantly different from late 
postmenopausal. 
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Chapter 3 

 
The Acute Effects of Dietary Nitrate Supplementation on Postmenopausal 
Endothelial Resistance to Ischemia-Reperfusion Injury: A Randomized, 

Placebo-Controlled, Double Blind, Crossover Clinical Trial 

A version of this chapter is under peer review: 

Delgado Spicuzza JM, Gosalia J, Studinski M. Armando C, Alipour E, Kim-Shapiro DB, 

Flanagan M, Somani YB, Proctor DN., The acute effects of dietary nitrate on postmenopausal 

endothelial resistance to ischemia reperfusion injury: Does postmenopausal stage matter?, 

Canadian Journal of Physiology and Pharmacology, Submitted January 2024.  

Abstract 

Postmenopausal cardiovascular health is a critical determinant of longevity. Consumption 

of beetroot juice (BR) and other nitrate-rich foods is a safe, effective non-pharmaceutical 

intervention to increase systemic bioavailability of the vasoprotective molecule, nitric oxide, 

through the exogenous nitrate (NO3
-)-nitrite (NO2

-)-nitric oxide (NO) pathway. We hypothesized 

that a single dose of nitrate-rich beetroot juice (BRnitrate 600 mg NO3
- / 140 mL, BRplacebo ~ 0 mg/ 

140 mL) would improve resting endothelial function and resistance to ischemia-reperfusion (IR) 

injury to a greater extent in early- (1-6 years following their final menstrual period (FMP), n=12) 

compared to late- (6+ years after FMP, n=12) postmenopausal women. Analyses with general 

linear models revealed a significant (p<0.05) time*treatment interaction effect for brachial artery 

adjusted FMD. Pairwise comparisons revealed adjusted FMD was significantly lower following 

IR-injury in comparison to all other time points with BRplacebo (Early FMD 2.51 ± 1.18%, Late 

FMD 1.30 ± 1.10, p<0.001) and was lower than post-IR with BRnitrate (Early FMD 3.84 ± 1.21%, 
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Late FMD 3.21 ± 1.13 %, p=0.014). A single dose of BRnitrate significantly increased resting 

macrovascular function in the late postmenopausal group only (p=0.005). Considering the 

postmenopausal stage-dependent variations in endothelial responsiveness to dietary nitrate, we 

predict differing mechanisms underpin macrovascular protection against IR injury. Initiating 

inorganic dietary nitrate supplementation in the early postmenopausal years may be a promising 

therapeutic strategy to improve endothelial resistance to IR injury before the onset of permanent 

endothelial dysfunction in later life.  

Introduction 

The menopause transition accompanies profound changes in ovarian function and 

hormone production and is linked to diminished endothelium-derived nitric oxide (NO) 

bioavailability. Estrogen is recognized for promoting NO synthesis and exhibits antioxidant and 

anti-inflammatory properties that aid in preventing NO sequestration [1-4]. The loss of estrogen-

mediated vascular protection exacerbates the risk of concurrent comorbidities, including 

atherosclerosis and vascular stiffening in postmenopausal women [3]. Previous work shows that 

estradiol supplementation improves resting macrovascular function in postmenopausal women 

similar to healthy premenopausal values [5]. Considerable evidence underscores the impact of 

estrogen deficiency [6] leading to progressive impairments in endothelial function, a key 

antecedent to atherosclerotic cardiovascular disease (CVD).   

In addition to resting endothelial function, endogenous estrogen availability may also 

influence endothelial resistance following periods of tissue ischemia and subsequent reperfusion 

(i.e., ischemia-reperfusion (IR) injury), as occurs during myocardial infarction, cardiac, or limb 

surgery [7-11]. Endothelial IR injury occurs when blood flow is temporarily restricted, followed 

by reperfusion, and leads to the production of harmful reactive oxygen and nitrogen species 

(RONS) [9]. An inverse association between serum estradiol concentration and endothelial 
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resistance to whole-arm IR injury was demonstrated in premenopausal women in the late 

follicular phase, when estradiol is high, compared to the early follicular phase of the menstrual 

cycle [8]. Moreover, Hamelin and colleagues found that premenopausal women have a higher 

risk for acute ischemic coronary events in the early follicular phase of the menstrual cycle when 

estradiol concentrations are depressed [12, 13]. Our lab recently demonstrated that early 

postmenopausal women, within 1-6 years of their FMP, exhibit attenuated endothelial resistance 

to IR injury compared to premenopausal women, despite showing comparable resting endothelial 

function [7]. Taken together, the combined evidence suggests endogenous estrogen 

bioavailability appears to significantly influence endothelial resistance against IR injury.   

 The timing hypothesis theorizes that estrogen therapy has a more favorable effect in 

lowering future CVD risk in recently postmenopausal women compared to women in late 

postmenopausal years (>6 years) [14]. Notably, several large, prospective, cohort studies, such as 

the Nursesô Health Study, revealed that early-postmenopausal women (1-6 years since their FMP) 

on hormone therapy exhibit a lower risk for CVD compared with nonusers [15]. Moreover, the 

ELITE trial demonstrated that oral estradiol slowed the progression of atherosclerosis in younger, 

early- but not older, late-postmenopausal women [16]. The 6-year timeframe post-menopause 

emerges as an opportune window to initiate pharmaceutical and exercise interventions as it may 

be more difficult to reverse permanent impairments in endothelial function in late post-

menopause [7, 14, 17]. Nonetheless, the ideal timing for initiating nutraceutical CVD-targeted 

therapies, remains unexplored within this population.  

 One such promising therapy is dietary nitrate supplementation, which is demonstrated to 

lower blood pressure and improve macrovascular function in high CVD risk groups [18, 19]. 

While endogenous NO synthesis relies on the L-arginine-NO synthase (NOS) pathway, nitrate-

rich foods like arugula, spinach, and beetroot augment NO bioavailability through the exogenous 

nitrate-nitrite-NO pathway. This secondary route of NO synthesis relies on the reduction of 
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nitrate to nitrite in the entero-salivary circulation, facilitated by oral nitrate-reducing bacteria [20, 

21]. The subsequent conversion of nitrite to NO is favored in low pO2 and pH conditions via 

enzymatic and non-enzymatic processes [22, 23]. Compared to pre- and peri-menopausal women, 

late postmenopausal women are deficient in L-arginine [24] and tetrahydrobipterin (an essential 

cofactor for endothelial nitric oxide synthase enzymatic activity, BH4) [25], leading to 

endothelial NO synthase (eNOS) uncoupling [4] and greater oxidative stress [5]. We have 

previously shown that an acute dose of nitrate-rich beetroot juice improves endothelial resistance 

to whole-arm IR injury in recently postmenopausal women [26]. Therefore, exogenous inorganic 

dietary nitrate supplementation represents a promising non-pharmacological approach to enhance 

NO bioavailability and improve endothelium dependent vasodilation. However, whether the late 

postmenopausal endothelium is as responsive to dietary nitrate supplementation remains 

unexplored.  

 Accordingly, the primary aim of this investigation was to determine whether acute 

dietary nitrate supplementation confers postmenopausal-stage dependent variations in resting 

macrovascular function and endothelial resistance to whole-arm IR injury. In this randomized, 

placebo-controlled, double blind, cross-over trial, we hypothesized that: 1) a single dose of 

nitrate-rich beetroot juice would increase resting endothelial function and 2) BRnitrate 

supplementation would augment endothelial resistance to IR injury to a greater extent in early- 

compared to late-postmenopausal women. 

Methods 

Participants 

Study participants were recruited from Penn State campus and the greater surrounding 

State College, PA community and provided written informed consent to participate in this 
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registered clinical trial (NCT03644472). Out of the 54 women that were screened, 25 women met 

eligibility criteria and completed all portions of the study (Figure 3-1 and Figure 3-2). All 

procedures were approved by the Office of Research Protections at The Pennsylvania State 

University in agreement with the guidelines set forth by the Declaration of Helsinki.  

Both early- (1-6 years following their FMP, n=12) and late- (>6 years following their 

FMP, n=12) postmenopausal women were recruited and staged based on the STRAW+10- criteria 

[27]. Eligible participants did not have overt chronic disease as confirmed by a physician-

reviewed medical history questionnaire and venous blood chemistry (hematological, liver, and 

kidney function). Eligible participants met the following criteria: resting brachial blood pressure 

<130/80 mmHg, body mass index between 18.5 and 35 kg/m2, fasting plasma glucose <100 

mg/dL or HbA1c <6.0%, fasting plasma low-density lipoprotein < 160 mg/dL, non-smoker, not 

taking any cardiovascular medications or hormone replacement therapy, and had not donated 

blood or blood products in the past 3 months. Recent physical activity was determined using the 

self-reported International Physical Activity Questionnaire (IPAQ). Following determination of 

participant eligibility, volunteers were asked to complete 2 experimental study visits which 

consisted of vascular assessments and the IR injury protocol at baseline, ~100-minutes after BR 

consumption (post-BR), immediately following IR injury (post-IR) and 15 minutes later 

(recovery).   

Overview of Study Design 

Participants arrived at the Clinical Research Center (CRC) at The Pennsylvania State 

University between 7-10 am having met the pre-testing requirements for all study visits: 12 hours 

fasted, 12 hours without caffeine, 48 hours without alcohol and dietary supplements, 24 hours 

refraining from vigorous exercise, limited dietary nitrate intake and antioxidant supplements in 

the 2 weeks prior to testing (i.e., arugula, beetroot, and supplement formulations). After voiding 
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and 10 minutes of seated rest, blood pressure (BP) and heart rate (HR) were measured in triplicate 

with a 1-minute rest separating measurements. Participants were asked to refrain from using anti-

bacterial mouth wash on experimental days as to preserve nitrate reducing commensal bacterium 

in the oral cavity [28]. Participants rested for an additional 10 minutes in a supine position after 

which pulse-wave velocity was measured in triplicate with a 1-minute rest between measurements 

(Colin VP). Participants then walked to another room for vascular ultrasound assessments. After 

at least 10 minutes of supine rest, a baseline vascular assessment was performed using brachial 

artery imaging with Doppler ultrasound to measure resting macrovascular function (see below for 

procedure details). Subsequently, participants consumed either NO3--rich (BRnitrate, ~9.7 mmol 

NO3
- per 140 mL Beet-It Organic, James White Juice Company) or NO3

--depleted (BRplacebo, 

~0.76 mmol NO3
- per 140 mL nitrate depleted Beet-It Sport, James White Juice Company) 

beetroot juice in random order on two visits separated by a washout period of at least 2 weeks. 

Eligible participants were randomly assigned in a 1 to 1 ratio to one of two randomization 

sequences by CRC nurse staff. The randomization sequence was generated electronically 

(http://www.randomization.com) and stratified by postmenopausal stage. The randomization 

schedule consisted of one-block of 14 sequences for each postmenopausal stage. Blinding was 

achieved using identical-tasting interventions, and participants as well as investigators, were kept 

unaware of the treatment sequences. The cross over design consisted of two treatment periods 

with a washout period of at least 2 weeks between them to minimize carryover effects (Figures 3-

2 and 3-3). Venous blood samples were taken from the left arm before (baseline) and 

approximately 100 minutes after juice consumption (post-BR) and at the end of experimental 

visits (end). The timepoint of 100 minutes following juice consumption was chosen based on 

previous work indicating that peak plasma NO3
- and NO2

- concentrations are reached between 1-3 

hours, irrespective of nitrate dose (4-24 mmol) [18, 29, 30], and would be sufficient time to reach 

an approximate threshold of 400 nM NO2
- [31].  

http://www.randomization.com/


34 
 

 
 

After 10 minutes of supine rest, BP and vascular assessments were collected (see below 

for detailed procedures). Immediately following vascular assessments, a rapid pneumatic cuff 

(Hokanson) was placed around the upper, right-arm (as close to the axilla as possible) and 

inflated to 250 mmHg for 20 minutes followed by 15 minutes of reperfusion to induce temporary 

endothelial IR injury [9]. Vascular assessments were repeated immediately after the reperfusion 

portion of the IR injury protocol (i.e., post-IR) and again 15 minutes later (i.e., recovery). All 

vascular assessments were performed on the same arm (right arm), in a dark, quiet, temperature-

controlled (21°C) room, while following current guidelines [32]. A minimum 14-day washout 

period separated acute supplementation. An overview of the study flow CONSORT diagram 

(Figure 1) and a schematic of the study design and experimental protocol (Figures 2 and 3) are 

provided.  

Plasma NO3
- and NO2

- analysis 

Venous blood samples were collected into sodium heparin tubes (6mL sodium heparin 

tubes, BD Vacutainer, Franklin Lakes, N.J., USA) and immediately centrifuged at 3000 rcf (3000 

g) and 4°C for 4 minutes. Plasma was aliquoted and stored in a -80°C freezer for later analysis. 

The ENO-20 analyzer was used to measure plasma NO3
- and NO2

- concentrations (sensitivity of 

0.1 pmol for NO3
- and NO2

-) according to the manufacturerôs protocol.  

Ankle-brachial pulse wave velocity and index 

After 10 minutes of supine rest, ankle-brachial index (ABI) and ankle-brachial pulse 

wave velocity (PWV) were measured in triplicate separated by 1 minute using the VP2000 [33] 

(Colin Medical). According to the manufacturerôs instructions, blood pressure cuffs were placed 
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securely around the participantôs upper arms and ankles, ECG electrodes were placed on the inner 

right and left wrists, and the phonocardiogram sensor on the proper rib-cage location.  

Macrovascular function 

Experimental protocol 

Endothelial macrovascular function was assessed by brachial artery flow-mediated 

dilation. Following 10 minutes of supine rest, the participantsô right arm was extended 80-90 

degrees from their torso. Subsequently, a rapid inflation/deflation pneumatic cuff was placed 

around the forearm distal to the olecranon process. A multifrequency linear array probe attached 

to a high-resolution ultrasound machine (Phillips IU22) was used to capture longitudinal B-mode 

images of the brachial artery in the distal portion of the upper arm. Simultaneously, doppler 

velocity was recorded at an insonation angle of 60 degrees and sample volume was adjusted to 

the vessel size. Resting brachial artery diameter and blood velocity were recorded for 1 minute. 

The pneumatic cuff was inflated to 250 mmHg for 5 minutes and arterial lumen diameter and 

blood velocity were continuously measured during the occlusion period. Once the cuff was 

rapidly deflated, imaging continued for 3 minutes. Placement of the ultrasound transducer was 

marked on the participantôs arm to minimize differences in baseline arterial diameter between 

measurements. The same sonographer performed all FMD tests and has a within-day coefficient 

of variation (CV) of 16.9% for relative FMD and 1% for baseline brachial artery diameter. These 

values are in line with recommended expert values [32]. 
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Data analysis 

A live commercial edge-detection software (FMD Studio, Cardiovascular Suite 4, Quipu, 

Pisa, Italy) was used to analyze artery diameter, blood velocity, and shear rate. The optimal 

region of interest was analyzed by the same sonographer and was chosen based on image quality 

and clear distinction between the artery walls and lumen.  Variables assessed using the software 

included baseline diameter, peak diameter, resting and peak shear rates, velocities, and shear area 

under the curve (SR AUC) to peak diameter. FMD was calculated as the percent increase from 

baseline to peak diameter during reactive hyperemia ([peak diameter-baseline diameter]/ 

[baseline diameter] *100%).  

Arterial hemodynamics 

The frictional force exerted by blood flow, defined as shear rate (s-1), was calculated 

using the following equation: 4 * mean blood velocity (cm/s)/ diameter (cm) (FMD Studio, 

Cardiovascular Suite 4, Quipu, Pisa, Italy). Shear rate area under the curve (SR AUC), was 

defined as the area from the start of cuff inflation to the time of peak diameter [34]. Blood flow is 

reported as a 30-second average before cuff inflation and was calculated by multiplying the cross-

sectional area (ˊr2) of the artery with resting blood velocity. Peak blood flow is reported as the 

highest 3-s average following cuff release and represents reactive hyperemia (RH). Indices of 

microvascular function, RH blood flow AUC and velocity AUC, were calculated within the first 

minute following cuff deflation using the trapezoid method (GraphPad Prism version 8.0.0 for 

Windows, GraphPad Software, San Diego, CA USA).  
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Ischemia-Reperfusion Injury Protocol 

To induce a transient yet significant whole arm endothelial IR injury, a pneumatic cuff 

was placed around the upper portion of the right arm as close to the axilla as possible to 

sufficiently occlude the brachial artery (as confirmed by hand-held doppler during pilot testing). 

The cuff was inflated to a pressure of 250 mmHg for 20 minutes. Following cuff deflation, 

reperfusion occurred for 15 minutes before FMD was repeated. The upper arm IR injury model is 

a non-invasive, well-established procedure employed to study human endothelial mediated 

vascular injury [7-9, 26].  

Statistical analyses 

SPSS software (IBM Corp., version 28) was used to examine all data elements and 

perform statistical analyses. Nonnormal data were log transformed and considered normally 

distributed if the Shapiro-wilk test statistic was not significant (p>0.05). Based on a previous 

study in our lab (28), 10 subjects provides 80% power to detect meaningful physiological and 

clinically relevant differences in FMD (² 1% increase, [35] following acute dietary nitrate 

supplementation. To investigate the effect of a single-dose of BR supplementation on resting 

FMD/Adj. FMD in women in both early- and late-postmenopausal stages, and to remain 

consistent with statistical analyses employed in the preceding study (28),  the general linear 

model (GLM) function was used. Treatment (2 levels: BRplacebo and BRnitrate), time (4 levels: 

baseline, post-BR, post-IR, recovery), menopause stage (2 levels: early- and late-postmenopause) 

and the treatment by time and treatment by time by menopause stage interactions were modelled 

as fixed effects. Secondary analyses of plasma [nitrate and nitrite], were also evaluated using the 

GLM with treatment (2 levels: BRplacebo and BRnitrate), time (3 levels: baseline, post-BR, end), and 

menopausal stage (2 levels: early- and late-postmenopause), and the treatment by time and 
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treatment by time by menopause stage interactions were modelled as fixed effects. Statistical 

significance was set at p<0.05. For primary and secondary analyses, between-treatment 

differences at the post-BR, post-IR, and recovery timepoints, were assessed by the presence of 

main effects for treatment, time, and menopausal stage and treatment by time and treatment by 

time by menopause stage interactions. When a main effect for treatment, time, menopausal stage, 

or treatment by time or treatment by time by menopause stage interaction existed, the 

conservative Bonferroni correction method was used to adjust for multiple comparisons for all 

outcomes (i.e., unadjusted FMD, vascular hemodynamics, resting blood pressure and heart rate), 

however as recommended per Atkinson and colleagues [36, 37], the Fisherôs Least Significant 

Difference correction method was used to adjust for multiple comparisons for allometrically 

scaled FMD (Adj. FMD) data only. To account for missing blood samples completely at random, 

the missing value analysis (MVA) procedure was performed on the imbalanced plasma nitrate, 

nitrite, and dietary nitrate intake data sets to confirm MVA p<0.05 prior to imputing missing 

values using the series mean. To confirm appropriate postmenopausal staging, independent 

samples t-tests were performed to analyze group differences in years since menopause and 

chronological age. Data are presented as least-squared means and standard deviations (SD), 

unless otherwise specified.  

Results 

Participants 

Of the 27 participants that were randomized, 13 women (Early, n=6; Late, n=7) received 

the placebo intervention first and 14 (Early, n=6; Late, n=8) women received the nitrate-rich 

intervention first. Two participants did not continue with the study protocol due to not liking the 

taste of the supplement; data were not included in analysis. Following wash-out (minimum of 2 
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weeks) and cross over, 11 women (Early, n=6; Late, n=5) received the nitrate-rich intervention 

and 14 women (Early, n=6; Late, n=8) received the placebo intervention second. A total of 25 

participants completed the entirety of the study protocol. One participant was removed from data 

analysis due to excessive participant movement and/or poor video quality during the FMD 

measures (Figure 3-1). The baseline characteristics for 24 postmenopausal women are presented 

by randomization sequence in Table 3-1. Results of the independent samples t-test confirmed 

significant menopausal-stage (group) differences in years since menopause (Early 

Postmenopausal: 4 ± 2 years; Late Postmenopausal: 14 ± 5 years, p<0.001) and chronological age 

(Early Postmenopausal: 56 ± 4 years; Late Postmenopausal: 63 ± 4 years, p<0.001), providing 

supporting evidence that women were appropriately categorized into early- and late-

postmenopausal stages.   

Arterial stiffness 

Pairwise comparisons revealed significant baseline group differences in PWV such that 

the late-postmenopausal group had a significantly higher PWV compared to the early-

postmenopausal group on both testing days (p<0.05).   

Plasma NO3
- and NO2

- 

We found a significant time*treatment interaction effect for plasma nitrate and nitrite 

(p<0.001, Figure 3-4). Pairwise comparisons showed a significant increase in plasma nitrate and 

nitrite compared to baseline for BRnitrate (p<0.005) in both groups. Plasma nitrate and nitrite were 

significantly higher in BRnitrate compared to BRplacebo at 100-min and end (p<0.005) timepoints in 

both early- (Fig. 3-4A) and late- (Fig. 3-4B) postmenopausal groups. BRplacebo resulted in a 

significant decrease of plasma nitrate between baseline and end (p<0.05) time points for both 
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groups. No significant 3-way interaction effect was found for plasma nitrate or nitrite 

concentrations, suggesting menopausal stage did not moderate this interaction (p>0.05).  

Effects of BRplacebo and BRnitrate on resting vascular function, resistance and resilience to IR  

As shown in Figure 3-5, a significant time*treatment interaction effect for FMD and 

allometrically scaled (i.e., adjusted) FMD (p=0.014, p=0.013, Table 2) was present. No 

significant 3-way interaction effect for adj. FMD (p=0.29) was found, suggesting there are no 

menopausal stage differences in endothelial resistance with either treatment condition. Pairwise 

comparison results showed that adj. FMD was significantly lower post-IR in comparison to all 

other time points with BRplacebo (p<0.001) and was significantly lower than post-BR with BRnitrate 

(p=0.045). Shown in Figure 3-5B, post-BRnitrate adj. FMD was significantly higher compared to 

baseline (p<0.001) and post-IR (p<0.001) for late-postmenopausal women, however no 

differences were found between baseline, post-IR, and recovery time points (p>0.05). Recovery 

adj. FMD (Figure 3-5A) was significantly higher than post-IR with BRnitrate (p=0.023) and 

BRplacebo (p<0.001) in the early postmenopausal group, and higher than post-IR with BRplacebo 

(p<0.001) in the late postmenopausal group. All statistically significant results were the same for 

unadjusted FMD.  

Effects of BRplacebo and BRnitrate on macrovascular hemodynamics  

Our results revealed a significant time*treatment interaction effect for baseline positive 

shear rate (p=0.042) and shear AUC (p=0.041, Table 3-2). No significant 3-way interaction effect 

was found for all hemodynamic variables (Table 3-2 and Supplementary Table 3-1). Pairwise 

comparisons revealed that baseline positive shear rate was significantly higher for all time points 

compared to baseline with BRplacebo (post-BR p=0.007, post-IR p=0.011, recovery p=0.002). 
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Under BRnitrate conditions, baseline positive shear rate was significantly lower post-IR compared 

to all time points (baseline p=0.003, post-BR p=0.022, recovery p=0.016). Shear rate AUC was 

significantly lower post-IR compared to post-BRnitrate (p=0.002) in the late-postmenopausal group.  

Effects of BRplacebo and BRnitrate on microvascular hemodynamics 

A significant time*treatment interaction effect was found for baseline brachial artery 

velocity (p=0.05, Table 3-2). Pairwise comparisons revealed no significant differences between 

baseline velocity across time points in both groups.  

Discussion 

In the current study, we explored whether acute dietary nitrate supplementation provides 

endothelial protection against whole-arm IR injury in women at two distinct stages of post-

menopause. We present the following novel findings. First, we demonstrate that a single-dose of 

BRnitrate improved endothelial resistance to IR injury in both early- and late- postmenopausal 

women. Secondly, we show that an acute dose of BRnitrate significantly increased resting 

macrovascular function in the late- but not early-postmenopausal group. These differing 

responses between postmenopausal stages following acute BRnitrate administration implies that 

endothelial resistance to IR is achieved differently. Protection against IR injury in the late 

postmenopausal group may be attributed more to improved resting endothelial function prior to 

the IR protocol, whilst in early postmenopausal women this protection may occur during IR 

injury. 
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The protective effects of acute dietary nitrate supplementation on endothelial resistance to 
IR injury  

 In the present study we found that a single-dose of nitrate-rich beetroot juice 

significantly attenuates the decline in endothelial function immediately following whole-arm IR 

in healthy, normotensive women at two distinct stages of post-menopause. This finding reinforces 

previous work in younger adults demonstrating that a similar or lower dose of nitrate-rich 

beetroot juice is sufficient to provide macrovascular protection against endothelial IR-injury [18, 

29, 38]. Previously we showed that early postmenopausal women exhibit an exaggerated decline 

in endothelial function in response to whole-arm IR injury compared to premenopausal women, 

despite both groups demonstrating comparable values in baseline endothelial function [7]. 

Importantly, we found that a single-dose of dietary nitrate supplementation (equivalent dose to 

the current study) in the form of concentrated beetroot juice improved endothelial resistance to IR 

injury in early postmenopausal women [26]. In relation to the well-established timing hypothesis 

in women, which emphasizes that both pharmacological (hormone therapy) and exercise training 

interventions are less efficacious with prolonged estrogen deficiency (5+ years), we included a 

late postmenopausal group to test if this hypothesis also applies to a nutraceutical intervention in 

postmenopausal women. Whilst we found both groups demonstrated improved endothelial 

protection against IR injury, late postmenopausal women experienced improvements in resting 

endothelial function following an acute dose of BRnitrate; however, the same improvement in 

resting FMD was not observed in the early postmenopausal group.  

Previous research shows that women in their late postmenopausal years (beyond 6 years 

of their final menstrual period) are less responsive to pharmaceutical (hormonal) and exercise 

interventions likely due to compromised estrogen receptor function and expression [3, 39], 

elevated vasoconstrictors endothelin-1 and norepinephrine [40], and upregulation of structural 

vascular adhesion molecules [3, 41, 42]. With this background, we hypothesized that late 
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postmenopausal women would be less responsive to dietary nitrate intervention, however, our 

results revealed that after ~100 min. of BRnitrate consumption, resting FMD significantly increased 

exclusively among the late postmenopausal group. This unexpected result highlights potential 

postmenopausal stage variations in nitrate-mediated enhancements of vascular resistance. 

Interestingly the percent decline from post-BR to post-IR was similar between BRplacebo (73%) 

and BRnitrate (53%) conditions in the late postmenopausal group, however, under the BRnitrate 

condition, post-BRnitrate FMD was significantly higher than baseline FMD. It is possible that the 

attenuation of macrovascular endothelial dysfunction in late postmenopausal women is a result of 

improved endothelial function prior to the IR protocol and not only a result of improved 

endothelial resistance to IR injury per se.  

The absence of a significant improvement in resting FMD with BRnitrate in early 

postmenopausal women corresponds to previous work in our lab [26] and may be explained by 

greater endogenous BH4 [3] and L-Arginine [24] concentrations in recently postmenopausal 

women compared to late post-, peri-, and pre-menopausal women. Moreau and colleagues 

suggest that this compensatory response is meant to increase NO biosynthesis and preserve 

endothelial function after the sudden decline in estrogen following menopause [7, 24, 40]. 

Additionally, we propose this protective mechanism occurs prior to the permanent attenuation of 

endothelial resistance in late post-menopause [7].  

Potential mechanisms underlying acute nitrate-mediated resistance to IR in 
postmenopausal women 

Although this study cannot provide definitive mechanistic insight into how dietary nitrate 

affords macrovascular protection against IR injury, there are several potential mechanisms 

underlying our findings. Endothelial oxidative stress (as a result of aging, estrogen deficiency, IR-

injury, etc.), reduces bioactive NO by 1) promoting NO inactivation (formation of peroxynitrite) 
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and 2) by decreasing NO production via eNOS uncoupling [10, 38, 43]. It is possible that 

exogenous dietary nitrate enhances endothelial resistance to IR primarily by increasing systemic 

NO bioavailability, which in turn improves eNOS-dependent NO production and endothelial 

vasodilatory capacity. Dietary nitrate-mediated macrovascular protection may occur alongside 

mechanisms independent of eNOS, particularly during the ischemic period of IR injury, when 

eNOS is predisposed to uncoupling. Additionally, the primary mammalian nitrite reductase 

pathway, xanthine oxidoreductase (XOR), is upregulated in ischemia-induced acidosis conditions 

such as occurs with IR injury [44]. Further pre-clinical research is needed to uncover the 

protective mechanisms underlying nitrate-mediated enhancements in endothelial resistance.  

Our late postmenopausal findings suggest that high dietary nitrate loads can enhance 

basal NO conversion via eNOS-independent pathways that potentially relate to enhanced nitrite to 

NO conversion. Given the differences in chronological age between early (56 ± 4 years) and late 

(63 ± 4 years) postmenopausal groups, it is possible that endothelium-derived nitrite to NO 

conversion may be greater in late- compared to early- postmenopausal women due to age-related 

differences in XOR activity [23, 45]. Additionally, the non-enzymatic reduction of nitrite results 

in enhanced systemic NO bioavailability and may acutely reduce systemic age-associated 

oxidative stress, resulting in greater endothelium-derived NO and basal vasodilatory capacity [46, 

47].  

Another novel finding was that recovery FMD with BRplacebo was significantly higher 

than post-IR for both groups (Early: Adj. FMDplacebo 6.25 ± 1.16%, p<0.001, Late: Adj. FMD 5.11 

± 1.16%, p<0.001), and recovery FMD was significantly higher than post-IR with BRnitrate 

exclusively amongst the early postmenopausal group (Early: Adj. FMDnitrate 6.71 ± 1.14 %, 

p=0.023, Figure 5 and Table 2). Given both postmenopausal groups exhibited in a significant 

increase in recovery FMD with BRplacebo, implies that the high antioxidant capacity in beetroot 

juice may play an important role in endothelial resilience post-IR [46].  
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Apart from differences in chronological and reproductive aging, itôs worth noting that 

both groups were closely matched in terms of participant characteristics. The women studied 

herein were normotensive, did not have other CVD risk factors (hyperglycemia or 

hypercholesterolemia), and most importantly, showed FMD values comparable to healthy 

populations [48-50]. Collectively, our work reinforces that prolonged estrogen deficiency is 

associated with impaired basal macrovascular function, however, contrary to pharmaceutical 

hormone therapy, the late postmenopausal endothelium is still responsive to the acute effects of 

dietary inorganic nitrate. 

Experimental considerations 

A notable strength of our study was the use of a genuine nitrate-depleted juice (placebo) 

to assess the impact of dietary inorganic nitrate on endothelial resistance against IR injury [18, 

38, 50]. Nevertheless, this approach limits our understanding into the potential synergistic effects 

between dietary nitrate and other bioactive components within the supplement. While our work, 

alongside others, has established that a post-juice consumption time of ~100 minutes is sufficient 

to effectively elevate plasma nitrate and nitrite concentrations [22, 26, 30], prior studies have 

used longer post-consumption intervals. Extending the post-consumption time interval in this 

study may have resulted in more pronounced resting endothelial responses in the early-

postmenopausal group due to greater plasma nitrite increments [51, 52]. Additionally, measuring 

plasma oxidative stress markers, albeit systemic not vascular-specific, would have provided 

greater mechanistic insight. One potential study design limitation involves conducting FMD 

assessments twice prior to IR injury. However, the crossover design employed in this study likely 

accounted for the protective effects of ischemic preconditioning on subsequent IR injury [9] for 

both treatment conditions. Notably, we did not measure hormone concentrations in our participant 

pool. Integrating such measures alongside self-reported menopausal status would have been the 
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gold-standard to verify estrogen deficiency and facilitate stratification of participants into the 

appropriate postmenopausal stages. Furthermore, incorporating premenopausal estrogen-replete 

and perimenopausal reference groups would have allowed for baseline endothelial dysfunction 

characterization and enabled comparisons of FMD changes following acute BR supplementation, 

as well as, assessing endothelial resistance in response to IR injury.  

Conclusions and potential clinical relevance 

We demonstrate that an acute dose of nitrate-rich beetroot juice enhances endothelial 

resistance to IR injury in healthy, postmenopausal women at two distinct stages of post-

menopause. Our findings in early postmenopausal women reinforce our previous work [26], 

however, in late postmenopausal women we now show an improvement in resting endothelial 

function following supplementation; with macrovascular protection against IR injury in the late 

postmenopausal group attributed to improved resting endothelial function prior to IR injury and 

not improved endothelial resistance per se. This is especially important given the evidence 

supporting that pharmaceutical interventions are less efficacious in improving CV health in 

women 6+ years post-menopause. Therefore, exogenous inorganic dietary nitrate may represent a 

promising non-pharmacological approach to enhance NO bioavailability and improve 

macrovascular protection for women in both postmenopausal stages.   
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Figure 3-1: The CONSORT flow diagram is a summary of the randomized, double-blind, placebo 
controlled, crossover design study to assess the influence of acute nitrate-rich and nitrate-depleted 
(placebo) beetroot juice supplementation on endothelial function at rest and after ischemia 
reperfusion injury. Treatment period one (one dose); washout (2 weeks or more); and treatment 
period two (one dose). A; nitrate-depleted beetroot juice and B; nitrate-rich beetroot juice. 

 



48 
 

 
 

 

Figure 3-2: Summary of the study design to assess the influence of nitrate-rich and nitrate-depleted 
(placebo) beetroot juice (BR) on endothelial function at rest and after ischemia reperfusion injury. 
Created with BioRender.com. 

 

Figure 3-3: Schematic of experimental protocol to A. assess the acute effect of BRnitrate and BRplacebo 
on resting macrovascular function and B. assess the influence of BR supplementation on 
endothelial resistance against ischemia-reperfusion (IR) injury and recovery (resilience). Created 
with BioRender.com. 
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Figure 3-4: Plasma nitrate and nitrite concentrations before (baseline), ~100-min. after juice 
consumption (Post-BR), and at the end of the experimental visit for BRnitrate and BRplacebo conditions 
in A. 12 early- and B. 12 late-postmenopausal women. Results of the general linear model are 
presented as mean ± SD. *p< 0.05, from baseline and +p<0.05, from BRplacebo. 

 

 

Figure 3-5: The acute effects of nitrate-rich and nitrate-depleted (placebo) beetroot juice (BR) on 
brachial artery flow-mediated dilation (FMD) before (Baseline), post-juice consumption (Post-
BR), immediately after whole-arm ischemia-reperfusion (IR) injury (Post-IR), and 15 minutes 
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following IR (Recovery) in A. 12 early- and B. 12 late-postmenopausal women. Results of the 
general linear model are presented as mean ± SD. *p< 0.05, from baseline, ^p<0.05, from all other 
time points BRplacebo, #p<0.05, from post-IR BRnitrate, ##p<0.005, from post-IR BRplacebo, and 
+p<0.05, from BRnitrate. 

 

Table 3-1. Baseline participant characteristics from the initial screening visit are presented as mean 
± SD by randomization sequence for 12 early- and 12 late-postmenopausal women.   

 

 

Table 3-2: The acute effects of BRnitrate and BRplacebo on brachial artery flow mediated dilation and 
macro- and micro-vascular hemodynamic measures at Baseline, after consumption of beetroot juice 
(Post-BR), after ischemia-reperfusion injury (Post-IR), and 15 minutes later (Recovery) in 12 early- 
and 12 late-postmenopausal women. Results of the general linear model are presented as mean ± 
SD. Flow mediated dilation, FMD, Area Under the Curve, AUC, Reactive Hyperemia, RH *p<0.05, 
from baseline, **p<0.05, from early-postmenopausal, ^p<0.05, from all other time points, #p<0.05 
from post-BR. 

 Early-Postmenopausal Late-Postmenopausal 

Characteristics Placebo-Nitrate-rich Nitrate-rich-Placebo Placebo-Nitrate-rich Nitrate-rich-Placebo 

n 6 5 6 8 

Age (yr.) 56 ± 3 55 ± 5 64 ± 4 63 ± 5 

Years since menopause 3 ± 2 4 ± 1 15 ± 5 13 ± 5 

Body Mass (Kg) 66.2 ± 10.2 68.0 ± 11.1 61.9 ± 8.4 60.0 ± 4.7 

Height (cm) 166.3 ± 5.7 167.3 ± 6.2 162.0 ± 5.2 161.2 ± 3.9 

BMI (Kg/m2) 24 ± 3 25 ± 4 26 ± 7 23 ± 1 

Resting Systolic BP (mmHg) 114 ± 11 110 ± 10 118 ± 8 116 ± 14 

Resting Diastolic BP (mmHg) 69 ± 12 64 ± 6 64 ± 6 68 ± 8 

Resting HR (beats/min) 62 ± 7 63 ± 5 61 ± 7 64 ± 8 

Total Cholesterol (mg/dL) 214 ± 14 198 ± 46 207 ± 30 225 ± 20 

LDL (mg/dL) 116 ± 18 125 ± 41 111 ± 30 127 ± 22 

HDL (mg/dL) 73 ± 14 54 ± 6 79 ± 16 80 ± 20 

Triglycerides (mg/dL) 79 ± 31 90 ± 28 80 ± 27 83 ± 44 

Fasting glucose (mg/dL) 89 ± 7 90 ± 4 92 ± 9 94 ± 5 

Hematocrit (%) 42 ± 1 40 ± 4 41 ± 3 40 ± 2 

Hemoglobin (g/dL) 14 ± 0 13 ± 2 13 ± 1 13 ± 1 

Physical Activity (MET-week) 2575 ± 2994 3261 ± 4530 3257 ± 2582 2567 ± 1967 

Parturition number 2 ± 1 3 ± 1 2 ± 1 2 ± 2 

PWV (cm/s) 1245 ± 95 1209 ± 150 1434 ± 270 1469 ± 145 
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Chapter 4 
 

Short-term Dietary Nitrate Supplementation Clinically Significantly 
Improves Basal Macrovascular Function in Postmenopausal Women: A 

Randomized, Placebo-Controlled, Double Blind, Crossover Clinical Trial  

This chapter is under peer review:  
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Alipour E, Kim-Shapiro DB, Somani YB, Proctor DN., Short term dietary nitrate 

supplementation clinically significantly improves basal macrovascular function in 

postmenopausal women: A randomized, placebo-controlled, double blind, crossover clinical 

trial ., Frontiers in Nutrition, submitted Dec 21, 2023.

Abstract 

 

Introduction: Cardiovascular disease (CVD) is the leading cause of death in women, 

with increased risk following menopause. Dietary intake of beetroot juice and other plant-based 

nitrate-rich foods is a promising non-pharmacological strategy for increasing systemic nitric 

oxide and improving endothelial function in elderly populations. The purpose of this randomized, 

placebo-controlled, double blind, crossover clinical trial was to determine the effects of short-

term dietary nitrate (NO3-) supplementation, in the form of beetroot juice, on resting 

macrovascular endothelial function and endothelial resistance to whole-arm ischemia-reperfusion 

(IR) injury in postmenopausal women at two distinct stages of menopause.  

Methods: Early- (1-6 years following their final menstrual period (FMP), n=12) and late- 

(6+ years FMP, n=12) postmenopausal women consumed nitrate-rich (400 mg NO3
- /70mL) and 
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nitrate-depleted beetroot juice (approximately 40 mg NO3
- /70 mL, placebo) daily for 7 days. 

Brachial artery flow-mediated dilation (FMD) was measured pre-supplementation (Day 0), and 

approximately 24 hours after the last beetroot juice (BR) dose (Day 8, post-7-day BR). 

Following, FMD was measured immediately post-IR injury and 15-minutes later (recovery). 

Results: Results of the linear mixed effects model revealed a significantly greater 

increase in resting FMD with 7-days of BRnitrate compared to BRplacebo (mean difference of 2.21%, 

95 % CI [0.082, 4.34], p=0.042), however, neither treatment blunted the decline in post-IR injury 

FMD in either postmenopausal group. Our results suggest that 7-day BRnitrate-mediated 

endothelial protection is lost within the 24-hr. period following the final dose of BRnitrate. 

Conclusion: Our findings demonstrate that nitrate-mediated postmenopausal endothelial 

protection is dependent on the chronobiological variations in dietary nitrate metabolism and the 

timing of supplementation in relation to IR injury.  

 

Introduction  

 

Cardiovascular disease (CVD) risk exponentially rises after menopause (1, 2), in part due 

to reductions in vascular function (3-5). Estrogen plays a pivotal role in maintaining homeostatic 

nitric oxide (NO) bioavailability in estrogen-replete premenopausal women (6, 7). Previous 

epidemiological data demonstrates that premenopausal women are protected from ischemic 

coronary artery disease compared with age-matched men, however, this protection is lost post-

menopause (8). A major mechanism proposed to underlie menopause-induced vascular 

dysfunction is hypoestrogenemia (9-12) and its NO-mediated vasodilator, vasoprotective, and 

antioxidant effects. The close association between CVD risk and estrogen-deficiency highlights 

the clinical importance of cardiovascular health for postmenopausal longevity.  
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The presence of endogenous estrogen might not only affect basal endothelial function, 

but additionally, it can influence endothelial cell resistance and resilience following periods of 

tissue ischemia and subsequent reperfusion (i.e., ischemia-reperfusion (IR) injury) (13-17).  

Endothelial IR injury, which occurs during myocardial infarction, cardiac, and limb surgery, is 

defined by a temporary period of blood flow restriction and subsequent reperfusion, resulting in 

the production of damaging reactive oxygen and nitrogen species (RONS) (15). Premenopausal 

women in the late follicular phase of the menstrual cycle, when estradiol concentration is high, 

exhibit greater endothelial resistance to whole-arm IR injury compared to the early follicular 

phase when estradiol concentrations are low (14). The inverse association between serum 

estradiol and endothelial resistance is also supported by recent evidence from our lab, 

demonstrating that early postmenopausal women, within 1-6 years of their FMP, exhibit 

attenuated endothelial resistance to IR injury compared to premenopausal women; despite 

comparable resting endothelial function (13, 18). These findings support a role for the importance 

of endogenous estrogen-mediated endothelial protection.  

It has long been hypothesized that estrogen therapy could be a primary prevention 

strategy to reduce CVD risk in postmenopausal women by mimicking the estrogen-replete 

premenopausal environment (19). However, evidence supports that the overall health risks of 

combined hormone therapy (HT, estrogen + progestin) exceed the vascular benefits in this 

population (20, 21). Additionally, the timing hypothesis emphasizes that cHRT has a more 

favorable effect in lowering future CVD events, in recently postmenopausal women compared to 

their more estrogen-deficient, chronologically older, late-postmenopausal (6+ years since the 

FMP) counterparts (19, 22, 23). The post-menopausal stage variations in endothelial 

responsiveness to cHRT, suggests that further investigation into non-pharmacological CVD 

targeted interventions for women in the later stage of menopause is necessary.  

Nutraceutical interventions using nitrate-rich beetroot juice (BR) have emerged as a 

promising therapeutic strategy to increase systemic NO bioavailability and improve endothelial 
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function in older, healthy and high CVD-risk populations (18, 24). The entero-salivary pathway is 

a potential back-up system to maintain homeostatic NO levels when oxygen supply is limited. 

While endogenous NO production occurs via the L-arginine-NO synthase (NOS) pathway, the 

alternative exogenous dietary nitrate (NO3
-)-nitrite (NO2

-)-NO pathway relies on nitrate-rich 

foods such as arugula, spinach, and beetroot to enhance systemic NO bioavailability (25, 26). 

Within the entero-salivary circulation, nitrate-reducing bacteria in the oral cavity facilitate the 

reduction of nitrate to nitrite (26). Following, the conversion of nitrite to NO is favored under 

ischemia-induced acidic conditions (i.e., low pO2 and pH) (27), such as occurs during IR injury. 

Therefore, nitrate-rich beetroot juice supplementation may represent an efficacious nutraceutical 

approach to increase NO bioavailability and subsequent endothelium dependent vasodilation (24, 

28).  

Previously we showed that, in both early- (28) and late-postmenopausal women, 

endothelial resistance to IR injury significantly improved approximately 100 minutes after a 

single-dose of nitrate-rich beetroot juice (BRnitrate) (18), with protection against IR injury in the 

late-postmenopausal group potentially attributed to improved resting endothelial function prior to 

the IR protocol (18). Whether macrovascular protection against IR injury is maintained 24 hours 

following short-term BRnitrate supplementation in this population remains unexplored.     

Accordingly, to extend our previous acute supplementation work, the primary aim of this 

investigation was to determine whether 7-day dietary nitrate supplementation affords 

postmenopausal-stage dependent variations in resting macrovascular function and endothelial 

resistance to whole-arm IR injury. In this double blind, placebo-controlled, randomized cross-

over trial, we hypothesized that the effects of 7-day BRnitrate supplementation would be 

maintained 24-hours after the final dose and would 1) increase resting endothelial function 2) 

enhance endothelial resistance to IR injury and 3) increase NO plasma metabolite concentrations 

to a greater extent in early- compared to late-postmenopausal women.  
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Methods 

Participants  

Study participants were recruited from Penn State campus and the greater surrounding 

State College, PA community and provided written informed consent to participate in this 

registered clinical trial (NCT03644472). Out of the 54 women that were screened, 25 women 

completed all portions of the study. All procedures were approved by the Office of Research 

Protections at The Pennsylvania State University in agreement with the guidelines set forth by the 

Declaration of Helsinki.  

Both early- (1-6 years following their final menstrual period (FMP)) and late- (>6 years 

following their FMP) postmenopausal women were recruited and staged based on the 

STRAW+1- criteria (29). Eligible participants did not have overt chronic disease as confirmed by 

a physician reviewed medical history questionnaire and venous blood chemistry (hematological, 

liver, and kidney function). Eligible participants met the following criteria: resting brachial blood 

pressure <130/80 mmHg, body mass index between 18.5 and 35 kg/m2, fasting plasma glucose 

<100 mg/dL or HbA1c <6.0%, fasting plasma low-density lipoprotein < 160 mg/dL, non-smoker, 

not taking any cardiovascular medications or hormone therapy, and had not donated blood or 

blood products in the past 3 months. Following determination of participant eligibility, volunteers 

were asked to complete 4 experimental study visits that consisted of vascular assessments and the 

IR injury protocol pre- and post- 7-day nitrate-rich (BRnitrate) and nitrate-depleted (BRplacebo) 

supplementation.  
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Overview of Study Design  

Participants arrived at the Clinical Research Center (CRC) at The Pennsylvania State 

University between 7-9 am having met the pre-testing requirements for all study visits: 12 hours 

fasted from food and caffeine, 48 hours without alcohol and dietary supplements, 24 hours 

refraining from vigorous exercise, and 2 weeks without antioxidant supplements. Participants 

were asked to limit dietary nitrate intake throughout the 7-day supplementation period and were 

provided with a list of high-nitrate foods to avoid (leafy green vegetables, beetroot, watermelon, 

etc.). Participants were asked to record their diet 24-hrs prior to testing. After voiding and 10 

minutes of seated rest, blood pressure and heart rate were measured in triplicate with a 1-minute 

rest separating measurements. Participants were asked to refrain from using anti-bacterial mouth 

wash on experimental days and throughout supplementation as to preserve nitrate reducing 

commensal bacterium in the oral cavity (30). Participants rested for an additional 10 minutes in a 

supine position after which brachial-ankle pulse-wave velocity was measured in triplicate with a 

1-minute rest between measurements (VP2000, Colin Medical). A baseline venous blood draw 

was taken from the left arm. Participants then walked to another room for vascular ultrasound 

assessments. After at least 10 minutes of supine rest, a baseline vascular assessment was 

performed using brachial artery imaging with Doppler ultrasound to measure resting 

macrovascular function (see below for procedure details). Subsequently, participants consumed 

either NO3
--rich (BRnitrate, 400 mg NO3

- in 70mL/ 6.4 mmol Beet-It Organic, James White Juice 

Company) or NO3--depleted (BRplacebo, 40 mg NO3
- per 70 mL/0.38 mmol nitrate-depleted Beet-It 

Organic, James White Juice Company) beetroot juice in random order, for 7-days (Figure 4-2). 

All vascular assessments were performed on the same arm (right arm), in a dark, quiet, 

temperature-controlled (21°C) room, while following current guidelines (31). Eligible 

participants were randomly assigned in a 1 to 1 ratio to one of two randomization sequences by 

CRC nurse staff. The randomization sequence was generated electronically 
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(http://www.randomization.com) and stratified by postmenopausal stage. The randomization 

schedule consisted of one-block of 14 sequences for each postmenopausal stage. Blinding was 

achieved using identical-tasting interventions, and participants as well as investigators, were kept 

unaware of the treatment sequences. The cross over design consisted of two treatment periods 

with a washout period of at least 2 weeks between them to minimize carryover effects. To best 

monitor adherence to the 7-day supplementation protocol, participants were asked to bring all the 

empty BR bottles to the post-supplementation visit.  

24 hours after consuming the last bottle of juice (Day 8), participants returned to the 

CRC. Resting seated blood pressure (left arm) and heart rate were measured followed by 

brachial-ankle pulse wave velocity. A venous blood samples was taken approximately 24 hours 

following 7-day juice consumption. After at least 10 minutes of supine rest a vascular assessment 

was performed (see below for detailed procedures). Immediately following the vascular 

assessment, a rapid pneumatic cuff (Hokanson) was placed around the upper, right-arm (as close 

to the axilla as possible) and inflated to 250 mmHg for 20 minutes followed by 15 minutes of 

reperfusion to induce temporary endothelial IR injury (15). The vascular assessments were 

repeated after the reperfusion portion of the IR injury protocol and again 15 minutes later (30 

minutes post-IR injury). The final blood sample was taken at the end of all experimental visits 

(approximately 27-28 hours after the last BR dose). A minimum 14-day washout period separated 

each week of supplementation. An overview of the study flow CONSORT diagram (Figure 1) 

and a schematic of the experimental protocol (Figure 2) are provided.  

Plasma Nitrate and Nitrite Analyses 

Venous blood samples were collected into sodium heparin tubes (6mL sodium heparin 

tubes, BD Vacutainer, Franklin Lakes, N.J., USA) and immediately centrifuged at 3000 rcf (3000 

g) and 4°C for 4 minutes. Plasma was aliquoted and stored in a -80°C freezer for later analysis. 

http://www.randomization.com/
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The ENO-20 analyzer was used to measure plasma NO3
- and NO2

- concentrations (sensitivity of 

0.1 pmol for NO3
- and NO2

-) according to the manufactureôs protocol.  

Dietary Nitrate Intake  

Dietary nitrate intake was estimated from 24-hour dietary recalls. Participants completed 

a total of four 24-hour dietary recalls which included two recall days (Day 0, i.e., 24-hour prior to 

baseline visit, and Day 7, i.e., 24-hours prior to post-7-day supplementation visit) from each 7-

day supplementation period for each treatment condition (two diet recalls from BRplacebo and two 

diet recalls from BRnitrate). Briefly, a nitrate food composition database for plant- (32) and animal-

based (33) foods that also includes government analyses as part of national monitoring programs 

was used to quantify daily dietary nitrate consumption (mg/d). The estimated quantity of the 

plant- and animal-based foods consumed (g/d) was multiplied by the median nitrate value (mg/g) 

of each food. A 50% reduction in the assigned nitrate value was applied to the cooked plant-based 

foods to account for the effect of cooking (34), however due to the limited number of eligible 

studies that detailed processing methods at the time of the database creation, the impacts of 

processing/cooking on nitrate content from animal-based foods were not included in the database 

(28). The total plant- and animal-based nitrate consumed per day was calculated by summing the 

nitrate values of each individual derived food (mg/d). To mitigate the potential influence of 

baseline dietary nitrate (mg/day 0) on post-supplementation FMD (day 8), baseline dietary nitrate 

intake was used as covariate. Nitrate content from BRnitrate (400 mg/d x 7 days) supplementation 

was not included in the analysis; only dietary nitrate (mg/d) from the background diet was 

included. 
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Ankle-Brachial Pulse Wave Velocity 

After 10 minutes of supine rest, brachial-ankle pulse wave velocity (PWV) was measured 

in triplicate separated by 1 minute using the VP2000 (Colin Medical) (35). According to the 

manufacturerôs instructions, blood pressure cuffs were placed securely around the participantôs 

upper arms and ankles, ECG electrodes were place on the inner right and left wrists, and the 

phonocardiogram sensor on the proper rib-cage location. The automatic measurement was 

initiated and lasted approximately 45s-1 min.  

 

Macrovascular Function 

Experimental Protocol 

Endothelial macrovascular function was assessed by brachial artery flow-mediated 

dilation. Following 10 minutes of supine rest, participantôs right arm was extended 80-90 degrees 

from their torso. Subsequently, a rapid inflation/deflation pneumatic cuff was placed around the 

forearm distal to the olecranon process. A multifrequency linear array probe attached to a high-

resolution ultrasound machine (Phillips IU22) was used to capture longitudinal B-mode images of 

the brachial artery in the distal portion of the upper arm. Simultaneously, doppler velocity was 

recorded at an insonation angle of 60 degrees and sample volume was adjusted to the vessel size. 

Resting brachial artery diameter and blood velocity were recorded for at least 60-120s. The 

pneumatic cuff was inflated to 250 mmHg for 5 minutes and arterial lumen diameter and blood 

velocity were continuously measured during the occlusion period. Once the cuff was rapidly 

deflated, imaging continued for 3 minutes. Placement of the ultrasound transducer was marked on 

the participantôs arm to minimize differences in baseline arterial diameter between measurements. 
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The same sonographer performed all FMD tests and has a coefficient of variation (CV) of 16.9% 

for relative FMD and 1% for brachial artery baseline diameter. These values are in line with 

recommended expert values (31). 

Data Analysis  

Analysis of FMD data was performed using a live commercial edge-detection software 

(FMD Studio, Cardiovascular Suite 4, Quipu, Pisa, Italy) to analyze artery diameter, blood 

velocity, and shear rate. The optimal region of interest was analyzed by the same sonographer and 

was chosen based on image quality and clear distinction between the artery walls and lumen. 

FMD was calculated as the percent increase from baseline to peak diameter during reactive 

hyperemia using the following equation: 
╟▄╪▓ ▀░╪□▄◄▄►╫╪▼▄■░▪▄ ▀░╪□▄◄▄►

╫╪▼▄■░▪▄ ▀░╪□▄◄▄►
 on FMD Studio. 

Allometrically scaled FMD (Adjusted FMD) was calculated as ÌÎὴὩὥὯ ὨὭὥάὩὸὩὶ

ÌÎὦὥίὩὰὭὲὩ ὨὭὥάὩὸὩὶ. Additional variables assessed using the software included baseline 

diameter, peak diameter, resting and peak shear rates, velocities, and shear area under the curve 

(SR AUC) to peak diameter. 

Arterial Hemodynamics 

Shear rate (s-1, SR), defined as the frictional force exerted by blood flow, was calculated 

using the following formula: 
□▄╪▪ ╫■▫▫▀ ○▄■▫╬░◄◐ 

╬□

▼

╪►◄▄►░╪■ ▀░╪□▄◄▄► □□
 on FMD Studio (Cardiovascular Suite 4, 

Quipu, Pisa, Italy). Oscillatory shear index (OSI, a.u.) was calculated as baseline (during the 60s 

baseline FMD protocol) using the following equation: 
▪▄▌╪◄░○▄ ╢╡ ▼▄╬

▪▄▌╪◄░○▄ ╢╡  ▼▄╬ ▬▫▼░◄░○▄ ╢╡ ▼▄╬
. 

Shear rate area under the curve (SR AUC), defined as the area from the start of cuff inflation to 



65 

 
 

the time of peak diameter, was calculated using FMD Studio (36). Blood flow is reported as a 30-

second average proceeding cuff inflation and calculated by multiplying the cross-sectional area 

(ˊr2) of the artery with resting blood velocity. Peak blood flow, a surrogate measure of 

macrovascular reactive hyperemia, is reported as the highest 3-s average post-cuff release. RH 

blood flow AUC and velocity AUC, indirect measures of microvascular function, were calculated 

within the first minute following cuff release using the trapezoid method (Microsoft Corporation, 

Microsoft Excel Version 2108).  

Ischemia-Reperfusion Protocol 

Whole-arm endothelial IR injury was induced by placing a pneumatic cuff around the 

upper portion of the arm (as close to the axilla as possible) to sufficiently occlude the brachial 

artery. The cuff was inflated to 250 mmHg for 20 minutes. Post-cuff deflation, reperfusion 

occurred for 15 minutes and FMD was repeated immediately following reperfusion. The upper 

arm IR injury model is a non-invasive, well-established procedure employed in our lab and others 

to study human endothelial mediated vascular IR injury (13, 15).  

Statistical Analyses 

SPSS software (IBM Corp., version 28) was used to examine all data elements and 

perform statistical analyses. Nonnormal data were log transformed and considered normally 

distributed if the Shapiro-wilk test statistic was not significant (p>0.05). To investigate the effect 

of 7-day BR supplementation on resting FMD and Adj. FMD, and the absolute change in FMD 

from baseline to endpoint, the mixed model procedure (linear mixed effects model, LMM) was 

used. Treatment, menopause stage and the treatment by menopause stage interaction were 

modelled as fixed effects, participant was included as a repeated factor and the baseline outcome 
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value and baseline dietary nitrate intake (24 hr. intake prior to the initiation of supplementation, 

Day 0) were included as covariates. To investigate the effect of 7-day BR supplementation on 

post-IR and recovery time points, the LMM was used with adjustment for baseline and habitual 

dietary nitrate intake (24 hr. intake prior to the initiation of supplementation, Day 0). Plasma 

[nitrate and nitrite], and brachial-ankle pulse wave velocity, were evaluated using the mixed 

model procedure with adjustment for baseline plasma [nitrate and nitrite] and baseline brachial-

ankle pulse wave velocity, respectively. Covariance structure selection was based on optimizing 

the fit statistics based on the Bayesian Information Criterion. Statistical significance was set at 

p<0.05. For primary and secondary analyses, between-treatment differences at the post-7-day, 

post-IR, and recovery timepoints, were assessed by the presence of main effects for treatment and 

a menopausal stage by treatment interaction. When a main effect for treatment or menopausal 

stage by treatment existed, the conservative Bonferroni correction method was used to adjust for 

multiple comparisons for all outcomes (i.e., unadjusted FMD, vascular hemodynamics, resting 

blood pressure), however as recommended per Atkinson and colleagues (37, 38), the Fisherôs 

Least Significant Difference correction method was used to adjust for multiple comparisons for 

allometrically scaled FMD (Adj. FMD) data only. To account for missing blood samples and 

dietary recalls completely at random, the missing value analysis (MVA) procedure was 

performed on the imbalanced plasma nitrate, nitrite and dietary nitrate intake data sets to confirm 

MVA p<0.05 prior to imputing missing values using the series mean. Data are presented as least-

squared means and standard deviations (SD), unless otherwise specified. Based on a previous 

study in our lab (18), 10 subjects provides 80% power to detect meaningful physiological and 

clinically relevant differences in FMD (² 1% increase, (39) following short-term dietary nitrate 

supplementation.  
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Results 

Participants 

Of the 27 participants that were randomized, 13 women (Early, n=6; Late, n=7) received 

the placebo intervention first and 14 (Early, n=6; Late, n=8) women received the nitrate-rich 

intervention first. Two participants did not continue with the study protocol due to not liking the 

taste of the supplement; data were not included in analysis. Following wash-out (2 weeks) and 

cross over, 11 women (Early, n=6; Late, n=5) received the nitrate-rich intervention and 14 

women (Early, n=6; Late, n=8) received the placebo intervention second. A total of 25 

participants completed the entirety of the study protocol. One participant was removed from data 

analysis due to excessive participant movement and/or poor video quality during the FMD 

measures (Figure 4-1). The baseline characteristics for 24 postmenopausal women are presented 

by randomization sequence in Table 4-1. Results of the one-way ANOVA confirmed significant 

menopausal-stage (group) differences in years since menopause (Early Postmenopausal: 4 ° 2 

years; Late Postmenopausal: 14 ° 5 years, p<0.001) and chronological age (Early 

Postmenopausal: 56 ° 4 years; Late Postmenopausal: 63 ° 4 years, p<0.001), providing 

supporting evidence that women were appropriately categorized into early- and late-

postmenopausal stages.   

Arterial Stiffness 

Results of the LMM revealed no significant interaction or main effects for brachial-ankle 

PWV pre- and post-7-day supplementation, suggesting that treatment did not affect brachial-ankle 

PWV in either postmenopausal group.  
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Effects of BRplacebo and BRnitrate on resting seated blood pressure and heart rate  

No significant interaction or main effects of group or treatment were observed for resting 

seated systolic (SBP) or diastolic (DBP) blood pressure, and heart rate (HR).  

Dietary nitrate intake  

There were no significant main or group*treatment interaction (p=0.21) effects for 

dietary nitrate intake suggesting that menopausal stage (Early PM: 73.55 ± 0.85 mg NO3
- , CI 

95% [51.37,105.21], Late PM: 103 ± 0.85 mg NO3
-, 95% CI [72.68, 148.71], p=0.17) and 

treatment (BRplacebo: 86.83 ± 0.72 mg NO3-, CI 95% [64.52, 116.75], BRnitrate: 88.06 ± 0.72 mg 

NO3
-, CI 95% [65.43,118.39], p=0.93) did not affect dietary nitrate intake. Stratification of 

dietary nitrate by plant- and animal-based foods resulted in an average intake of 43.98 ± 95.59 mg 

NO3
-/day (9.03 ± 14.56 % contribution) and 9.02 ± 12.18 mg NO3

-/day (1.87 ± 1.9 % 

contribution), respectively.  

Plasma nitrate and nitrite  

Results of the LMM revealed a significant main effect of treatment (p<0.001) for plasma 

[nitrate] (Figure 4-3), however no significant group*treatment interaction was present. Pairwise 

comparisons showed significantly higher plasma nitrate concentration after 7-day 

supplementation with BRnitrate and resulted in a mean difference of 342.4 ± 85.7 µM (CI 95% 

[169.5, 515.3], p<0.001) between treatment conditions at the post-7-day timepoint. Plasma 

[nitrate] was significantly higher at the end timepoint with BRnitrate compared to BRplacebo. Pairwise 

comparisons resulted in a mean difference of 314.6 ± 80.7 µM (CI 95% [ 146.8, 482.4], p<0.001) 

between treatment conditions at the end timepoint. Data in Figure 4-3 are presented as mean ° SD 
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by menopausal stage, however no significant main effect of group or group*treatment interaction 

was present. No significant interaction or main effects were found for plasma nitrite concentration 

data across timepoints (Figure 4-3).  

Effects of BRplacebo and BRnitrate on resting macrovascular function and endothelial 
resistance 

Results of the LMM revealed no significant interaction effects for resting adj. FMD 

(p=0.89), post-IR adj. FMD (p=0.57, Figure 4-4, Table 4-2), or recovery adj. FMD (p=0.63, 

Figure 4, Table 2) suggesting that treatment did not affect resting endothelial function or 

endothelial resistance to IR injury, in either postmenopausal group, 24-hours after the final dose 

of 7-day BR supplementation. However, our results (Figure 4-4 and Table 4-2) revealed a 

significant main effect of menopausal stage for post-IR adj. FMD (Earlyplacebo: 3.96 ° 2.28 %; 

Lateplacebo: 1.76 ° 2.18 %, Earlynitrate: 4.19 ° 2.00 %, Latenitrate: 2.54 ° 2.13 %, p=0.019, Table 4-2) 

even after adjusting for 24-h habitual nitrate intake prior to testing and baseline adj. FMD. The 

same results were true for unadjusted FMD (Table 4-2).  

Effects of BRplacebo and BRnitrate on the absolute change in macrovascular endothelial 
function  

Our findings revealed a significant main effect of treatment (p=0.042, Figure 4-4D) for 

the absolute difference (delta) in resting FMD pre- and post-7-day supplementation, even after 

adjusting for 24-hr. habitual dietary nitrate intake prior to testing and baseline FMD. Figure 4-4D 

illustrates the mean difference in resting FMD was 2.21 ± 5.18 % (95 % CI [0.082, 4.34], 

p=0.042) between BRnitrate (2.04 ± 3.66%, CI 95% [0.54, 3.55]) and BRplacebo (-0.17 ± 3.66 %, CI 

95% [-1.68, 1.34]) treatment conditions. No significant main or group*treatment interaction 
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effects were present for the absolute change in FMD between baseline and post-7-day timepoints 

(Figure 4-4D), post-7-day and post-IR timepoints (Figure 4-5C), and post-IR and recovery 

timepoints (Figure 4-5D).  

Effects of BRplacebo and BRnitrate on macrovascular shear patterns 

A significant group*treatment interaction effect was present for oscillatory shear rate 

index (OSI) post-IR (p=0.035, data not shown), however no significant pairwise comparisons 

were observed. Additionally, a significant group*treatment interaction was observed for negative 

shear rate at the recovery timepoint compared to post-IR (p=0.02, data not shown), however no 

significant pairwise comparisons were revealed. No significant interaction or main effects were 

observed for positive shear rate. All indirect measures of microvascular function and 

macrovascular blood flow were non-significant (p>0.05, data not shown).   

Discussion 

In the present study, we aimed to investigate if the vascular protective effects of 7-day 

supplementation with BRnitrate would be maintained 24-hours after the final dose (Day 8) and 

whether this short-term nutraceutical intervention confers menopausal-stage dependent effects on 

endothelial function 1) pre-IR 2) post-IR, and 3) plasma NO metabolite concentrations. First, we 

demonstrate that 7-day BRnitrate supplementation (400 mg NO3
- per 70 mL x 7 days) improved the 

absolute change in resting FMD to a greater extent than BRplacebo. Secondly, we show that despite 

a clinically significant increase in resting FMD prior to the IR protocol, 7-day BRnitrate 

supplementation did not provide endothelial protection in either postmenopausal group 24 hours 

after the last dose. Our findings highlight that nitrate-mediated postmenopausal endothelial 
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protection may be dependent on the chronobiological variations in dietary nitrate metabolism 

and the timing of supplementation in relation to IR injury.  

The protective effects of dietary nitrate supplementation on endothelial resistance to IR 

injury  

In the current study we found that nitrate-mediated endothelial protection against IR 

injury was not maintained 24-hours after the last dose of 7-day BRnitrate supplementation in 

healthy, normotensive women at two distinct stages of post-menopause. Previously we showed 

that early postmenopausal women exhibit an exaggerated decline in FMD, in response to the 

same IR injury protocol, compared to premenopausal women, despite both groups demonstrating 

comparable basal FMD values (13). The timing hypothesis emphasizes that pharmaceutical and 

exercise interventions are less efficacious in reducing CVD risk in estrogen deficient late-

postmenopausal women compared to recently postmenopausal women (19, 40). In contrast to this 

hypothesis, previously we found that a single, but higher dose of BRnitrate (600 mg NO3
- per 140 

mL, approx. 100 minute absorption period) significantly improved endothelial resistance to IR in 

both early- (28) and late-postmenopausal stages (18), with resistance in the late-postmenopausal 

group potentially attributed to enhanced resting endothelial function prior to the IR protocol (18). 

To extend our previous acute supplementation work, we investigated if the vascular protective 

effects of 7-day supplementation with BRnitrate are maintained 24-hours after the final dose and 

whether short-term BRnitrate confers postmenopausal-stage effects on 1) endothelium dependent 

vasodilation pre- and post-IR and 2) plasma NO metabolites concentrations. We hypothesized 

that menopause-induced endothelial dysfunction would be harder to reverse as time since 

menopause increases. However, contrary to our hypothesis, our results suggest that, regardless of 

postmenopausal stage, short-term BRnitrate supplementation is sufficient to induce clinically 

meaningful (Ó1% increase in FMD is equivalent to a 13% reduction in CVD risk) (39) 
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improvements in resting FMD, regardless of postmenopausal stage. Furthermore, despite this 

clinically meaningful increase in resting FMD prior to the IR protocol (as previously observed 

~100 min. following an acute dose of BRnitrate) (18), the decline in post-IR FMD was similar 

between treatment conditions (Figure 5 and Table 2). Collectively, these findings suggest that one 

week of once daily BRnitrate consumption did not enhance endothelial protection against IR in 

either postmenopausal group.  

These results are potentially explained by the lack of a significant increase in plasma 

[nitrite] concentration following 7-days of BRnitrate and may be due to chronobiological variations 

in dietary nitrate metabolism and/or the transient half-life (20-45 minutes) of peak plasma [nitrite] 

(41). Additionally, previous studies have shown a significant reduction in plasma and saliva 

[nitrate and nitrite] 48 hours following 7-days of a high nitrate diet (42). These data support the 

idea that vascular benefits of chronic and/or short-term high dietary nitrate intake may largely be 

due to the continual acute effects on NO conversion (42). Together, our findings imply that 

nitrate-mediated endothelial protection against IR insult may depend on the daily therapeutic 

dose (due to chronobiological variations in nitrate metabolism) and the timing of inorganic 

dietary nitrate consumption in relation to IR.  

The effects of 7-day inorganic dietary nitrate supplementation on endothelial resistance to 
IR injury  

There is a general consensus about the principal pathways and primary mechanisms 

involved in the conversion of exogenous dietary nitrate to circulating nitrite and NO. In the 

present study, plasma nitrate significantly increased across timepoints with BRnitrate 

supplementation in both groups, but not with BRplacebo. These results imply that the BRplacebo 

treatment was void of nitrate (approximately 40 mg nitrate per 70 mL BRplacebo vs.  ) and that 

participants complied with 7-day supplementation protocol (Figure 3). Due to chronobiological 
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variations in nitrate metabolism, normalizing nitrate load to body mass or adjusting the nitrate 

load to a pre-set physiologically efficacious plasma threshold for each participant (43) may be 

necessary to observe significant increases in plasma [nitrite] and endothelium-dependent 

vasodilation in this population.  

Unexpectedly, we observed a similar increase in plasma nitrite after 7 days of juice 

consumption in both treatment conditions. Significant variations in [nitrite] attained in the plasma 

per unit amount of nitrate administered is impacted by gut bacteria capacity (44), high 

thiocyanate consumption (co-consumption with dietary nitrate can reduce the capacity of nitrate 

to nitrite conversion) (45), and age- and menopause-induced biological variations in oxidative 

distress and NO sequestration (46). It is possible that the antioxidant capacity of BRplacebo reduced 

systemic NO sequestration to a similar extent as BRnitrate, thus leading to reduced plasma 

[peroxynitrite] (47) and higher plasma [nitrite] in both treatment conditions. Additionally, both 

treatments minimally increased plasma [nitrite] (by approximately 50nM, Figure 3) to the 

homeostatic plasma nitrite level (110 ± 36 nM NO2
-, 55-210 nM NO2

-) that is commonly 

observed in healthy adults (48-50) therefore, BR may restore oxidative eustress regardless of 

[nitrate] and may primarily be driven by betanin antioxidant capacity (51). Moreover, only 

BRnitrate induced a clinically significant improvement in resting FMD (Figure 4 and Table 2). 

These findings suggest that the synergistic interplay between nitrate and other biologically active 

phytonutrients in BR is imperative for inducing clinically meaningful enhancements in resting 

FMD; however regardless of dietary nitrate concentration, BR remains a promising nutraceutical 

to increase plasma NO metabolites (50). 
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Endothelial resistance is dependent on the timing of dietary nitrate supplementation in 
relation to IR insult  

The ergogenic and performance enhancing effects of dietary nitrate is attributed to both 

nitrite and NO-mediated enhancements in muscle contractile function (52), mitochondrial 

efficiency (53), and/or enhanced muscle blood flow (54). Previous studies have observed a 

significant increase in plasma [nitrite] relative to the increase in plasma [nitrate] (ȹ[nitrite]/ 

ȹ[nitrate] ratio); when using similar or lower BRnitrate doses (3.1-4.2 mmol) than employed in the 

current study (55, 56). However, interestingly, neither postmenopausal group achieved the 

recommended performance enhancing ȹ[nitrite]/ ȹ[nitrate] ratio (1.0-1.2) following short term 

supplementation with BRnitrate. Prior evidence from our lab and others demonstrates that peak 

plasma [nitrite] (24, 28) and the performance enhancing ȹ[nitrite]/ ȹ[nitrate] ratio is achieved 1-3 

hours post-nitrate consumption (with 4.2-8.4 mmol NO3
-) (18) and returns to baseline 

concentration approximately 10 hours later (43). Additionally, between-day changes in body 

posture (57), oral temperature, and pH (58) have been reported to influence dietary nitrate 

metabolism in healthy adults. Therefore, it is possible that 7-day BRnitrate sufficiently increased 

peak plasma [nitrite] in the 24-hour period following the last BR dose, prior to the post-

supplementation blood draw and vascular assessments. While further mechanistic evidence is 

warranted, nitrate-mediated improvements in endothelial resistance may be confounded by the 

timing of supplementation in relation to IR, such that an acute dose 1-3 hours before IR may elicit 

greater endothelial protection in postmenopausal women, as demonstrated previously by Delgado 

et al. (18) and Somani et al. (28).  

The effect of 7-day BRnitrate on macrovascular hemodynamics 

Previous findings from our lab demonstrate increased peripheral macrovascular 

retrograde and oscillatory shear in post- compared to peri-menopausal women (28). Findings 
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from the present study demonstrated no significant effects of 7-day BRnitrate supplementation on 

oscillatory shear rate. These results could be explained by the similar increase in plasma [nitrite] 

with both treatment conditions. Furthermore, previous studies have found reductions in retrograde 

and oscillatory shear following 4 weeks of daily combined inorganic nitrate and nitrite (~4.03 

mmol NO3
- + ~0.29 mmol NO2- per 178-237 mL H2O) supplementation in older men and women 

(59). Therefore, it is possible that a longer supplementation duration and/or addition of dietary 

nitrite in the supplement, is necessary to see clinical improvements in postmenopausal 

macrovascular shear patterns.  

Experimental considerations 

One key advantage of this study lies in the utilization of an authentic nitrate-depleted 

supplement (BRplacebo) to evaluate the effects of dietary nitrate on endothelial resistance against IR 

injury (55, 56, 60). However, this method constrains our comprehension of the potential 

synergistic role between dietary nitrate and other bioactive elements present in the supplement. 

Additionally, a strength of this study was use of a comprehensive plant- and animal-based foods 

dietary nitrate-nitrite database to quantify and control for 24-hour dietary nitrate consumption 

prior to pre- and post-supplementation visits. One limitation in the study design is performing two 

FMD assessments before the IR protocol. Nevertheless, the crossover design adopted in this study 

likely accounted for the potential protective effects of ischemic preconditioning. Although 

hormone concentrations were not measured in our subject pool, the inclusion of such 

measurements alongside self-reported menopausal status could have facilitated more accurate 

classification of participants into the relevant postmenopausal stages. Additionally, the 

incorporation of a perimenopausal reference group and/or third treatment arm (ex. nitrate-free 

water) would have permitted further characterization of menopause-induced endothelial 

dysfunction and would have enabled comparisons of plasma NO metabolites following 7-day BR 
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supplementation. Furthermore, measuring circulating oxidative stress biomarkers, albeit systemic 

and not endothelium-specific, would have provided greater mechanistic insight into the 

antioxidant potential of short-term beetroot juice supplementation.  

Conclusion and Clinical Significance  

We demonstrate that 7-day nitrate-rich beetroot juice supplementation improved 

endothelial function to a clinically significant level in postmenopausal women with no difference 

between early and late menopause. This finding is of particular importance given that prior 

evidence and the timing hypothesis suggests pharmaceutical interventions are less effective at 

reversing endothelial dysfunction in women beyond 6 years since menopause. However, despite a 

clinically meaningful increase in basal endothelial function prior to the IR protocol (as previously 

observed following an acute BRnitrate dose (18)) short-term BRnitrate supplementation did not 

enhance endothelial resistance against IR injury in either postmenopausal group. Our findings 

reinforce the notion that vascular benefits of chronic and/or short-term high dietary nitrate intake 

may be largely due to the continual acute effects on NO conversion (42). Therefore, further 

investigation into the optimal daily therapeutic dose of dietary nitrate, chronobiological 

variations in nitrate metabolism, and the timing of supplementation in relation to IR insult is 

needed to better understand the effects of nitrate-mediated endothelial protection in 

postmenopausal women.  
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Figure 4-1: The CONSORT flow diagram is a summary of the randomized, double-blind, placebo 
controlled, crossover design study to assess the influence of 7-day nitrate-rich and nitrate-depleted 
(placebo) beetroot juice supplementation on endothelial function at rest and after ischemia reperfusion 
injury. Treatment period one (7 days); washout (2 weeks or more); and treatment period two (7 days). 
A; nitrate-depleted beetroot juice and B; nitrate-rich beetroot juice. 

 

 

Figure 4-2:  Schematic of the experimental protocol to assess the effects of 7-day beetroot juice 
supplementation on 1) resting endothelial function 2) endothelial resistance against- and 3) recovery 
(resilience) from- ischemia-reperfusion (IR) injury. Treatment period one (7 days); washout (2 weeks 
or more); and treatment period two (7 days). Created with BioRender.com.  


