THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF KINESIOLOGY

EFFECT OF DIETARY NITRATE SUPPLEMENTATION ON NITRIC OXIDEMEDIATED VASCULAR RESPONSES

MARK AUSTIN BUNDSCHUH
SPRING 2013

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Science
with honors in Kinesiology

Reviewed and approved* by the following:
David N. Proctor
Professor of Kinesiology and Physiology
Thesis Supervisor
Steriani Elavsky
Assistant Professor of Kinesiology
Honors Adviser
* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT
Objective: To assess the effect of dietary nitrate supplementation on nitric oxide
(NO)-mediated vascular responses in the brachial artery. Methods: Five healthy, young
men (22 ± 2 yrs) consumed a standard dose (140 mL, equivalent to the nitrate content of
5 servings of spinach) of nitrate-rich beetroot juice (active) or a similar quantity of
nitrate-free beetroot juice (placebo) on two separate days, approximately one week apart.
Three hours following beetroot juice consumption, Doppler ultrasound was used measure
brachial artery diameter and mean blood velocity in response to a discontinuous protocol
of six stages of handgrip exercise (200 g, 400 g, 600 g, 800 g, 1000 g, 1200 g) separated
by 1 minute rest periods. Participants were paced via a metronome to contract 30 times
per minute. Results: Resting supine blood pressures taken ~ 3 hours following beetroot
juice consumption were similar (p > 0.05) during the nitrate (mean = 120/65 mmHg) and
placebo (mean = 118/64 mmHg) visits. Nitrate supplementation did not alter the overall
dilator response of the brachial artery to graded handgrip exercise (rest to peak; 6.9%
placebo vs. 5.2% nitrate, p > 0.50), but it did delay this response, possibly due to the
elevated baseline artery diameter observed during the nitrate visit (4.15 vs. 3.85 mm, p =
0.12). Nitrate supplementation also modified the rise in arm blood flow across increasing
handgrip work rates (treatment by work rate interaction; p = 0.19). Conclusions: Acute
dietary nitrate supplementation causes vasodilation of forearm resistance vessels, but
does not appear to impact the shear-induced, nitric-oxide mediated dilation of the
brachial artery in healthy, young men. The exercise intensity-dependent influence of
dietary nitrate supplementation on forearm hyperemia has not previously been reported,
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and adds further insight into the physiological conditions under which this dietary
supplement may have its largest vascular effects (i.e., when tissue PO2 and pH are low).
Key Words: brachial artery, dietary nitrate, enterosalivary circulation, handgrip exercise,
nitric oxide
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Chapter 1
INTRODUCTION
Cardiovascular Disease (CVD) accounts for about one in three deaths in the United
States.10,21 Therefore, interventions designed to reduce the rates of major CVD risk factors such
as hypertension could potentially save thousands of lives each year. Indeed, studies have
demonstrated that diets rich in fruits and vegetables, such as the DASH (Dietary Approaches to
Stop Hypertension) diet can reduce the risk of major CVD events such as coronary heart disease,
stroke, and heart failure.8,19,20 Identifying the micronutrients responsible for the
antihypertensive/cardioprotective effects of such diets is an area of active investigation; growing
epidemiological and mechanistic evidence points to inorganic nitrates (rather than
antioxidants)11,18,22 as the key bioactive substance responsible for these cardio/vasoprotective
effects.
Following dietary (inorganic) nitrate supplementation via beetroot juice12,29 and capsule13,
both plasma nitrate (~ 1 to 3 hours) and nitrite (~ 2 to 4 hours) concentrations have been shown to
significantly increase. The in vivo conversion of dietary nitrate to nitric oxide occurs via a twostep reduction. About 25% of circulating nitrate is absorbed into the enterosalivary circulation.26
Nitrate then collects in the salivary glands and is reduced to nitrite by nitrate reductases of
facultative bacteria. This mechanism was elucidated through nitrate supplementation studies
which demonstrated significant increases in plasma nitrate, but not plasma nitrite concentrations
when volunteers used antibacterial mouthwash concurrently, disrupting the enterosalivary
circulation.9,23,29 Nitrite is then swallowed and reduced to nitric oxide (NO) in the acidic
environment of the stomach. However, large amounts of swallowed nitrite enter the systemic
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circulation, and can be converted to NO by several circulating and/or tissue nitrite reductases
such as deoxygenated hemoglobin5, xanthine oxidoreductase (XOR)31, vitamin C4, and even NO
synthase28.
A large body of literature has shown significant reductions in systolic2,3,12,13,15,16,27,29 and
diastolic blood pressure12,27,29,2,13,16 following nitrate consumption. Further, Kapil et al. 2010
reported elevations in plasma cyclic guanosine monophosphate (cGMP) concentrations (i.e., the
most sensitive indicator of nitric oxide bioactivity). Consistent with this enhanced production of
NO, several studies have demonstrated improved dilator responses via exogenous nitrite and
nitrate supplementation. Arterial infusions of nitrite in the human brachial artery have produced
augmented forearm blood flow.5,6 Moreover, by inhibiting nitric oxide synthase (NOS) with NMethylarginine (L-NMMA), Cosby et al. 2010 demonstrated that much of this dilation is NOS
independent. To further address the hypothesis that exogenous nitrate and nitrite can enhance
endothelial function, subjects underwent flow-mediated vasodilation (FMD) testing after an
acute, oral dose of nitrate. These studies showed no functional evidence of improved
endothelium-dependent FMD responses in young, healthy subjects.1,29 However, these tests of
endothelial function only examine brachial dilation to a single FMD stimulus.
Graded handgrip exercise testing elicits a progressive dilation of the brachial artery, and a
hyperemic response that has been recently shown to be endothelium-dependent and nitric oxidemediated in healthy younger adults.30 This graded handgrip test also provides a more sustained
and wide ranging shear stimulus than the conventional (single, transient stimulus) FMD
technique. For these reasons, we speculated that the graded handgrip exercise test would provide
a more robust assessment of the potential nitric oxide-mediated effects of dietary nitrate
supplementation than the FMD test protocol that has been used to date. Accordingly, the primary
purpose of this thesis study was to test, in healthy, young men, the hypothesis that ingestion of
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nitrate-rich beetroot juice would augment the shear mediated dilator response of the brachial
artery to graded handgrip exercise.

4

Chapter 2
METHODS
Subjects
Five young men (22 ± 2 yrs) completed the study. All subjects were normally active
(neither sedentary nor performing regular aerobic exercise training ≥ 3 days/week), nonsmokers,
and normotensive (resting blood pressure < 140/90 mm Hg) with clinically normal blood lipids
(total cholesterol < 240 mg/dL, low-density lipoprotein cholesterol < 130 mg/dL, high-density
lipoprotein cholesterol > 40 mg/dL). Subjects were free of overt chronic diseases as evaluated by
medical history questionnaire. Also, no subjects were taking medications having significant
cardiovascular effects. All subjects gave their written informed consent after being explained all
experimental procedures and possible risks and benefits associated with the study. This study
was approved by the Office for Research Protections and the Institutional Review Board at The
Pennsylvania State University. Subject characteristics are presented in Table 1.

Recruitment and familiarization
Young men (19 to 35 yrs) from the Penn State campus were recruited via word of mouth
and posted flyers for this study which took place over the period of January to March 2013.
Subjects completed an initial screening visit to make sure they met inclusion/exclusion criteria
and to familiarize them with the graded forearm exercise protocol and hemodynamic
measurements. During this visit, subjects also performed maximal (isometric) handgrip testing;
peak forearm muscle strength was defined as the highest of three consecutive maximal exertions
with their non-dominant hand.
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Experimental study visits
Pre-visit instructions
Subjects participated in two experimental study visits (placebo visit or nitrate supplement
visits), at least five days apart to allow full washout of the supplement. Prior to each of these
visits, subjects were instructed to abstain from consuming alcohol and caffeine for at least 48
hours and from exercise for at least 24 hours. Subjects were also asked to fast for at least 12
hours prior to these visits. Both visits started at approximately the same time of day (beetroot
juice consumption typically 9am) with the resting hemodynamic measurements beginning at
approximately 11:30am and the handgrip exercise protocol beginning at approximately 12:30 pm.

Beetroot juice consumption and blood draws
Upon arrival in the morning at the Clinical Research Center in Noll Laboratory, subjects
had a baseline seated resting blood pressure measurement taken and a baseline venous blood
sample withdrawn. Following these baseline procedures, subjects ingested one of two beetroot
juice drinks. Subjects consumed 140 mL of either (1) the Beet-it Sport Shot (James White
Drinks, Ipswich, UK; 0.8 g, 13 mmol of nitrate) or (2) the Beet-it Sport Shot Placebo (contains all
of the same components, but is nitrate-free). Subjects were permitted a small granola bar and
water during consumption of the beetroot juice.
To standardize each subject’s activity while waiting for digestion, absorption, and
conversion (to nitrite and nitric oxide) of the consumed drink, subjects were required to remain in
Noll Laboratory for 2.5 hours. While waiting, subjects were allowed to study, check their e-mail,
and perform other sedentary tasks. Seated blood pressure was remeasured taken 1 and 2 hours
after beetroot juice consumption. After 2.5 hours, a second venous blood draw was taken.
Subjects were then escorted to the Vascular Aging and Exercise Laboratory, a quiet, temperature
controlled room (22-25°C), for the remaining study procedures.
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Resting blood pressures
Upon arrival to the Vascular Aging and Exercise Laboratory, subjects were instructed to
lie supine for 15 minutes to achieve a resting steady-state condition. Subjects then underwent
three consecutive bouts of left and right brachial artery blood pressure measurements (Colin VP2000, Medical Instruments Corporation). Pulse wave velocity testing and a two-minute cognitive
function test (serial subtraction) were also conducted, but these measurements will not be
presented in this thesis.

Graded handgrip protocol
Following resting measures, subjects performed graded exercise using a custom-built
handgrip device that restricted their range of motion (10 cm). Following a brief resting stage,
subjects completed six stages of exercise (200 g, 400 g, 600 g, 800 g, 1000 g, 1200 g). Each
stage of exercise was performed for approximately 3 minutes in order to achieve a hemodynamic
steady-state condition. One minute breaks separated each stage of exercise to allow for recovery
and limit sympathetic activation. Subjects were paced via metronome to contract their forearm
muscles 30 times per minute. Brachial artery blood velocity was assessed from approximately 0
until 3 minutes at each stage of exercise. Brachial artery diameter was then measured from
approximately 3 until 3:15 minutes of each stage of exercise.

Vascular ultrasound imaging
Diameter and blood velocity of the left brachial artery were measured 2 to 5 cm proximal
to the antecubital fossa using Doppler ultrasound (HDI 5000; Philips, Bothell, WA). Blood
velocity was measured using a 6 MHz linear array transducer at an insonation angle of 60° and
the sample volume adjusted to cover the width of the brachial artery. Blood velocity signals were
collected online at a sampling frequency of 400 Hz and saved via a Powerlab system (AD
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Instruments, Castle Hill, Australia). Diameters were obtained from two-dimensional images
using the same 6 MHz linear array transducer with an insonation angle between 60° and 90°.
Two-dimensional ultrasound images were recorded with a Dazzle Video Capture Card and stored
offline using Studio 14 (Pinnacle Systems).

Calculations
Calculations were derived from the average values during hemodynamic steady-state
conditions. Mean blood velocity of the brachial artery was calculated during rest (for one minute)
and during each stage of exercise (using the time period from 2:30 to 3 minutes). A single
investigator who was blinded to the treatment order calculated the mean diameter of the brachial
artery using automated edge-detection software (Brachial Analyzer Software, Medical Imaging
Applications; Iowa City, IA) during rest (for the last 15 seconds) and during each stage of
exercise (using the time period from 3 to 3:15 minutes). Diameters were averaged across the
cardiac cycle. Brachial artery mean blood velocity and mean diameter were used to calculate
brachial artery blood flow and shear rate according to the following formulas:
BA Blood Flow = Vmean (BA diametermean/2)2 * 60
BA Shear Rate = 8Vmean/BA diametermean

Statistical analysis
The data were analyzed using IBM SPSS software (version 20). Blood pressures and
brachial artery vasodilation (Figures 1 and 3) were assessed using a paired sample t-test to test for
significant differences in means between the placebo and nitrate treatments. For brachial artery
diameter and blood flow (Figures 2 and 4), two-way repeated measures ANOVA was used to
determine significance of treatment effect, stage of exercise effect, and treatment by stage of
exercise effect. When a significant treatment by stage of exercise interaction effect was found,
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Bonferroni tests were used for post hoc comparisons between treatments at each exercise stage.
In accordance with the Bonferroni correction, the statistical significance for these tests was
adjusted to p < 0.007 (= 0.05/7, accounting for rest and 6 exercise stages). Finally, Pearson’s
correlation coefficients was used to determine the significance of the association between bloodderived and hemodynamic variables of the brachial artery. Excluding Bonferroni tests, statistical
significance was set at p < 0.05. All data are expressed as a mean ± SE unless otherwise noted.
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Chapter 3
RESULTS
Subject feedback
All subjects tolerated the procedures of this investigation very well, including the
consumption of the beetroot juice supplements, and there were no unexpected or adverse events.
One of the five subjects disliked the taste of the Beetroot juice, but was able to consume the entire
dose on both visits without any complications. No subjects reported beeturia following beetroot
juice consumption, a harmless side effect most often reported during chronic (>3 days) nitrate
supplementation studies.2,3,12,24,27,29

Resting blood pressures (Figure 1)
Resting supine blood pressure measurements were taken 3 hours following consumption
of the beetroot juice on both study visits. Diastolic pressures on the placebo and nitrate study
visits were nearly identical (64.6 ± 2.7 and 64.1 ± 3.0 mmHg, respectively; p = 0.784). There
was a modest, but non-significant difference in systolic blood pressure between the placebo
(120.4 ± 2.0 mmHg) and nitrate (117.8 ± 3.4 mmHg) visits (p = 0.225).

Pre-exercise (resting) brachial artery responses (Figure 2)
Blood flow through the brachial artery prior to the start of the forearm exercise test
tended to be higher on the nitrate compared to placebo visit (51.7 ± 16.8 vs. 29.2 ± 3.6 ml/min, p
= 0.169; Figure 2). Differences in resting brachial artery diameter (3.86 ± 0.13 and 4.14 ± 0.05
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mm, respectively; p = 0.115) and mean blood velocity (4.21 ± 0.56 and 6.32 ± 1.94 cm/s,
respectively; p = 0.262) were also not statistically significant between placebo and nitrate visits.

Exercise hyperemia responses (Figure 2)
Brachial artery blood flow increased linearly with increasing forearm exercise work rate
on both study visits. However, ANOVA revealed a significant treatment (placebo vs. nitrate
visit) by exercise stage interaction (p = 0.019), indicating a modified exercise hyperemic response
during the nitrate visit. Blood flow at the final exercise stage (i.e., 1200 g) was 37% higher (p =
0.030) during the nitrate visit, but did not reach statistical significance (adjusted p-value of 0.007)
in accordance with the Bonferroni correction.

Brachial artery dilator responses to exercise (Figures 3, 4, 5, and 6)
The peak vasodilator response of the brachial artery (i.e., peak change from resting
diameter or peak percent change from resting diameter) observed during the final exercise stage
did not differ (both p > 0.50) between the nitrate (0.214 mm, 6.94% above rest) and placebo
(0.268 mm, 5.17% above rest) study visits (Figure 3). There was, however, a significant
treatment (placebo vs. nitrate visit) by exercise stage interaction for brachial diameter (p = 0.037;
Figure 4). Close examination of Figure 4 reveals a different trend of brachial artery dilation
during the two study visits, such that the linear brachial artery diameter increase seen during the
placebo visit was delayed during the nitrate visit. There were no significant differences between
shear rates across all work rates (Figure 5). To account for possible differences in shear stimulus
at a given work rate, the dilator response was also plotted against the shear stimulus (Figure 6).
Comparisons of slopes during the final three work rates indicated no differences in response (p =
0.541).
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Correlates of peak artery dilation (Figure 7)
Fasting plasma low-density lipoprotein (LDL) concentrations were measured during each
subject’s screening visit. There was a significant inverse association between LDL concentration
and the peak brachial artery dilator response normalized to shear rate measured during the
placebo visit (r = -0.929, p = 0.022).
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Chapter 4
TABLES AND FIGURES
TABLE 1. Subject Characteristics
Values are Means ± STD
Subjects (n)
Age (yrs)
Weight (kg)
Height (cm)
Body Mass Index (kg/m2)
Glucose (mg/dL)
Total Cholesterol (mg/dL)
High-density Lipoprotein (mg/dL)
Low-density Lipoprotein (mg/dL)
Triglycerides (mg/dL)
Systolic Blood Pressure (mmHg)
Diastolic Blood Pressure (mmHg)
Heart Rate (bpm)
Maximal Voluntary Contraction (kg)

5
22 ± 2
83.2 ± 7.5
183.7 ± 3.8
24.7 ± 2.2
93 ± 3
148 ± 10
47 ± 5
83 ± 14
93 ± 32
122 ± 7
77 ± 5
63 ± 5
54 ± 8
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FIGURE 1. Resting systolic blood pressure in response to placebo and nitrate treatment
Values are mean ± SE. Nonsignficant finding.
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FIGURE 2. Brachial artery blood flow response to graded handgrip exercise during placebo and
nitrate treatment
Values are mean ± SE. * Significant difference between Placebo and Nitrate responses
(p < 0.05).
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FIGURE 3. Percent vasodilation (A) and change in diameter (B) from rest to peak of the
brachial artery in response to placebo and nitrate treatment
Values are mean ± SE.
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FIGURE 4. Brachial artery diameter response to graded handgrip exercise during placebo and
nitrate treatment
Values are mean ± SE. * Significant difference between Placebo and Nitrate responses
(p < 0.05).
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FIGURE 5. Brachial artery shear rate response to graded handgrip exercise during placebo and
nitrate treatment
Values are mean ± SE. There were no statistical differences in shear rate vs. handgrip force
between treatments (p > 0.894).
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FIGURE 6. Relation between changes in shear rate and brachial artery diameter during graded
handgrip exercise under placebo and nitrate treatment
Values are mean. Comparisons of slopes at final three work rates indicated no significant
differences between placebo and nitrate treatment (p = 0.541).
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FIGURE 7. Association between plasma LDL concentration and exercise-induced brachial
artery vasodilation normalized to shear rate during placebo treatment
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Chapter 5
DISCUSSION
The present study utilized a randomized, double-blind, placebo-controlled design to
examine the effects of acute dietary nitrate supplementation (~3 hr following consumption of 140
ml of nitrate rich beetroot juice) on nitric oxide-mediated vascular responses in healthy, young
men. Preliminary findings (n = 5) are as follows: First, there were no detectable differences in
resting systolic or diastolic blood pressure between the two study visits. Second, resting brachial
artery diameter, blood velocity, and blood flow each appeared to be higher on the nitrate
(compared to placebo) study visit. Third, nitrate supplementation did not alter the overall dilator
response of the brachial artery to graded handgrip exercise (rest to peak), but it did appear to
delay this response. A fourth finding was that nitrate supplementation modified the hyperemic
response to graded handgrip exercise. Collectively, these results reinforce the fact that nitrite is a
potent vasodilator of the forearm circulation in humans and provide further insight into the
physiological conditions under which this dietary supplement may exhibit its largest vascular
effects i.e., during higher intensity exercise when tissue PO2 and pH are reduced.

Effects of dietary nitrate supplementation on resting blood pressure
Multiple studies have reported a progressive decline in resting systolic blood pressure
(and in some cases diastolic pressure) in healthy volunteers following consumption of nitrate
containing juice or nitrite containing capsules, with peak reductions in blood pressure coinciding
with peak plasma nitrite concentrations approximately 3 to 4 hours post consumption.13,29
Resting blood pressures taken approximately 3 hours following beetroot juice consumption in the
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present study averaged 120/65 and 118/64 mmHg for the placebo and nitrate visits, respectively.
That there were no differences in diastolic pressure during the nitrate (vs. placebo) visit is not
unexpected given that a number of nitrate supplementation studies have reported no changes in
this variable.3, 15 The non-significant difference in systolic pressure across these two visits is
more surprising, but could reflect (1) the relatively low baseline blood pressures of our subjects
and/or (2) our failure to track blood pressure changes within each visit and under consistent
conditions (i.e., all measurements in the supine position and using the same blood pressure
measurement technique). Between-visit comparisons of serial (rather than a single time point) of
blood pressure in additional subjects will be necessary to establish whether this particular nitrate
supplement product (Beet-It Sport Shot) elicits reductions in resting blood pressure in younger,
normotensive volunteers.

Effects of dietary nitrate supplementation on resting forearm hemodynamics
Brachial artery blood flow 3 hours following beetroot juice consumption was, on average,
77% higher on the nitrate visit compared to the placebo visit. This difference did not achieve
statistical significance (p = 0.169), but an elevation in resting forearm blood flow is a consistent
finding based on previous studies involving sodium nitrite infusions at physiological doses into
the brachial artery of healthy adults (i.e., 175-200% increase).5,6 The elevated blood flow through
the resting brachial artery resulted from a 50% higher mean blood velocity (p = 0.262) and a
larger diameter (+7%; p = 0.115). The higher blood velocity through the brachial artery on the
nitrate visit (at a similar or slightly lower mean arterial blood pressure) likely reflects the dilation
of downstream (forearm muscle) resistance vessels in response to an increase in circulating
nitrites.14,17,25 The 7% larger resting artery diameter, in turn, likely reflects an increased
endothelial shear stimulus (i.e., placebo shear rate = 88 s-1, nitrate shear rate = 122 s-1; Figure 7),
apparently the first such measurements obtained during a study involving dietary nitrate
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supplementation. Additional subjects tested in a similar fashion will be necessary to strengthen
the validity of these directional hemodynamic changes. However, when viewed in relation to the
intra-brachial nitrite infusion results described above5,6, there is considerable evidence that
nitrates cause vasodilation of forearm resistance vessels in humans.

Effects of dietary nitrate supplementation on nitric oxide-mediated dilator responses
Two recent studies involving healthy younger volunteers reported no improvement in
brachial artery flow mediated dilation (FMD) after ingestion of beetroot juice29 or potassium
nitrate1. Such results support the general view that dietary nitrate supplementation does not
enhance endothelial vasodilator function in healthy, young adults, despite its ability to acutely
(within 3 hours) raise plasma cGMP concentrations in such subjects.13 As an alternative, we used
a more sustained and wide ranging shear stimulus from a graded handgrip exercise model 30 to
evaluate this question. We found that nitrate supplementation did not enhance/alter the overall
dilator response of the brachial artery to this graded handgrip test (rest-to-peak response: 6.9%
placebo vs. 5.2% nitrate, p > 0.50), but, interestingly, it did delay this response (Figure 4). We
speculate that the absence of any dilation across the first 3 work rates on the nitrate visit simply
reflects the “pre-dilated” state of the artery under this condition. Subsequent examination of the
delta brachial artery diameter vs. delta shear rate relation across all work rates (Figure 5) revealed
no obvious difference in slope between the placebo and nitrate visits. This dose-response
assessment, which is more robust than a single FMD stimulus-response30 accounts for the larger
baseline diameter seen during the nitrate visit and provides evidence that dietary nitrates do not
augment nitric oxide-mediated dilator responses in healthy, young men.
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Effects of dietary nitrate supplementation on exercise hyperemia
Cosby et al. 2003 have previously shown that infusion of sodium nitrite directly into the
brachial artery (5 min) significantly augments forearm blood flow during handgrip exercise. To
our knowledge, the present study is the first to assess the potential of dietary nitrates to impact
exercise-induced vascular responses in the arm. We observed a significant treatment-by-work
rate interaction (p = 0.019), but due to a limited sample size were unable to detect at which work
rate(s) these effects were significant. Nonetheless, based on close inspection of Figure 2, and the
results of Cosby et al. 2003, it is reasonable to speculate that the nitrate supplement may have
augmented forearm exercise hyperemia relatively more at the higher (compared to lower) work
rates in our subjects. That beetroot juice consumption might elicit greater hyperemic benefits
during higher intensity exercise is supported (indirectly) by (1) human studies demonstrating
greater ergogenic effects during higher intensity exercise1, 2, 15, 16, 27 and (2) a recent beetroot juice
supplementation study in rodents that reported preferential improvements in blood flow and
vasodilation during exercise in muscles composed predominantly of type II (fast-twitch)
muscles7.
All subjects completed the same number of exercise stages (x6) at the same contraction
rates on both visits. Had we asked them to continue graded exercise to the point of volitional
fatigue, we might have observed an even greater disparity in blood flow between visits as well as
providing insight into whether this dietary supplement actually improves forearm exercise
capacity. Further studies should address this “ergogenic” question and determine if subjects’
perceived effort at any given submaximal work rate is reduced.
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Experimental considerations
The data contained in this thesis and the resulting conclusions that can be drawn are
somewhat limited based on the small number of subjects (n = 5) that had completed the study in
the time available to meet final thesis deadlines. However, this limitation is balanced against our
use of a randomized, double-blind, placebo controlled interventional study design where each
subject served as his own control. This is the most rigorous experimental design that can be used
to test hypotheses for this type of nutritional intervention research.

Conclusion
The findings from the present study add to the growing body of evidence for a potent
vasodilatory (and generally endothelium-independent) effect of acute dietary nitrate
supplementation in healthy humans. The contraction-intensity (and/or time-) dependent influence
of dietary nitrate supplementation on the forearm hyperemic response to graded exercise is a
novel finding, and one that may reflect an enhanced local reduction of nitrates to nitrites when
muscle PO2 and pH are substantially reduced. Collectively, these findings support continued
investigation into possible therapeutic effects of dietary nitrates for patients with reduced limb
muscle perfusion during exercise (e.g., heart failure, peripheral artery disease, etc).
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1. Purpose of the study:
This research study will examine the effects of a single dose of beet juice on the stiffness of the
arteries and the ability of blood vessels in the arms and legs to dilate (i.e., widen). The
knowledge gained from this study will be useful in evaluating the growing use of dietary nitrate
supplements in the prevention and treatment of cardiovascular diseases such as high blood
pressure. This study is being paid for by the Social Science Research Institute at Penn State
University.

2. Procedures to be followed:
This research is being performed by David Proctor, Professor of Kinesiology, trained graduate
and undergraduate students working in his laboratory, and Dr. Proctor’s colleagues in the College
of Health and Human Development and the Penn State College of Medicine. A member of Dr.
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Proctor’s research team will fully explain each procedure that applies to your participation. The
study and its procedures are outlined below:


Visit 1 – Screening/Familiarization Visit. Prior to this visit, you should be fasted (no
food, water only for 12 hours prior to arrival) and should not consume any alcohol or
dietary supplements (48 hours prior) or participate in any exercise workouts (24 hours
prior: no weight lifting or sustained whole body exercise lasting longer than 15 minutes).
Upon arrival, your height, weight, resting heart rate and blood pressure will be measured
at the Clinical Research Center (CRC). Medical staff at the CRC will also give you a
medical review and provide you with questionnaires to evaluate your medical history,
healthy history, and physical activity/dietary habits. Also, a blood sample from a vein in
your arm will be taken (approximately 15 mL or about 1 tablespoon). This blood sample
will be analyzed to ensure that various markers of the function and health of your kidney,
liver, and heart/blood (e.g., cholesterol, fat, and oxygen carrying proteins) are within
normal limits for your age. A CRC medical staff member experienced in performing
blood draws will take this blood sample. If the initial blood draw is unsuccessful it will
need to be repeated, possibly from a vein in your hand, with your permission.
You will then be escorted down the hall to the Vascular Aging and Exercise Laboratory
(room 201 Noll Laboratory) where you will become familiarized with our blood vessel
measurement devices and forearm exercise testing machine. Finally, you will be asked to
squeeze a handgrip device as hard as you can. The highest force you develop during
three such maximal efforts will determine your maximal grip strength.



Visit 2 – Experimental Visit. You will be asked to arrive at the CRC in the morning,
after a 12 hour overnight fast (no food, only water). Prior to this visit, you should not
consume any alcohol or dietary supplements (48 hours prior) or participate in any
exercise workouts (24 hours prior: no weight lifting or sustained whole body exercise
lasting longer than 15 minutes). After a seated resting blood pressure measurement, a
blood sample from a vein in your arm will be taken by a CRC staff member. This sample
will be used to determine the amount of nitrate (a naturally occurring substance in your
body that relaxes blood vessels) and its by-products in your blood. If the initial blood
draw is unsuccessful it will need to be repeated, possibly from a vein in your hand, with
your permission. Following the blood draw, you will be given a small snack (e.g.,
granola bar or other carbohydrate food, with water) to help reduce feelings of hunger.
Shortly after, you will be asked to consume 140 mL (9.5 tablespoons) of either nitraterich beet juice (known as the “active” drink) or beet juice with nitrates removed (known
as the “placebo” drink). You will not be able to tell which drink you are consuming.
You will then be asked to wait in the CRC or Noll lab for approximately 2.5 hours to
allow time for the active (or placebo) drink to be fully digested and absorbed. During
these 2.5 hours, you will be able to use a personal laptop computer or other portable
electronic device. We will also have a CRC staff member take your seated blood
pressure one hour, and two hours, after consuming the drink. A second blood sample will
then be collected in the CRC after 2.5 hours, to determine if there is an increase in nitrate
or its by-products in your blood after consuming the beet juice. If the initial blood draw
is unsuccessful it will need to be repeated, possibly from a vein in your hand, with your
permission. After this blood sample is collected, you will be escorted to the Vascular
Aging and Exercise Laboratory (room 201 Noll Laboratory) to have the following
procedures:
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1. Measurement of blood pressures and vessel stiffness in your arms and legs.
2. Measurements of resting blood flow through an artery in your mid-thigh.
3. Measurements of blood flow through an artery in your mid-thigh and blood
pressure during a serial subtraction test
4. Measurements of the size of an artery in your arm before (rest), during, and
after rhythmic exercise of your forearm muscles.
*Each of the above procedures is described in more detail below.


Visit 3 – Experimental Visit. At least 4 days after visit 2, you will return to the CRC to
repeat the same procedures as you did during visit 2. Procedures and timeline will be
identical to those during visit 2 except that you will consume whichever drink
supplement you did not receive during visit 2, i.e., the active (nitrate-containing) drink or
the placebo (nitrate-removed) drink. The order of these two drink supplements will be
randomly determined for each participant.

The details of the measurements and procedures conducted during visits 2 and 3 are as follows:


Consumption of beet juice (nitrate-rich form). Shortly after finishing your snack, you
will be asked to consume a 140 mL (9.5 tablespoons) dose of a commercially available
nitrate rich (“active”) beet juice supplement. Beets are naturally high in nitrates; the
nitrate content in this beet juice supplement is 0.8 grams of nitrate, which is about the
amount of nitrate found in 5 servings of spinach (American Heart Association
recommends 5 servings of vegetables a day). Nitrates obtained from beets or other
food/drink sources are broken down in the body to nitrites and eventually to nitric oxide,
a substance that can dilate (widen) blood vessels and mildly reduce blood pressure.



Consumption of beet juice (without nitrates): On either visit 2 or visit 3 the placebo
drink you consume will contain all of the same components as the “active” drink except
for the dietary nitrates.



Experimental visit (visits 2 and 3) blood samples. Approximately 10 mL (two thirds of
a tablespoon) of blood will be taken from a vein in your forearm (or hand vein if
necessary) before and approximately 2.5 hours after you consume the beet juice
supplement. A CRC medical staff member experienced in performing blood draws will
take these samples.



Measurement of blood pressures and vessel stiffness in your arms and legs: After
your second blood draw, you will be escorted from the CRC to the Vascular Aging and
Exercise Laboratory where we will ask you to lay comfortably on a hospital stretcher flat
on your back. Dr. Proctor’s research assistants will place blood pressure cuffs around
both of your upper arms and ankles, and a small sensor over your shirt (mid-chest level).
You will lie quietly on the stretcher for about 15 minutes to allow your blood pressure
and heart rate to stabilize. The cuffs allow us to measure the blood pressure in your arms
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and legs and to determine how fast heart pulses travel through your blood vessels (an
indicator of the stiffness of your arteries).
During each of these resting measurements, the cuffs will inflate to a level that
temporarily stops blood flow to both hands and feet, followed by a slow deflation (just
like a typical blood pressure measurement in your arm). Three to six measurements of
blood pressure/artery stiffness will be collected, depending on the quality of these
recordings.


Measurements of blood flow through an artery in your mid-thigh: After removing
the blood pressure cuffs from your wrists and ankles, you will remain on the stretcher for
detailed measurements of blood flow patterns in your leg. For this measurement, you
will need to wear shorts, which we can provide for you if necessary. One of our research
assistants will place an ultrasound probe (device which sends/receives sound waves) over
a large artery in your mid-thigh. This ultrasound device allows us to measure the size
(width) of this artery and the speed/patterns of blood flow through your leg. Blood
pressure will also be monitored periodically during these measurements using an arm
and/or finger cuff.



Measurements of blood flow and blood pressure during a serial subtraction test:
After the resting measures of blood flow patterns are taken in the leg, a research assistant
will instruct you to count backwards by a set number starting from a random number
between 900-1000. The same ultrasound device as used above will measure the
speed/patterns of blood flow through your leg during this subtraction test. Blood pressure
will also be monitored continuously using a finger cuff.



Measurements of artery size during forearm exercise: For the final part of this visit,
you will be asked to perform repeated hand squeeze exercise (as practiced during visit 1)
in which the contraction speed and/or muscle force your produce is gradually increased
every 2 to 3 minutes until you cannot maintain the required work rate. The size (width)
of your brachial artery (located on the inside surface of your upper arm just above your
elbow) will be measured using an ultrasound sensor before, during, and immediately
following this graded exercise test to determine how much this vessel in your arm can
dilate (widen). Blood pressure will also be monitored during these measurements using
an arm and/or finger cuff.



Future use of stored blood samples: During visits 2 and 3, we will collect
approximately 3 mL (or 0.2 tablespoons per blood draw) of blood above the minimum we
need to complete the measurements we have planned for this study (i.e., measurement of
blood nitrates and it’s by products). The 3 extra mL of blood we collect provides
additional sample in case an error occurs (equipment and/or human error) during our
laboratory analysis procedures and we need to re-run a measurement or entire test. It is
also possible that some time after we have completed your study visits, we might decide
that additional blood measures not described in this consent form (for example, a newly
discovered protein that influences blood vessel function) may be useful in helping us
learn even more about the effects of beet juice consumption on blood vessel health.
Permission is needed in order for us to use your extra stored blood samples for these
additional/new measurements. Please choose one of the following two options below:
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I DO give permission to use my stored blood in future studies on vascular health
____ your initials
I DO NOT give permission to use my stored blood in future studies on vascular
health.
___ your initials

3. Discomforts and risks:
It is not possible to identify all potential risks associated with these research procedures, but the
researcher(s) have taken reasonable safeguards to minimize any known or potential risks.


Blood draw: For each of the blood draws (one during visit #1, two during visit #2, and
two during visit #3; total of 5 for the entire study), you will feel a small pinch or
discomfort while the needle is inserted in your arm. If the initial blood draw is
unsuccessful it may need to be repeated, with your permission. Blood draws can also
cause mild swelling, bruising (blood under the surface of the skin), and/or continued
bleeding at the insertion site; the risk of these happening will be minimized by pressing
on the site until any visible bleeding stops. There is also a slight chance of infection
developing at the insertion site in the hours following a blood draw. This risk will be
minimized and most likely eliminated by having a trained CRC medical staff member
draw the blood in the CRC using sterile supplies. Dizziness or fainting during or
following a blood draw is also a possible risk. If these symptoms occur, we will have
you lie down and help you raise your feet until symptoms improve. If this does occur, we
may ask that you remain at the CRC until we have checked your blood pressure, and we
are sure that you feel okay.



Consumption of beet juice: There are no known health risks or toxicities associated
with daily consumption of nitrate-rich beet juice, a commonly sold health
drink/supplement in Europe. The most common side-effect of beet juice consumption is
pinkish-colored urine (known as “beeturia”). This can occur after consuming either the
nitrate-rich or placebo version of the drink. If this does occur, the pinkish urine usually
disappears in 24 hours or less. Because nitrates dilate (widen) blood vessels, there is also
a possibility that consuming this supplement will cause your blood pressure to decrease
slightly (i.e., 3 to 5 millimeters). Most people will not have any sensations of this
reduction in blood pressure. However, in the unlikely event that blood pressure drops
enough to cause lightheadedness at any point during this study visit, we will have you
remain in the building under the supervision of a CRC staff member until the
lightheadedness goes away completely.



Measurement of blood pressures and vessel stiffness in your arms and legs: You
may feel a tightness and/or tingling sensation in your hands and feet while the upper arm
and ankle cuffs are inflated. These sensations are very temporary since each cuff
inflation measurement only lasts for about 1 minute.
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Measurements of blood flow through an artery in your mid-thigh: You may feel
minor discomfort (pressure) when the research assistant is pressing the ultrasound probe
against your mid-thigh to locate a good image of the underlying artery. This discomfort,
if it occurs, is very mild and stops immediately after the measurement is completed
(measurement takes about 5 minutes). There is also a small risk that the ultrasound gel
will irritate your skin. This irritation/redness, if it occurs, should go away soon after the
study is completed.



Measurement of artery size during forearm exercise: Minor discomfort and skin
irritation associated with ultrasound imaging (described immediately above) may also be
felt in your arm before and during the forearm exercise testing. These sensations, if they
occur, will go away soon after the study is completed. Forearm muscle fatigue
(tiredness), particularly during the higher workloads near the end of the test, is likely.
This discomfort goes away quickly after the completion of the exercise. Mild soreness in
the muscles of the forearm/hand could develop sometime after the exercise test is
completed (usually the day following). This soreness, if it occurs, usually goes away in
about 2 days.

4. Benefits:
There are no direct benefits to you for participating in this study other than receiving information
about your cardiovascular risk factors (i.e., blood pressure, blood cholesterol, etc.). However,
this study may benefit society by providing information about the health effects of nitrate-rich
beet juice.

5. Duration/time of the procedures and study:
You will be involved in the research study for no longer than 6 weeks, which will consist of 3
separate study visits. The first study visit will take approximately 3 hours. The following two
experimental visits (visits 2 and 3) will each take approximately 4.5 hours. Thus, the total
duration of all the research sessions will be approximately 12 hours.

6. Alternative procedures that could be utilized:
There are alternative dietary modifications that could be used to reduce the stiffness of blood
vessels (example: salt restriction) or to test the ability of blood vessels to widen (example:
temporarily blocking blood flow to the arm). There are also alternative methods of measuring
these vascular responses, some non-invasive, others invasive. The measurements we have
selected, however, should be sensitive enough to determine if this particular food supplement
(i.e., nitrate-rich beet juice) can de-stiffen blood vessels.
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7. Statement of confidentiality:
Your participation in this research is confidential. Moreover, data will be stored and secured in
the Vascular Aging and Exercise Laboratory (201 Noll Laboratory) in password protected
computer files. Any hard copies of data will be stored in locked filing cabinets. In the event of
any publication or presentation resulting from the research, no personally identifiable information
will be shared.
The Pennsylvania State University’s Office for Research Protections, the Institutional Review
Board, and the Office for Human Research Protections in the Department of Health and Human
Services may review records related to this research study.

8. Right to ask questions:
Please contact Dr. David Proctor at 814-863-0724 (office phone) or 814-571-5234 (cell phone)
with questions, complaints or concerns about the research. You can also call this number if you
feel this study has harmed you. If you have any questions, concerns, problems about your rights
as a research participant or would like to offer input, please contact The Pennsylvania State
University’s Office for Research Protections (ORP) at (814) 865-1775. The ORP cannot answer
questions about research procedures. Questions about research procedures can be answered by
the research team.

9. Payment for participation:
You will be paid a total of $150 for your participation in the entire study ($0 for visit 1, $75 each
for study visits 2 and 3). If for some reason you do not complete the study, you will be paid for
the visits you did complete with the exception of the screening/familiarization visit.

10. Voluntary participation:
Your decision to be in this research is voluntary. You can stop at any time. You do not have to
answer any questions you do not want to answer. Refusal to take part in or withdrawing from this
study will involve no penalty or loss of benefits you would receive otherwise.
Additionally, if you do not comply with the study protocol (e.g., you skip/miss an excessive
number of study visits or fail to follow pre-visit instructions) we may not seek your continued
participation in this study.

11. Injury Clause:
In the unlikely event you become injured as a result of your participation in this study, medical
care is available. It is the policy of this institution to provide neither financial compensation nor
free medical treatment for research-related injury. By signing this document, you are not waiving
any rights that you have against The Pennsylvania State University for injury resulting from
negligence of the University or its investigators.
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12. Abnormal Test Results:
In the event that abnormal lab test results are obtained during initial screening or subsequently
throughout this study, the Clinical Research Center will inform you as quickly as possible of
these results and instruct you to contact your private physician for further assessment. The lab
test results will be made available to your private physician at your request.

If you have read the information in this form and agree to and give your permission for your
participation as a volunteer in the study entitled “Acute vascular effects of nitrate-rich beet
juice” please sign below. You must be 18 years of age or older. You will receive a signed copy
of this consent form.

______________________________________________
Participant Signature

_____________________
Date

______________________________________________
Person Obtaining Consent

_____________________
Date

ACADEMIC VITA
Mark Austin Bundschuh
mab5676@psu.edu
________________________________________
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