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ABSTRACT
Background: High-fat meal (HFM) consumption may induce transient postprandial atherogenic
responses, including impairment of vascular endothelial function, in individuals with
overweight/obesity. Red beetroot juice (RBJ) may modulate endothelial function and other
measures of cardiometabolic health.

Objective: This study investigated the impact of acute and chronic RBJ consumption, including
nitrate-dependent and -independent effects, on postprandial endothelial function and other
cardiometabolic responses to a HFM.

Methods: Fifteen men and postmenopausal women with overweight/obesity were enrolled in this
randomized, double-blind, placebo-controlled, 4-period, crossover clinical trial. Following an
overnight fast, participants underwent baseline assessment of endothelial function (reactive
hyperemia index; RHI) and hemodynamics, and biological sample collection. In random order,
participants consumed 70 mL (acute visit) of: 1) RBJ, 2) nitrate-free RBJ (NF-RBJ), 3)
placebo + nitrate (PBO + NIT), or 4) placebo (PBO), followed by a HFM. RHI was remeasured 4 h
post-HFM, and hemodynamic assessment and biological sample collection were performed 1, 2,
and 4 h post-HFM consumption. Participants consumed treatments daily for 4 wk (chronic visit),
and assessments were repeated before/after the HFM (without consuming treatments).

Results: HFM consumption did not induce significant impairment of postprandial RHI. No
significant differences in RHI were detected across treatment groups following acute or chronic
exposure, despite increases in circulating nitrate/nitrite (NOx) concentrations in the RBJ and
PBO + NIT groups compared with PBO and NF-RBJ (P < 0.0001 for all time points at the acute
visit; P < 0.05 for all time points at the chronic visit). Although the HFM led to significant
alterations in several secondary outcomes, there were no consistent treatment effects on
postprandial cardiometabolic responses.

Conclusions: HFM consumption did not impair postprandial endothelial function in this
population, and RBJ exposure did not alter postprandial endothelial function or other outcomes
despite increasing NOx concentrations. This trial is registered at clinicaltrials.gov as
NCT02949115. Curr Dev Nutr 2019;3:nzz113.
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Introduction

Advancing age is the primary risk factor for atherosclerotic cardiovas-
cular disease (CVD), largely due to adverse effects on the arteries (1,
2), including vascular endothelial dysfunction, which is characterized
by impaired endothelium-dependent vasodilation. Nitric oxide (NO) is
critical to cardiovascular health as it promotes vasodilation, blood flow,
antithrombotic, and anti-inflammatory effects. A central driver of vas-
cular endothelial dysfunction is reduced NO bioavailability secondary
to oxidative stress (3). Inflammation promotes vascular endothelial dys-
function through a bidirectional relationshipwith oxidative stress (2, 3).
The progression of atherosclerosis is characterized by chronic oxidative
stress, activation of proinflammatory pathways, and recruitment and
adhesion of immune cells to the endothelium (4). Previous research
suggests that consumption of a single high-fat meal (HFM) may induce
transient postprandial atherogenic responses including impairment
of vascular endothelial function, hypertriglyceridemia, hyperglycemia,
inflammation, and oxidative stress (5–10) that are exacerbated in
individuals with overweight and obesity (8). Indeed, even mildly
elevated postprandial glucose and triglyceride concentrations have
been linked to the development of atherosclerosis and other CVDs in
the general population (5, 11). As such, repeated HFM consumption
may accelerate atherogenesis in aging individuals with overweight and
obesity, and dietary interventions that attenuate these responses may
contribute to the preservation of cardiovascular health. Nonetheless,
previous research has also demonstrated that consumption of a HFM
did not induce postprandial vascular endothelial dysfunction in obese
or normal weight individuals (12). These discrepancies in the evidence
warrant further investigation to better understand the impact of a HFM
on postprandial vascular endothelial function.

Consumption of red beetroot (Beta vulgaris L.) juice (RBJ) has
emerged as a potential therapeutic approach for reducing CVD risk.
Research has demonstrated antioxidant (13–15), anti-inflammatory
(16, 17), antihypertensive (18–20), and cardiometabolic-protective
(18, 20–23) effects of RBJ and its bioactive components in animals
and humans, though results have been equivocal with respect to
cardiovascular health. For instance, a recent systematic review found
that although there is evidence that acute and chronic RBJ intake
(and other dietary sources of inorganic nitrate) is an effective means
for increasing NO bioavailability and improving cardiovascular health
(e.g. blood pressure, endothelial function, arterial stiffness), others
have not observed beneficial effects. Favorable effects were primarily
observed in healthy populations, with research being limited and more
discrepant in populations with an increased CVD risk (24). Observed
cardiometabolic-protective effects of RBJ have been primarily attributed
to the high inorganic nitrate content of RBJ, as inorganic nitrate is
reduced via the enterosalivary nitrate-nitrite-NO pathway to NO in an
endothelium-independent manner (18, 25). Hence, dietary inorganic
nitrate may be an effective approach for improving vascular health
in individuals or situations in which vascular endothelial dysfunction
is present. Underappreciated is the fact that RBJ is also rich in
other bioactive compounds including betalains, flavonoids, carotenoids,
and ascorbic acid, which also have antioxidant, anti-inflammatory,
and cardiometabolic-protective effects (26). In fact, a previous meta-
analysis observed similar blood pressure outcomes when comparing
nitrate-rich RBJ with nitrate-depleted RBJ, suggesting that RBJ may

also have nitrate-independent effects (27). To our knowledge, the
nitrate-independent effects of RBJ on health outcomes have not been
investigated with respect to other health outcomes, with the exception
of blood pressure. In addition, polyphenols and ascorbic acid can
enhance the reduction of nitrate to nitrite and to NO (28, 29).
The purpose of this randomized, double-blind, placebo-controlled, 4-
period crossover clinical trial was to investigate the impact of both
acute and chronic RBJ consumption on vascular endothelial function
and other cardiometabolic responses to HFM consumption. This
study also aimed to investigate underlying mechanisms contributing
to clinical responses, including nitrate-dependent and -independent
effects of RBJ. To achieve the latter, we used 1) a placebo (PBO)
concentrate devoid of nitrate or polyphenols, 2) RBJ concentrate, 3)
nitrate-depleted RBJ concentrate, and 4) a PBO concentrate with an
equivalent dose of nitrate to that of the RBJ. To our knowledge, this
is the first clinical trial designed to isolate the effects of inorganic
nitrate in RBJ on cardiometabolic health, with the exception of blood
pressure which was previously investigated in a meta-analysis (27). We
hypothesized that acute and chronic RBJ consumption would attenuate
postprandial impairment of vascular endothelial function, through
nitrate-dependent and -independent mechanisms.

Methods

Study population
Men and postmenopausal women (≥1 y absence of menses) aged
40–65 y and with a BMI (kg/m2) between 25 and 39.9 were recruited
to participate in this trial. Exclusion criteria included taking nitrate,
antihypertensive, lipid-lowering, acid reflux, hypoglycemic, phosphodi-
esterase 5 inhibitor, or hormone replacement medications, triglyceride
concentrations≥250mg/dL, hemoglobinA1c≥6.5%, diagnosed hyper-
tension or a blood pressure greater than 139/89 mmHg, CVD, diabetes,
cancer, kidney, liver, or pancreatic disease, participating in a weight loss
program or actively trying to lose weight, smokers, heavy drinkers (>3
drinks on any given occasion and/or >7 drinks/wk for women, or >4
drinks on any given occasion and/or >14 drinks/wk for men), allergy
to test meals or treatments, or consuming >2 servings of RBJ/wk.

Participant recruitment
Participants were recruited from the greater Fort Collins, Colorado
area through advertisements in local newspapers, Colorado State
University webpages and e-mail, flyer distribution, direct mailers, and
via clinicaltrials.gov between November 2016 and December 2017.
Individuals sent an email or called to indicate interest and were then
asked a series of questions regarding their health history to determine
eligibility through a phone prescreening. Qualified individuals were
invited for an onsite screening visit where they provided written
informed consent, and inclusion and exclusion criteria were confirmed.
Specifically, a detailed health history was obtained from the participant,
followed by seated rest in a quiet room for 10 min prior to blood
pressure assessment. Seated brachial blood pressure was measured
in triplicate, with each measurement separated by 1 min, using
an automatic device (IntelliSense® Blood Pressure Monitor HEM-
907XL, Omron Healthcare, Inc.). A finger stick blood draw was
performed to assess lipid profiles (Alere Cholestech LDX® Analyzer,
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FIGURE 1 CONSORT flow diagram of participants through the trial.

Abbott) and hemoglobin A1c (Alere Afinion Analyzer System, Abbott).
Anthropometric measurements (i.e. height, weight, and waist and hip
circumferences) were performed.

A detailed schematic of participant recruitment and enrollment for
the study is provided in Figure 1. A total of 240 individuals responded
to advertisements, 37 of whichmet inclusion criteria through the phone
prescreening and completed the onsite screening visit. Of those, 23 met
inclusion criteria, agreed to partake in the study, and were randomly
assigned. Eight participants withdrew or were excluded from the study,
and therefore data are reported for 15 participants who completed all
protocol-specified procedures. This trial was conducted in accordance
with the Declaration of Helsinki, was approved by the Colorado State
University Institutional Review Board (16-6495HH), and is registered
at clinicaltrials.gov as NCT02949115.

Study design and intervention
This was a randomized, double-blind, placebo-controlled, 4-period
crossover trial in which participants completed 2 postprandial chal-
lenges during each treatment period, where each testing period lasted
∼5–6 h (times varied for intravenous catheter placement and blood
sample collection). Overall study design, schedule of study visits,
and a schematic of the test day timeline for data collection and
measurements are presented in Figure 2. Study treatments included
70 mL of: 1) RBJ; 2) nitrate-free RBJ concentrate (NF-RBJ); 3) PBO
concentrate; and 4) PBOconcentrate+potassiumnitrate (PBO+NIT).
Nutrient composition of the treatments are presented in Supplemental
Table 1. The PBO was devoid of polyphenols and nitrate, and had

similar degrees of sweetness, flavor, and color to the RBJ. Prepackaged
RBJ and NF-RBJ concentrates were purchased from James White
Drinks, Ltd., pharmaceutical grade potassium nitrate was purchased
from Spectrum Pharmacy Products, and PBO powder was purchased
from Flavor Dynamics, Inc. PBO and PBO + NIT concentrates
were prepared, packaged, and labelled by staff in the Kendall Reagan
Nutrition Center in the Department of Food Science and Human
Nutrition at Colorado State University. All treatments were packaged
in individual bottles with the same packaging (from James White
Drinks, Ltd.) to ensure blinding. Randomization permutations of
treatments were created using the second generator at Randomiza-
tion.com (www.randomization.com). Participants were assigned to
randomization sequences in order of qualification and enrollment into
the study. Bottles were labeled with participant ID and according
to randomization sequences; however, study participants were not
aware of their randomization sequences or treatments.

The 2 postprandial challenges occurred on the first and last day
of each treatment period, with 4 wk of daily treatment consumption
in between. Each treatment period was separated by a 4-wk washout.
During the first test day of each treatment period (acute test visit),
preprandial assessments were performed followed by consumption of
respective treatments 10 min prior to consuming a HFM to assess the
acute impact of treatments on postprandial responses. The HFM was
a breakfast meal consisting of 1 bagel, 1 tablespoon of butter (14.18 g),
2 tablespoons of cream cheese (29 g), 1 tablespoon of apple or peach
jelly (20 g), 2 boiled eggs, and 1 cup of whole milk (240 mL). The meal
composition was modeled after previous research demonstrating that
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FIGURE 2 (A) Overall study design and schedule of participant study visits. After enrollment, participants were randomized to receive
four 70 mL treatments in random order: 1) placebo (PBO), 2) red beetroot juice (RBJ), 3) placebo + nitrate (PBO + NIT), and 4) nitrate-free
RBJ (NF-RBJ). Each treatment period consisted of 2 postprandial challenges (i.e. first and last day of each 4-wk treatment period), followed
by 4 wk of daily treatment consumption. Each treatment period was separated by a 4-wk washout period. Participants were enrolled in the
trial for an 8-mo period. (B) Schematic of the test day timeline for data collection and measurements. Participants were randomly assigned
to treatments A, B, C, or D for each treatment period in random order. BP, blood pressure; EC, endothelial cell; HFM, high-fat meal; i.v.,
intravenous; PAT, peripheral arterial tonometry; PBMC, peripheral blood mononuclear cell; PWA, pulse wave analysis; Tx, treatment.

HFMs containing ∼50 g fat or more impaired endothelial function 3–4
h following meal consumption, corresponding with peak triglyceride
concentrations (30, 31). Nutrient composition of the test meal is
presented in Supplemental Table 2. Following the first test day of
each treatment period, participants consumed respective treatments
daily until returning to the clinical research facility 4 wk later for a
follow-up test visit (chronic test visit). During the follow-up test visit,
preprandial assessments were performed and subjects did not consume
their respective treatment prior to consuming a HFM in order to assess
the chronic effects of the treatment on postprandial responses.

Enrolled participants were provided a 2-wk supply of treatments at
a time and asked to consume one 70 mL bottle in the morning daily for

4 wk. Treatment compliance was assessed by asking study participants
to 1) return empty and/or unused treatment bottles at their next visit,
and 2) record the date and time their treatment was consumed each day,
and to document missing doses and the reason for missing the dose
(e.g. sick, fell asleep, forgot) in a daily dosing diary. Noncompliance was
defined as missing ≥1 dose per wk.

Participants agreed to adhere to their usual dietary habits, to avoid
use of antibacterial mouthwash, and to maintain their physical activity
level during the course of the study. They also agreed to abstain
from caffeine, alcohol, prescription and over-the-counter medications,
dietary supplements, brushing their teeth during the 12 h before the
start of all test visits, and to avoid intense physical activity for 24 h
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TABLE 1 Screening and select baseline characteristics of participants who completed
the study and those lost to follow-up

Completed (n = 15) Lost to follow-up (n = 8)

Age, y 53 ± 2 (42–65) 51 ± 2 (43–64)
Years postmenopausal

(women only)
5 ± 1 (1–8) 10 ± 2 (1–16)

Sex, M:F (n) 7:8 2:6
BMI, kg/m2 29.8 ± 0.9 (26.2–36.4) 30.0 ± 1.5 (25.2–36.9)
Waist-to-hip ratio 0.86 ± 0.02 (0.76–1.00) 0.86 ± 0.02 (0.78–0.93)
Total cholesterol, mg/dL 202 ± 11 (100–278) 219 ± 9 (190–271)
HDL, mg/dL 59 ± 4 (17–85) 55 ± 3 (42–69)
LDL, mg/dL 131 ± 0 (86–181) 144 ± 10 (116–190)
Triglycerides, mg/dL 112 ± 16 (45–249) 121 ± 21 (45–222)
HDL:LDL ratio 0.48 ± 0.05 (0.27–0.86) 0.38 ± 0.04 (0.24–0.58)
Hemoglobin A1c, % 5.3 ± 0.1 (5.0–6.0) 5.4 ± 0.1 (5.0–5.8)
HOMA-IR 0.79 ± 0.11 (0.21–1.52) —
SBP, mmHg 121 ± 3 (97–136) 115 ± 3 (103–123)
DBP, mmHg 78 ± 2 (62–89) 80 ± 3 (66–88)
RHI∗ 1.74 ± 0.09 (1.26–2.38) 2.17 ± 0.26 (1.27–3.79)
PWV, m/s 7.2 ± 0.4 (4.6–10.0) 6.9 ± 0.25 (5.4–7.6)

Values are mean ± SEM (ranges).
∗RHI and HOMA-IR were measured at the baseline visit (HOMA-IR not calculated for those who dropped the study
due to not analyzing blood biomarkers at baseline visit). DBP, diastolic blood pressure; PWV, pulse wave velocity;
RHI, reactive hyperemia index; SBP, systolic blood pressure; WC, waist circumference.

prior to their test visit. All vascular and hemodynamic measurements
were performed in a quiet, dimly-lit, temperature-controlled room (20–
25°C).

The primary outcome measure for this trial was postprandial
reactive hyperemia index (RHI), relative to preprandial RHI and PBO,
at the acute and chronic test visits. RHI is a validated measure of
microvascular endothelial function that is predictive of atherosclerosis
and future cardiovascular events (32–34). Secondary outcomemeasures
included arterial stiffness (augmentation index [AIx] and augmentation
index corrected for heart rate at 75 beats per minute [AIx@75]),
hemodynamics (brachial and aortic systolic blood pressure, diastolic
blood pressure, pulse pressure, heart rate, mean arterial pressure, and
augmented pressure), biochemical markers of cardiovascular health,
metabolism, inflammation, oxidative stress, and endoplasmic reticulum
(ER) stress (blood triglycerides, glucose, insulin, and plasma and saliva
nitrate/nitrite [NOx]), peripheral bloodmononuclear cell (PBMC) gene
expression (NADPH oxidase, NF-κB, TLR-4, TNF-α, GADD34, and
XBP1s), and endothelial cell protein expression (NADPH oxidase).

Anthropometrics
Height without shoes wasmeasured using a scale-mounted stadiometer
to the nearest 0.5 cm and weight was assessed using a digital scale
(Health o Meter® Professional 500 KL, Sunbeam Products, Inc.). BMI
was calculated as weight in kilograms divided by height in meters
squared. Midabdominal waist circumference and hip circumference
were measured using a Gulick fiberglass measuring tape with a tension
handle (Creative Health Products, Inc.).

Vascular endothelial function
Digital artery endothelium-dependent vasodilation was assessed using
a noninvasive, reproducible plethysmographic method (EndoPAT2000,
ItamarMedical, Ltd.) as previously described (34, 35) and in accordance
with the conditions specified by the manufacturer. After 10 min of

supine rest, pneumatic finger-tip probes were placed on each index
finger and a blood pressure cuff was placed on the experimental (non-
dominant) upper arm, whereas the other arm served as the contralateral
control, with both arms at rest on arm supports. After an equilibration
period (i.e. baseline recording of pulse amplitude for 5 min on each
arm), the cuff on the experimental arm was inflated to 200 mmHg or
60 mmHg higher than the participant’s systolic blood pressure
(whichever was higher) for 5 min to occlude the brachial artery. The
cuff was then deflated to induce reactive hyperemia and postocclusion
peripheral arterial tonometry (PAT)-signals were recorded for an addi-
tional 5 min in both arms. RHI, an index of flow-mediated dilation, was
derived as the ratio of the average pulse wave amplitude during hyper-
emia (60 to 120 s of the postocclusion period) to the average pulse wave
amplitude during baseline in the occluded hand, divided by the same
value in the control hand and then multiplied by a baseline correction
factor. Framingham RHI (F-RHI), which uses a different postocclusion
period (90–120 s) without baseline correction and has a natural loga-
rithmic transformation applied to the resulting ratio, is also reported.
RHI and F-RHI have been shown to correlate with CVD risk (32, 36).

Hemodynamics and arterial stiffness
Brachial pulse pressure was calculated as the difference between
mean systolic blood pressure and diastolic blood pressure. Central
aortic blood pressure and related hemodynamic parameters (e.g. aortic
mean arterial pressure, aortic pulse pressure) were derived from
brachial pressure waveforms using a validated transfer function and
automatically recorded. Aortic AIx, a measure of pulse wave reflection
and arterial stiffness, was automatically calculated as the ratio between
augmented aortic pressure (i.e. difference between the first and second
derived aortic systolic peaks) and aortic pulse pressure. Both AIx and
AIx normalized to a heart rate of 75 beats per min (AIx@75) are
reported, as AIx can be influenced by heart rate, though this approach
may not be generalizable to all populations (37, 38).
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FIGURE 3 Effects of PBO, RBJ, PBO + NIT, and NF-RBJ on RHI
(A) and F-RHI (B) before (0 h) and 4 h after consuming a high-fat
meal at the acute visit. Data are least square means ± SEM,
n = 15. Means were compared with the use of the PROC MIXED
procedure in SAS version 9.4. There were no significant effects of
time, treatment, or interaction effect of time∗treatment of RHI or
F-RHI in the model. Solid color = before meal (T0), and patterned
color = 4 h after meal and treatment consumption (T4). RHI,
reactive hyperemia index; F-RHI, Framingham-RHI; PBO, placebo;
RBJ, red beetroot juice; PBO + NIT, PBO + nitrate; NF-RBJ,
nitrate-free RBJ.

At the screening visit, aortic stiffness was assessed by measuring
carotid-femoral pulse wave velocity (aPWV) in the supine position
(SphygmoCor XCEL, AtCor Medical, Inc.) (39). Carotid and femoral
waveforms were simultaneously captured using applanation tonometry
above the carotid artery and a femoral blood pressure cuff. Distance
between the sternal notch and the carotid artery, the sternal notch
to the top of the femoral cuff, and the femoral artery to the top of
the femoral cuff was measured with a nonelastic measuring tape. The
distance traveled and transit time were automatically determined by the

SphygmoCor system and used to calculate aPWV, which is expressed as
distance over transit time (i.e. meters per second). Three measurements
were obtained and averaged for analysis. At the beginning of each
testing visit and following 10 min of supine rest, brachial and aortic
blood pressure, and AIx were measured in the nondominant arm
(SphygmoCor XCEL, AtCor Medical, Inc.) and the mean value of 3
measurements was used in analyses.

Blood and saliva collection and biochemical analyses
Following baseline vascular and hemodynamic assessments, an intra-
venous catheter was placed into an antecubital vein. Bloodwas collected
in vacutainers with EDTA (BD) for plasma separation, centrifuged
according to the manufacturers’ instructions, aliquoted, and stored at –
80°C until analysis. A slow saline drip was then initiated to keep the line
patent for serial blood draws. Saliva was collected directly into cryovials
using a saliva collection aid (SalivaBio, Inc.) and stored at –80°C until
analysis.

Plasma triglyceride, glucose, and insulin concentrations were
analyzed using an AU480 Automated Chemistry Analyzer (Beckman
Coulter) at the University of Colorado-Denver Colorado Clinical and
Translational Sciences Institute. HOMA-IR was calculated using the
HOMA2Calculator v2.2.3 (RadcliffeDepartment ofMedicine,Diabetes
Trial Unit, University of Oxford) based on initial fasting baseline values
insulin and glucose measurements (40). Plasma samples were filtered
using 30 kDa molecular weight cut-off filters (Millipore Sigma) to
reduce the presence of hemoglobin prior to NOx analysis. Plasma and
saliva NOx concentrations weremeasured using commercially available
colorimetric assay kits according to the manufacturers’ instructions
(Cayman Chemical).

PBMC isolation and gene expression analyses
A portion of venous blood (17mL) collected in EDTA plasma vacutain-
ers was used for PBMC isolation. Whole blood was transferred into 50
mL conical tubes and diluted with an equal amount of PBS containing
2% FBS. Diluted blood was added to a SepMate 50 mL tube containing
a density gradient medium (Lymphoprep, STEMCELL Technologies),
and PBMCs were isolated per the manufacturer’s protocol. Briefly,
after centrifugation at 1200 × g for 10 min with the brake on, the
top layer containing the enriched PBMCs was poured into a fresh
conical tube and washed twice with PBS containing 2% FBS at room
temperature. The cell pellet was resuspended with PBS + 2% FBS at
room temperature. After cell counting, PBMCs were cryopreserved in a
cryopreservationmedium (CryoStor® CS10, STEMCELL Technologies)
at 5 × 106 cells per 1 mL and placed inside a Nalgene® Mr. Frosty® Cryo
1°C Freezing Container (Thermo Fisher Scientific) at −80°C for 24 h.
Cells were then transferred into liquid nitrogen where they were stored
until analysis.

Total RNA was extracted with Trizol reagent according to the
manufacturer’s protocol (Invitrogen). For real-time PCR, reverse
transcription was performed using 0.5 μg of DNase-treated RNA,
Superscript II RnaseH- and random hexamers. PCR reactions were
performed in 96-well plates using transcribed cDNA and IQ-SYBR
green master mix (Bio Rad Laboratories). Primer sets are provided in
Supplemental Table 3. PCR efficiency was between 90% and 105% for
all primer and probe sets and linear over 5 orders of magnitude. The
specificity of products generated for each set of primers was examined
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FIGURE 4 Individual effects of PBO (A), RBJ (B), PBO + NIT (C), and NF-RBJ (D) on RHI before (0 h) and 4 h after consuming a high-fat
meal at the acute visit. Data are least square means ± SEM, n = 15. Values were obtained with the use of the PROC MIXED procedure in
SAS version 9.4. RHI, reactive hyperemia index; PBO, placebo; RBJ, red beetroot juice; PBO + NIT, PBO + nitrate; NF-RBJ, nitrate-free
RBJ.

for each amplicon using a melting curve and gel electrophoresis.
Reactions were run in triplicate and data were calculated as the change
in cycle threshold (�CT) for the target gene relative to the�CT for β2-
microglobulin (control/reference gene) according to the procedures of
Muller et al. (41).

Endothelial cell biopsy and protein expression analyses
Endothelial cell collection and protein expression analyses were
performed as previously described (42, 43). Endothelial cells were
biopsied from the antecubital vein as venous endothelial cell protein
expression correlates with arterial endothelial cell protein expression
(44). Briefly, endothelial cells were biopsied using sterile 0.025 inch (1
inch = 25.4 mm) J-wires (GuideRightTM, St. Jude Medical) advanced
through an intravenous catheter ∼4 cm beyond the tip of the catheter
andwithdrawn. The distal portion of thewirewas transferred to a 50mL
conical tube containing a buffer solution, and cells were recovered by
centrifugation, fixed with formaldehyde, plated onto microscope slides,
and stored at –80°C until analysis.

Slides were stained for NADPH oxidase/p47 subunit (Sigma-
Aldrich), and a complementary fluorescent secondary Alexafluor 555
antibody (Invitrogen). Slides were also stained for vascular endothelial-
cadherin (Abcam) for positive identification of endothelial phenotype
and DAPI (4′, 6′-diamidino-2-phenylindole hydrochloride; Vector
Laboratories) for nuclear integrity. Images were digitally captured

and analyzed using cellSens Software (Olympus Corporation). Values
are reported as ratios of subject endothelial cell protein expression
to human umbilical vein endothelial cell (HUVEC; control cells)
protein expression. This ratio is reported to minimize the possible
confound of differences in staining intensity among different staining
sessions.

Sample size estimation and statistical analyses
Sample size was estimated with a minimum anticipated difference
between the RBJ and PBO groups of 0.3 with an SD of 0.392 based
on previous work (34). A crossover design was considered and hence
a moderate intraclass correlation of 0.3 was used for calculation. A
final sample size of 15 subjects in the study was estimated to provide
a statistical power >90% and a confidence of 99% with a 2-tailed
hypothesis. Collected data were stored electronically using Research
Electronic Data Capture (REDCap) for secure data management (45,
46). As a measure of quality control, data were double-entered by 2
individuals and evaluated for consistency by a third person. Subject
characteristics were analyzed using descriptive statistics from data
collected at the screening visit. For each treatment and exposure
(acute compared with chronic) arm, data were tested for normality
using Shapiro–Wilks tests (PROC UNIVARIATE, SAS, version 9.4;
SAS Institute) and confirmed using QQ-plot observations. Data not
conforming to normal distributionwere natural log-transformed before
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FIGURE 5 Effects of PBO, RBJ, PBO + NIT, and NF-RBJ on AIx
(A) and Aix@75 (B) before (0 h) and 1, 2, and 4 h after consuming a
high-fat meal at the acute visit. Data are least square
means ± SEM, n = 15. Values were compared with the use of the
PROC MIXED procedure in SAS version 9.4. Time points annotated
with symbols represent a significant time∗treatment interaction
between treatment groups. ∗PBO significantly different than RBJ
and PBO + NIT (both P < 0.05). No other significant effects for AIx
or AIx@75 were observed. AIx, augmentation index; AIx@75,
augmentation index at 75 beats per min; PBO, placebo; RBJ, red
beetroot juice; PBO + NIT, PBO + nitrate; NF-RBJ, nitrate-free RBJ.

statistical analysis to accommodate assumptions of normality. Outlier
removal may have resulted in fewer evaluable subjects for primary and
secondary outcomes. Thus, no data were removed from themodels. For
the primary and secondary outcomes (e.g. RHI, hemodynamics, blood
and saliva biomarkers), linearmixedmodels (PROCMIXED, SAS)were
used to assess main and interaction effects of treatment (PBO, RBJ,
PBO + NIT, NF-RBJ) and time (0 h and 1, 2, 4 h postprandial) at each
respective visit. In these models, time, treatment, and time∗treatment
interaction were set as fixed effects, and subject and treatment order
were set as random effects. Age, sex, and BMI were included in the
models as covariates. When assessing the difference from the acute visit
to the chronic visit (week 4 compared with week 0), a linear mixed
model, with the same random and fixed effects as well as covariates, was
used. AUCwas calculated for postprandial glucose, insulin, triglyceride,
and NOx concentrations using the trapezoidal rule, and incremental
AUC (iAUC) was calculated for glucose, insulin, and triglycerides in
the sameway after controlling for baseline. Differences in AUC between

treatment groups for each postprandial value were assessed using a
generalized linearmixedmodel (PROCGLM, SAS) with Tukey’s test for
multiple comparisons for repeatedmeasures. For AUC, time, treatment,
and time∗treatment interaction were set as fixed effects, subject and
treatment orderwere set as randomeffects. For gene expression analysis,
differences in relative expression (expressed as fold-change) within each
treatment group were analyzed with a mixed model (PROC MIXED,
SAS) to assess the magnitude of change over time. The same fixed and
random effects and covariates previously stated were used. The 0-h time
point at the acute visit was used as a reference time point for fold-change
comparisons within each treatment group. For endothelial cell protein
expression analyses, baseline/preprandial (0 h) differences between the
acute and chronic test visits were assessed by a linear mixed model
(PROC MIXED, SAS). The linear mixed model used for endothelial
cell protein expression analyses included time (acute baseline compared
with chronic baseline), treatment, and time∗treatment as fixed effects
and subject and treatment order as random effects. All results are
presented as least squares mean ± SEMs, and 95% CIs are reported
for fold-changes in gene expression. Statistical significance was set at a
2-sided α level of 0.05.

Results

Baseline characteristics, anthropometrics, and treatment
compliance
Screening and baseline (RHI and HOMA-IR only) characteristics of
participants those who completed the study, as well as those lost to
follow-up are presented in Table 1. There were no significant changes
in anthropometric measurements over the course of the study (data not
shown). All study participants that completed the study were compliant
with their treatments (missing ≤one 70 mL treatment per week on
average, or >85% compliant). Treatment compliance was 93.7% across
all treatment groups (overall compliance), and 92.3%, 95.9%, 95.5%, and
92.9% for the PBO, RBJ, PBO + NIT, and NF-RBJ treatment periods,
respectively.

Acute treatment effects on postprandial vascular
endothelial function
There were no significant time∗treatment interaction effects for RHI or
F-RHI across treatment groups, norwere there significant effects of time
at the acute test visit (Figure 3). Individual RHI responses are shown
in Figure 4.

Acute treatment effects on postprandial hemodynamics
Hemodynamic parameters at the acute test visit are presented in Sup-
plemental Table 4. There were significant time∗treatment interaction
effects for several of the parameters including brachial pulse pressure,
aortic systolic blood pressure, aortic diastolic blood pressure, aortic
mean arterial pressure (all P< 0.05) as shown in Supplemental Table 4.
Specifically, brachial systolic blood pressure was significantly higher in
the PBO + NIT group than the NF-RBJ group at the 1-h time point
(time∗treatment P < 0.05). For brachial pulse pressure, the NF-RBJ
group was significantly lower than all other groups at the 1-h time
point (time∗treatment P < 0.05). Aortic pulse pressure was found to
be significantly lower in the PBO + NIT group than all other groups
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FIGURE 6 Plasma concentrations of glucose (A), insulin (B), and triglycerides (C) at baseline (0 h), and 1, 2, and 4 h after a high-fat meal
and PBO, RBJ, PBO + NIT, and NF-RBJ treatment ingestion, and postprandial (0–240 min) glucose (D), insulin (E), and triglyceride (F)
incremental AUC (iAUC) at the acute visit. Data in A–C are presented as log-transformed least square means ± SEM, n = 15. Data in D–F
are presented as untransformed mean ± SEM. Values in A–C were compared with the use of the PROC MIXED procedure, whereas iAUC
values in D–F were compared by use of the PROC GLM procedure with Tukey’s multiple comparison test in SAS version 9.4. All time points
were significantly different from baseline for plasma insulin and triglyceride concentrations among all treatment groups. Time points
annotated with symbols represent significant time∗treatment interaction between treatment groups. ∗PBO + NIT significantly different
than NF-RBJ; $PBO + NIT significantly different than PBO; #RBJ significantly different than PBO, all P < 0.05. No significant differences
between treatment groups at any time point for postprandial triglyceride concentrations were observed. There were no significant
differences in postprandial glucose, insulin, or triglyceride AUC between treatment groups. PBO, placebo; RBJ, red beetroot juice;
PBO + NIT, PBO + nitrate; NF-RBJ, nitrate-free RBJ.

(time∗treatmentP< 0.05) at the 4-h time point. As expected, significant
effects of time, and thus the HFM, were noted for several parameters
including aortic systolic blood pressure, aortic diastolic blood pressure,
aortic heart rate, aorticmean arterial pressure, and augmented pressure;
however, no time∗treatment interaction effects were observed for those
parameters.

Preprandial and postprandial AIx and AIx@75 are presented
in Figure 5. At the 4-h time point, the RBJ and PBO + NIT groups
had a significantly lower AIx than the PBO group (time∗treatment
P = 0.0039 and P = 0.0174, respectively). No other significant
differences were observed for AIx or AIx@75 for any time point or
treatment group.

Acute treatment effects on postprandial blood and saliva
biomarkers
Plasma glucose concentrations were significantly lower in the
PBO + NIT group than the NF-RBJ group at the 2-h time point
(time∗treatment P = 0.0269, Figure 6A). No other significant
differences in plasma glucose concentrations were observed among
treatment groups. Plasma insulin peaked at the 1-h time point
in all treatment groups (all P < 0.0001), with the NF-RBJ group

having significantly lower insulin concentrations than the PBO
and PBO + NIT groups (time∗treatment P = 0.0193 and 0.0068,
respectively; Figure 6B). No significant differences across treatment
groups were observed at any time point for postprandial triglyceride
concentrations (Figure 6C). There were no significant differences
in glucose, insulin, or triglyceride iAUC across treatment groups
(Figure 6D and E).

At the 1-, 2-, and 4-h time points, plasma and saliva NOx
concentrations were significantly higher in the RBJ and PBO + NIT
groups than the PBO and NF-RBJ groups (time∗treatment P < 0.0001
for all time points), as well as compared with baseline (all P < 0.0001),
whereas the PBO and NF-RBJ values remained unchanged throughout
the 4-h testing period (Figure 7A and B). Similarly, plasma and saliva
NOxAUC for the RBJ and PBO+NIT groups were significantly higher
than PBO and NF-RBJ groups (P < 0.05, Figure 7C and D).

Acute treatment effects on PBMC gene expression
Gene expression results at the acute test visit are presented in
Supplemental Table 6. In the PBO group, there was a 1.9-fold increase
in TLR-4 at the 4-h time point relative to baseline (95% CI: 1.4, 2.4;
P = 0.0096). In the RBJ group, there was a 1.5-fold increase of p47phox
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FIGURE 7 Plasma NOx concentrations (A) and saliva NOx concentrations (B) at baseline (0 h) and 1, 2, and 4 h after a high-fat meal and
PBO, RBJ, PBO + NIT, and NF-RBJ treatment ingestion, and postprandial (0–240 min) plasma NOx (C) and saliva NOx (D) AUC at the
acute visit. Data in A–C are presented as log-transformed least square means ± SEM, n = 15. Data in D–F are presented as untransformed
mean ± SEM. Values in A–C were compared with the use of the PROC MIXED procedure, whereas AUC values in D–F were compared by
use of the PROC GLM procedure with Tukey’s multiple comparison test in SAS version 9.4. All time points were significantly different than
baseline for plasma and saliva NOx concentrations in the RBJ and PBO + NIT groups. Time points annotated with symbols represent
significant time∗treatment interactions between treatment groups. #RBJ significantly different from PBO and NF-RBJ, P < 0.0001.
∗PBO + NIT significantly different from PBO and NF-RBJ, P < 0.0001. Treatment groups annotated with different letters were significantly
different from one another, P < 0.05. NOx, nitrate/nitrite; PBO, placebo; RBJ, red beetroot juice; PBO + NIT, PBO + nitrate; NF-RBJ,
nitrate-free-RBJ.

(95%CI: 1.1, 1.9; P= 0.0469), a 1.7-fold increase of TLR-4 (95%CI: 1.3,
2.1; P = 0.0214), and a 0.6-fold decrease of GADD34 (95% CI: 0.4, 0.8;
P= 0.01) at the 4-h time point relative to baseline. In theNF-RBJ group,
there was a 0.6-fold decrease in TNF-α (95% CI: 0.3, 0.8; P = 0.0128)
andGADD34 (95%CI: 0.3, 0.9;P= 0.0282) at the 4-h time point relative
to baseline.No otherwithin-treatment group differenceswere observed.

Chronic treatment effects on preprandial and postprandial
vascular endothelial function
There were no significant time∗treatment interaction effects for RHI
or F-RHI following 4 wk of daily treatment consumption, nor were
there significant effects of time (Figure 8). Individual RHI responses
are shown in Figure 9. There were no significant preprandial or
postprandial differenceswithin treatment groups at 4wk comparedwith
0 wk (data not shown).

Chronic treatment effects on preprandial and postprandial
hemodynamics
Preprandial and postprandial hemodynamic parameters at the chronic
test visit are presented in Supplemental Table 5. After 4 wk of daily
RBJ consumption, preprandial augmented pressure was significantly
lower than baseline (P = 0.0125), whereas preprandial AIx@75 was
significantly lower at 4 wk than baseline (0 wk) following PBO + NIT
consumption (P = 0.0363). There were no significant preprandial
differences within treatment groups at 4 wk compared with 0 wk for
the remaining parameters (data not shown).

With respect to postprandial hemodynamic parameters, brachial
systolic blood pressure was significantly lower in the NF-RBJ group
than all other groups at the 1-h time point, whereas PBO + NIT was
significantly higher than PBO, RBJ, and NF-RBJ at the 4-h time point
(both time∗treatment P < 0.05). For brachial diastolic blood pressure,
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FIGURE 8 Effects of PBO, RBJ, PBO + NIT, and NF-RBJ on RHI
(A) and F-RHI (B) after 4 wk treatment ingestion at baseline (0 h)
and 4 h after consuming a high-fat meal at the chronic visit. Data
are least square means ± SEM, n = 15. Means were compared with
the use of the PROC MIXED procedure in SAS version 9.4. There
were no significant effects of time, treatment, or interaction effect
of time∗treatment of RHI or F-RHI in the model. Solid
color = before meal (T0), and patterned color = 4 h after meal and
treatment consumption (T4). RHI, reactive hyperemia index, F-RHI,
Framingham-RHI; PBO, placebo; RBJ, red beetroot juice;
PBO + NIT, PBO + nitrate; NF-RBJ, nitrate-free RBJ.

the NF-RBJ group was significantly lower than all other groups at the
2-h time point (time∗treatment P < 0.05). At the 4-h time point, the
PBO + NIT group was significantly higher than all other treatment
groups whereas NF-RBJ was significantly lower than all other groups
(time∗treatment P < 0.05). For brachial pulse pressure, the NF-RBJ
group was significantly lower than the PBO + NIT group at the 4-h
time point (time∗treatmentP< 0.05). For aortic systolic blood pressure,
the NF-RBJ group was significantly lower than the PBO + NIT group
at the 2-h time point, whereas the PBO, RBJ, and NF-RBJ groups
were significantly lower than the PBO + NIT group at the 4-h time

point (all time∗treatment P< 0.05). For aortic diastolic blood pressure,
the NF-RBJ was significantly lower than all other treatment groups
at the 2-h time point, whereas the PBO, RBJ, and NF-RBJ groups
were significantly lower than the PBO + NIT group at the 4-h time
point (all time∗treatment P < 0.05). For aortic pulse pressure, the NF-
RBJ group was significantly lower than the PBO + NIT group at the
4-h time point (time∗treatment P < 0.05). For aortic heart rate, the
PBO + NIT group was significantly lower than the NF-RBJ group
(time∗treatment P < 0.05). For aortic mean arterial pressure, the NF-
RBJ group was significantly lower than the RBJ and PBO + NIT
groups at the 2-h time point, whereas all groups were significantly lower
than the PBO + NIT group at the 4-h time point (all time∗treatment
P < 0.05). For augmented pressure, the PBO + NIT group was
significantly lower than the NF-RBJ group at the 1-h time point
(time∗treatment P < 0.05).

When comparing postprandial responses at the chronic visit versus
the acute visit, there was a significant postprandial increase in aortic
pulse pressure at the 4-h time point within the PBO + NIT group at
4 wk compared to 0 wk (32 ± 1 mmHg compared with 39 ± 1 mmHg,
respectively, time∗treatment P = 0.02), whereas there was a significant
postprandial decrease in AIx within the PBO group at 4 wk compared
with 0 wk at the 4-h time point (30 ± 2% compared with 26 ± 2%,
time∗treatment P = 0.0426). There were no significant postprandial
differences within treatment groups at 4 wk compared with 0 wk for
the remaining parameters (data not shown).

Chronic treatment effects on preprandial and postprandial
blood and saliva biomarkers
Preprandial and postprandial AIx and AIx@75 are presented in Figure
Figure 10. There were no significant preprandial or postprandial
differences within treatment groups at 4 wk compared with
0 wk for plasma glucose, insulin, or triglycerides (data not shown)
except for the PBO group which had a significant preprandial increase
at 4 wk compared with 0 wk for triglycerides (91 ± 1 mg/dL
compared with 79 ± 1 mg/dL, time∗treatment P = 0.0361).
Plasma insulin peaked at the 1-h time point in all treatment
groups (all P < 0.0001), however, postprandial glucose, insulin,
and triglyceride concentrations and iAUC did not differ across
treatment groups following 4 wk of chronic treatment consumption
(Figure 11A–F).

There were significant preprandial increases in the RBJ and
PBO + NIT groups at 4 wk compared with 0 wk for plasma NOx
(P < 0.001) and saliva NOx (P < 0.05). At the 1-, 2-, and 4-h
time points, plasma NOx concentrations in the RBJ and PBO + NIT
groups were significantly higher (time∗treatment P < 0.01 for all time
points) than the PBO and NF-RBJ groups with these concentrations
remaining unchanged throughout the 4-h testing period (Figure 12A).
Saliva NOx concentrations were significantly higher in the RBJ group
than the PBO and NF-RBJ groups at the 1-, 2-, and 4-h time points
(all time points, time∗treatment P < 0.001), whereas saliva NOx
concentrations in the RBJ and PBO + NIT groups were significantly
higher than both PBO and NF-RBJ groups only at the 1-h time point
(time∗treatmentP< 0.001) (Figure 12B). PlasmaNOxAUCwas signifi-
cantly higher in theRBJ group comparedwith the PBOgroup, and saliva
NOx AUCwas significantly higher in the RBJ group compared with the
PBO andNF-RBJ groups (time∗treatment P< 0.05, Figure 12C andD).
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FIGURE 9 Individual effects of PBO (A), RBJ (B), PBO + NIT (C), and NF-RBJ (D) on RHI after 4-wk treatment ingestion at baseline (0 h)
and 4 h after consuming a high-fat meal at the chronic visit. Data are least square means ± SEM, n = 15. Values were obtained with the
use of the PROC MIXED procedure in SAS version 9.4. RHI, reactive hyperemia index; PBO, placebo; RBJ, red beetroot juice; PBO + NIT,
PBO + nitrate; NF-RBJ, nitrate-free RBJ.

Chronic treatment effects on preprandial and postprandial
PBMC gene expression
Preprandial and postprandial PBMC gene expression at the chronic
test visit are presented in Supplemental Table 6. In the PBO group,
there was a significant reduction in relative expression of TNF-α
and GADD34 between 0 and 4-h time points at the chronic visit
(P = 0.0357 and P = 0.058, respectively). In the RBJ group, there was
a significant increase and decrease in relative expression of TLR-4 and
GADD34, respectively, between 0 and 4-h time points at the chronic
visit (P= 0.0037 andP= 0.0102, respectively). In the PBO+NITgroup,
there was a significant reduction in relative expression of GADD34
between 0 and 4-h time points (P = 0.0218). In the NF-RBJ group,
there was a significant increase and decrease in relative expression
of TLR-4 and GADD34, respectively, between the 0 and 4-h time
points (P = 0.0311 and P = 0.0375). No other significant differences
between 0 and 4-h time points within treatment groups were observed
at the chronic visit. There were few significant differences in relative
expression at the 4-h time point when compared with baseline, such
as a 0.5-fold decrease of XBP1s in the PBO group (95% CI: 0.3, 0.8;
P = 0.0105), a 1.9-fold increase of TLR-4 (95% CI: 1.5, 2.3; P = 0.004),
and a 0.4-fold decrease of GADD34 (95% CI: 0.2, 0.6; P < 0.001) in the

RBJ group, a 0.6-fold decrease of TNF-α in the PBO+NIT group (95%
CI: 0.3, 0.9; P = 0.0391), and a 2.4-fold increase in TLR-4 (95% CI: 1.5,
3.3; P = 0.0285) in the NF-RBJ group.

Chronic treatment effects on preprandial endothelial cell
protein expression
No significant differences were observed for endothelial cell NADPH
oxidase/phox47 subunit protein expression within or between groups
at 4 wk compared with 0 wk (Figure 13).

Discussion

To our knowledge, this is the first randomized controlled trial to inves-
tigate the acute and chronic effects of RBJ supplementation, including
nitrate-dependent and -independent effects, on vascular endothelial
function and other cardiometabolic responses to HFM consumption
in middle-aged/older adults with overweight and obesity. We found
that acute and chronic RBJ and PBO+NIT supplementation increased
saliva and plasma NOx concentrations compared with PBO and NF-
RBJ, but these increases were not paralleled by significant differences
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FIGURE 10 AIx (A) and Aix@75 (B) after 4 wk PBO, RBJ,
PBO + NIT, and NF-RBJ treatment ingestion at baseline (0 h) and
1, 2, and 4 h after consuming a high-fat meal at the chronic visit.
Data are least square means ± SEM, n = 15. Values were
compared with the use of the PROC MIXED procedure in SAS
version 9.4. For both outcomes, there were no significant effects of
time, treatment, or main interaction effect of time∗treatment in the
models. AIx, augmentation index; AIx@75, augmentation index at
75 beats per min; PBO, placebo; RBJ, red beetroot juice;
PBO + NIT, PBO + nitrate; NF-RBJ, nitrate-free RBJ.

in postprandial vascular endothelial function across treatment groups.
Postprandial vascular endothelial function was not altered by the
PBO+NIT andNF-RBJ treatments, ruling out any sole contribution of
inorganic nitrate or other bioactive compounds in RBJ on this outcome
in the present study. There were no significant within-group declines in
RHI following HFM and PBO consumption, suggesting that the HFM
did not significantly impair postprandial vascular endothelial function
even though it led to significant changes in several hemodynamic
parameters, and in plasma insulin and triglyceride concentrations.

Although some previous research suggests that consumption of
a HFM leads to exacerbated postprandial impairment of vascular
endothelial function in individuals with overweight and obesity, this
premise is not supported by our current findings, which are in
agreement with others. Ayer et al. (12) did not observe significant
within- or between-group differences in measures of vascular endothe-
lial function including RHI, brachial artery flow-mediated dilation
(FMD), or hyperemic forearm blood flow (FBF) at 1 and 3 h following

consumption of a HFM (1000 kcal, 60 g fat) in young adults with
obesity compared with a normal body weight. In a separate study by
Raitakari et al. (47), a saturated fatty acid-rich HFM (1030 kcal, 61 g
fat) was actually found to increase brachial artery basal diameter, FBF,
and post-ischemic hyperemia with no change in FMD. Other studies
with healthy adults have shown that transient impairment of FMD at
2, 3, and 4 h following HFM consumption were strongly associated
with the magnitude of postprandial triglyceride concentrations, as
well as leukocyte superoxide production (9, 10). In a dose-response
study, Schwander et al. (48) observed significant increases in plasma
triglyceride iAUC over a 6-h period in men with obesity following
consumption of HFMs containing 1000 kcal (68 g fat) or 1500 kcal
(102 g fat), and in serum IL-6 concentrations but only following
consumption of the 1500 kcal HFM. They did not observe significant
increases in these parameters following consumption of a 500 kcal HFM
(34 g fat) in men with obesity, or following consumption of any of the
meals in normal weight men. Vascular endothelial function was not
assessed in that study; however, their data suggest that a higher caloric
and fat challenge may be needed to induce postprandial inflammation,
and thus likely oxidative stress and impairment of vascular endothelial
function. Indeed, although we did observe a moderate increase in
postprandial triglycerides, consumption of the HFM did not provoke
postprandial hyperglycemia, inflammation, oxidative stress, or ER
stress. As those processes are believed to be major contributors to
postprandial impairment of vascular endothelial function, the lack
of an effect on postprandial RHI may be explained by the neutral
glycemic, proinflammatory, oxidative stress, and ER stress responses
to the HFM in our study. Similarly, Berry et al. (49) showed that
a stearic acid-rich HFM attenuated the postprandial impairment of
vascular endothelial function, likely due to a blunted effect on post-
prandial triglyceride and subsequently oxidative stress responses when
compared with an oleic acid-rich HFM. In general, the effect of a HFM
on vascular endothelial function (and other cardiometabolic responses)
is uncertain due to significant interindividual and group variability, as
well as several other factors including the type, source, and amount
of fats used.

Major discrepancies among studies in this area, including the
present study, are the different techniques used to assess vascular
endothelial function (e.g. EndoPat assessed RHI compared with
ultrasound assessed FMD, FBF, etc.), as well as different time points
chosen to assess cardiometabolic parameters and the duration of
the postprandial testing period. We therefore cannot rule out the
fact that the techniques chosen to measure vascular endothelial
function, the times of performing measurements, or the postprandial
testing period duration may be factors contributing to our findings.
However, considering that adverse, neutral, and even positive effects on
postprandial vascular endothelial function have been observed using all
of the aforementioned techniques, the technique utilized for assessing
vascular endothelial function does not appear to be a driver of the
discrepant findings. Nonetheless, considering the discrepant findings
among published studies in this area, robust human studies designed
specifically to evaluate causes of interindividual and group variability
in men and women are needed to better understand the impact of HFM
consumption on CVD risk.

Several studies investigating the efficacy of RBJ, primarily as a
rich source of inorganic nitrate, have shown promising but mixed
results on measures of cardiovascular health (27, 50, 51). Inorganic
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FIGURE 11 Plasma concentrations of glucose (A), insulin (B), and triglycerides (C) after 4 wk PBO, RBJ, PBO + NIT, and NF-RBJ
treatment ingestion at baseline (0 h) and 1, 2, and 4 h after consuming a high-fat meal, and postprandial (0–240 min) glucose (D), insulin
(E), and triglyceride (F) incremental AUC (iAUC) at the chronic visit. Data in A–C are presented as log-transformed least square
means ± SEM, n = 15. Data in D–F are presented as untransformed mean ± SEM. Values in A–C were compared with the use of the PROC
MIXED procedure, whereas iAUC values in D–F were compared by use of the PROC GLM procedure with Tukey’s multiple comparison test
in SAS version 9.4. All time points were significantly different from baseline for plasma insulin and triglyceride concentrations among all
treatment groups. For plasma glucose, insulin, and triglyceride responses, there were no significant effects of time, treatment, or
interaction effect of time∗treatment. PBO, placebo; RBJ, red beetroot juice; PBO + NIT, PBO + nitrate; NF-RBJ, nitrate-free RBJ.

nitrate supplementation may compensate for disrupted endothelium-
dependent pathways for NO production and bioavailability that
contribute to vascular endothelial dysfunction, hypertension, and
other CVD risk factors (52). RBJ increases NO bioavailability via the
enterosalivary nitrate-nitrite-NO endothelium-independent pathway
which is complementary to the L-arginine-NO synthase endothelium-
dependent pathway (53). Since transient impairment of vascular
endothelial function has been observed following HFM consumption
in several previous studies, we hypothesized that acute and chronic
supplementation of RBJ would increase NO bioavailability, in part,
through the enterosalivary nitrate-nitrite-NO pathway, and therefore
increase postprandial RHI compared with preprandial RHI and PBO.
After acute and chronic ingestion of RBJ or PBO + NIT in the present
study, plasma and saliva NOx concentrations increased significantly,
but were not paralleled by significant effects on postprandial RHI
values. To our knowledge, only 1 previous study has evaluated the
impact of acute RBJ consumption on postprandial vascular endothelial
function following the consumption of a HFM (1122 kcal, 57 g fat)
(23). Contrary to our study, Joris and Mensink showed attenuated
impairment of postprandial FMD following the consumption of 140
mL of concentrated RBJ in men with overweight and obesity. That
study differed from ours in that they measured brachial artery FMD
compared with RHI, vascular endothelial function was assessed 2 h
postprandially compared with 4 h, the study included only men, and

the RBJ dose provided was double that provided in our study. It is
possible the timing of endothelial function assessment could have
influenced the present findings. Although impairment of endothelial
function has been observed at 2- and 4-h post-HFM consumption (9,
10), the 4-h time point was chosen for our study due to the fact that
postprandial triglycerides and maximal impairment of FMD have been
shown to occur 3–4 h following HFM consumption (6). Nonetheless,
impaired FMD has been observed 2 h following HFM consumption
due to enhanced oxidative stress (9) and we therefore cannot rule
out the possibility that RHI may have been impaired at the 2-h time
point. Importantly, the neutral effect of RBJ on postprandial RHI in
the present study may be due, in part, to the lack of a major effect
of the HFM on RHI. Another possible contributor to our findings
is the dose of RBJ provided. Most studies that have evaluated the
impact of RBJ (and inorganic nitrate) on endothelial function or other
measures of cardiometabolic health have used at least double that used
in the present study (≥two 70 mL bottles). However, we chose to use
a dose likely to be more realistic for the typical consumer and less of
a burden. Nonetheless, studies using doses of inorganic nitrate above
(>300 mg) and below (≤300 mg) the concentration provided in our
study have shown beneficial effects or no effects. Therefore, dosemay be
a contributing factor but is likely not the only factor responsible for the
lack of an observed effect. It is important to note that the cardiovascular
effects of inorganic nitrate can vary due to individual differences in
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FIGURE 12 Plasma NOx concentrations (A) and saliva NOx concentrations (B) after 4 wk PBO, RBJ, PBO + NIT, and NF-RBJ treatment
ingestion at baseline (0 h) and 1, 2, and 4 h after consuming a high-fat meal, and postprandial (0–240 min) plasma NOx (C) and saliva NOx
(D) AUC at the chronic visit. Data in A–C are presented as log-transformed least square means ± SEM, n = 15. Data in D–F are presented
as untransformed mean ± SEM. Values in A–C were compared with the use of the PROC MIXED procedure, whereas AUC values in D–F
were compared by use of the PROC GLM procedure with Tukey’s multiple comparison test in SAS version 9.4. All time points were
significantly different than baseline for plasma NOx concentrations in the RBJ and PBO + NIT groups. Time points annotated with symbols
represent significant time∗treatment interactions between treatment groups. #RBJ significantly different from PBO and NF-RBJ;
∗PBO + NIT significantly different from PBO and NF-RBJ; $PBO + NIT significantly different than NF-RBJ; all P < 0.01. Treatment groups
annotated with different letters were significantly different from one another, P < 0.05. NOx, nitrate/nitrite; PBO, placebo; RBJ, red
beetroot juice; PBO + NIT, PBO + nitrate; NF-RBJ, nitrate-free RBJ.

oral hygiene and the oral microbiota, including the abundance of
nitrate-reducing oral bacteria (54). Exploration of the impact of our
treatments on the oral microbiota is underway. Finally, a recent
meta-analysis suggests that the effects of inorganic nitrate and RBJ
supplementation on vascular endothelial function and blood pressure
are reduced in older subjects, as well as those with overweight and
obesity, and with an increased cardiometabolic risk in general (21, 27).
Thus, the study population included in our investigation may be less
responsive to RBJ and/or inorganic nitrate intake.

Several studies have investigated the acute vasodilatory effects of a
single dose of RBJ (in the absence of a HFM), and have found increased
FMD to be associated with increased circulating NOx concentrations

(18, 19, 55, 56). There are many differences among those studies and
the present study, including experimental design, volume of RBJ (i.e.
140–500 mL), RBJ type (i.e. concentrate compared with juice), dose
of inorganic nitrate provided (i.e. 1.1–45 mmol/L), placebo used (e.g.
equivalent volumes of water, potassium nitrate in water, NF-RBJ, and
juice), and study population (i.e. healthy young lean men, hypertensive
men, overweight and obesemen, healthymen andwomen). It is possible
that any potential for RBJ to increase RHI following acute consumption
was negated by consumption of the HFM in the present study, or any of
the aforementioned variables.

Hemodynamic parameters and AIx are reduced following meal
consumption, potentially due to the vasodilatory effect of insulin or
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FIGURE 13 Mean endothelial cell protein expression at baseline and after 4 weeks of PBO, RBJ, PBO+NIT, and NF-RBJ consumption.
Data are normalized to human umbilical vein endothelial cell protein expression via immunofluorescence. Values represent least square
mean AU ± SEM, n = 15. Values were compared with the use of the PROC MIXED procedure in SAS version 9.4. There were no significant
main effects of time, treatment, or main interaction effect of time∗treatment in the model. There were no significant differences in
endothelial protein expression of p47phox within or between treatment groups at any time point. Abbreviations: AU, arbitrary units; PBO,
placebo; RBJ, red beetroot juice; PBO+NIT, PBO+nitrate; NF-RBJ, nitrate-free-RBJ.

other direct effects on the vascular tissue (57, 58). As expected, insulin
peaked 1 h postprandially which coincided with reductions in several
hemodynamic parameters and AIx. Overall, there were no clear or
consistent effects of any one treatment on hemodynamic parameters
following acute or chronic consumption. Considering blood pressure
values were relatively normal at baseline, we did not expect to see major
changes in these values. In fact, these data suggest that consumption
of RBJ or other nitrate-containing supplements (at the dose provided
in this study) is safe for normotensive individuals to ingest without
exerting major hypotensive effects. On the other hand, AIx is a measure
of pulse wave reflection and arterial stiffness. A postprandial decrease
in AIx is suggested to be a protective hemodynamic response reflective
of lower systolic loading (59). We observed significant decreases in
AIx 4 h post-HFM consumption in the RBJ and PBO + NIT groups
compared with PBO following acute treatment exposure. It is possible
that this represents reversible changes in arterial stiffness, presumably
from smooth muscle relaxation (57). There were small but significant
differences between RBJ and PBO 4 h after acute treatment ingestion
suggesting that RBJ may exert mild effects on insulin sensitivity. After
adjusting for heart rate, these effects were no longer significant. Heart
rate has been shown to have a linear relation with AIx which may
be related to alterations in timing of the reflected pressure wave (60).
Thus, AIx is often standardized at 75 beats per minute; however, this
has been argued to be a physiologically inappropriate approach as it
may not apply to all populations (38) and thus both values should be
considered.

Based on previous work (7, 61, 62), we expected a response to HFM
consumption reflective of proinflammation, oxidative stress, and ER
stress thatwould be detected in PBMCs. In linewith the overall results of
the present study, we did not observe substantial or consistent responses
in PBMC gene expression to the HFM or treatments. Postprandial
proinflammatory responses are believed to be caused in part by the
absorption of lipopolysaccharide by enterocytes during triglyceride-
rich chylomicron secretion, and circulating triglyceride and glucose
concentrations following HFM consumption (63, 64). Given that the
HFM did not provoke statistically significant impairment of RHI or
robust metabolic derangements, these findings are not surprising.
Baseline health status (e.g. composition of the gut microbiota, degree
of insulin resistance) may be a contributing factor to variability in
postprandial responses to a meal (65). RBJ also had no influence on
endothelial cell NADPH oxidase protein expression, suggesting that
RBJ did not reduce vascular superoxide production following chronic
treatment consumption.

There are several strengths of the present study including the
randomized, double-blind, placebo-controlled crossover design, the ex-
ploration of nitrate-dependent and -independent effects, and potential
synergy of the bioactive compounds in RBJ, as well as the acute and
chronic effects of treatment consumption on postprandial responses to
a HFM. In addition, our study included an aging population of both
men and postmenopausal women at risk of developing CVD. We used
a dose of RBJ that would be practical for daily consumption, whereas
most other research has used ≥140 mL (the equivalent of 2 doses of
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RBJ concentrate). Lastly, we utilized a HFM challenge representative of
the typical meal composition consumed in the Western diet.

There are several limitations of the present study.Although inclusion
of both men and women should be considered a strength, it is possible
that there were sex differences in meal and treatment responses and
our study was not powered to evaluate that. With respect to attrition,
there was a high level of dropout (n = 8, 35% attrition); however,
these individuals dropped out or were excluded within the first 4 wk
of participating in the study due to nontreatment related issues such as
an inability to place an intravenous catheter, allergy to topical antiseptic,
etc. Although a high rate of loss to follow-up can lead to attrition bias,
comparison of screening and baseline characteristics between those
who completed the trial and those who were lost to follow-up suggests
no major differences, and thus attrition bias is unlikely. The study
population included a metabolically healthy overweight/obese study
population (i.e. without the presence of hypertension, diabetes, etc.).
The multiple exclusion criteria, which were warranted to minimize
confounding variables, may have resulted in a sample of relatively
metabolically healthy, middle-aged/older adults with overweight or
obesity, whose metabolic flexibility minimized or preserved the effects
of theHFM. The challengemeal usedmay have lacked adequate calories
and fat to induce postprandial vascular endothelial dysfunction in this
population. Previous research has adjusted the caloric and fat content
of a HFM challenge to individual body weight, body surface area, or
resting metabolic rate, whereas we chose to standardize the caloric and
fat content of the meal to represent typical Western intake. In addition,
the postprandial duration and timing of the measurements may not
have been sufficient to capture responses to the meal and treatments.
It is also possible that the volume of RBJ may not have provided a
large enough dose of inorganic nitrate or other bioactive compounds
to modulate the outcomes studied. Lastly, measurement of NOx does
not distinguish between the amount of nitrate and nitrite, and thus any
influence on nitrate reduction to nitrite cannot be determined. Future
research studies are planned to examine differences in the oral and gut
microbiota among the study participants in the present study and their
relation with treatment responses and nonresponses.

In summary, this study confirms that the nitrate-nitrite-NOpathway
is intact in healthy, middle-aged/older adults with overweight and
obesity following acute and chronic consumption of concentrated RBJ.
Although consumption of the HFM led to postprandial alterations
in several cardiometabolic parameters, we were unable to detect
HFM-induced impairment of vascular endothelial function. Acute nor
chronic RBJ or other treatment supplementation did not consistently
modulate postprandial cardiometabolic responses to a HFM. Addi-
tional research in this area is needed, particularly with respect to
interindividual and group variability in response to HFM and RBJ
consumption.
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