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Abstract
Introduction Inorganic nitrate ingestion has been posited to
affect arterial blood pressure and vascular function.
Purpose We sought to determine the acute effect of a red
spinach extract (RSE) high in inorganic nitrate on vascular reactivity 1-h after ingestion in peripheral conduit and
resistance arteries.
Methods Fifteen (n = 15; males 8, females 7) apparently healthy subjects (aged 23.1 ± 3.3 years; BMI
27.2 ± 3.7 kg/m2) participated in this crossover design,
double-blinded study. Subjects reported to the lab ≥2-h
post-prandial and consumed RSE (1000 mg dose; ~90 mg
nitrate) or placebo (PBO). Venipuncture was performed
on three occasions: baseline, 30-min post-ingestion and
between 65 to 75-min post-ingestion. Baseline vascular
measurements [i.e., calf venous occlusion plethysmography, brachial artery flow-mediated dilation (FMD)], 30-min
of continuous blood pressure (BP) and heart rate (HR)
analysis, and follow-up vascular measurements beginning
at 40-min post-ingestion were also performed.

Results Humoral nitrate following RSE ingestion was
significantly higher at 30- (+54 %; P = 0.039) and 65 to
75-min post-ingestion compared to baseline (+255 %,
P < 0.001) and PBO at the same time points (P < 0.05).
No significant changes in BP or HR occurred in either
condition. Peak reactive hyperemia (RH) calf blood
flow increased significantly (+13.7 %; P = 0.016) following RSE ingestion, whereas it decreased (−14.0 %;
P = 0.008) following PBO ingestion. No significant differential FMD responses were detected (P > 0.05), though
RH was decreased following the baseline measure in both
conditions.
Conclusions RSE significantly increased plasma nitrate
30-min post-ingestion, but acute microvascular (i.e., resistance vasculature) reactivity increases were isolated to the
lower limb and no appreciable change in brachial artery
FMD was observed.
Keywords Endothelial function · Inorganic nitrate · Red
spinach · Amaranthus tricolor · Flow-mediated dilation ·
Venous occlusion plethysmography
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Abbreviations
ΔTr	Systolic duration of the reflected pressure
wave
AgBP	Augmented central pressure
AgBP@75	Augmented central pressure normalized to a
heart rate of 75 bpm
AIx	Aortic augmentation index
AIx@75	Aortic augmentation index normalized to a
heart rate of 75 bpm
BMI	Body mass index
BP	Blood pressure
CBF	Calf blood flow
PkCBF	Peak CBF
TCBF	Total calf blood flow
CDBP	Central diastolic blood pressure
CMAP	Central mean arterial pressure
CPP	Central pulse pressure
CSBP	Central systolic blood pressure
eNOS	Endothelial nitric oxide synthase
FBF	Forearm blood flow
PkFBF	Peak FBF
TFBF	Total FBF
FMD	Flow-mediated dilation
aFMD	Absolute FMD
%FMD	Relative FMD
nFMD	FMD normalized to shear rate
HR	Heart rate
MAP	Mean arterial pressure
NO	Nitric oxide
NOS	Nitric oxide synthase
NOx	Total nitrate and nitrite
PBO	Placebo
PDBP	Peripheral diastolic blood pressure
PSBP	Peripheral systolic blood pressure
PWA	Pulse wave analysis
RH	Reactive hyperemia
RSE	Red spinach extract
T1r	Time to reflection of the reflected pressure
wave
VOP	Venous occlusion plethysmography

Introduction
Endothelium derived nitric oxide (NO), a well-known
molecule involved in vascular homeostasis, is conventionally thought to be derived from endothelial NO synthase
(eNOS) activity utilizing l-arginine as a substrate (Dejam
et al. 2004; Lundberg et al. 2008). However, the bioconversion of exogenous nitrate to NO (via the nitrate-nitrite-NO
pathway) in vascular physiology can be appreciated from
investigations of dietary nitrate supplementation (Benjamin
et al. 1994; Cosby et al. 2003; Lundberg et al. 1994; Zweier
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et al. 1995). Indeed, inorganic nitrate can be converted to
nitrite enzymatically in the saliva and gastrointestinal tract
and nitrite can then be further reduced to NO (e.g., hemoglobin, xanthine oxidoreductase, and polyphenol pathways). Furthermore, evidence suggests that NOS itself can
utilize nitrate/nitrite as a substrate for production of NO
(Cao et al. 2009; Gautier et al. 2006; Vanin et al. 2007).
While the effects of ultimate conversion of nitrate to NO
have obvious implications for the vasculature, nitrite has
also been shown to have vasodilatory properties and may
compliment NO actions.
The acute effects of inorganic nitrate ingestion on flowmediated dilation (FMD), a bioassay of NO bioavailability and endothelial function, have been conflicting (Hobbs
et al. 2013). However, the source of inorganic nitrate, the
dose, and the timing of FMD measurements is inconsistent
between investigations. Indeed, reported nitrate doses range
from as little as 3 mmol to 23 mmol while FMD measurement timing ranged from 1.5- to 3-h post-ingestion (Hobbs
et al. 2013). Moreover, the variability of the vehicle for
nitrate delivery is important to consider given that supplements derived from plant sources may contain phytochemicals that directly or indirectly affect outcomes (e.g., NO
production and/or blood flow). Another method employed
to assess vasodilator function is the change in limb blood
flow during reactive hyperemia (RH) measured by venous
occlusion plethysmography (VOP). Specific to VOP, vasodilation during RH correlates highly with acetylcholinemediated dilation and serves as a good noninvasive measure of microvascular vasodilator function (Higashi et al.
2001; Meredith et al. 1996). However, to our knowledge,
the acute effect of inorganic nitrate ingestion on variables
associated with VOP assessment of microvascular vasodilator function has not been characterized.
While FMD and VOP both provide surrogates of vascular reactivity, FMD measures vascular reactivity to a RH
stimulus in the muscular conduit arteries (e.g., brachial
artery), whereas VOP does so in the peripheral resistance
vasculature (i.e., arterioles and capillaries). Importantly,
both VOP and FMD methods include the induction of tissue hypoxia (via blood flow occlusion) to potentiate the
RH stimulus at the site of vascular reactivity measurement.
However, occlusion cuff placement is upstream (i.e., thigh)
with VOP and downstream (i.e., forearm) with FMD protocols. Thus, hypoxia is induced in the tissues at the site of
measurement for VOP, but likely to a much lesser degree,
if at all, with FMD. Indeed, FMD guidelines generally
recommend distal placement of the blood flow occlusion
cuff to minimize the influence of hypoxia and/or myogenic
responses at the site of measurement (Betik et al. 2004;
Harris et al. 2010). Given that hypoxia is known to be a
primary signal for mediating the conversion of nitrite to
NO (Lundberg et al. 2008; Jansson et al. 2008), it stands

Eur J Appl Physiol

to reason that VOP, where hypoxia is produced at the site
of measurement, may demonstrate a markedly different
response than that observed with FMD.
Recent evidence suggests that muscle groups composed
of predominantly type II muscle fibers are more responsive to nitrate supplementation (Ferguson et al. 2015; Jones
et al. 2016). This may be due, in part, to lower resting PO2
levels in fast-twitch muscle fibers compared to slow twitch
fibers. It follows that these fiber types may be more susceptible to hypoxia and subsequent reduction of nitrite to
NO (Behnke et al. 2003; Ferguson et al. 2015). While fiber
type composition varies markedly from muscle to muscle,
the gastrocnemius (the primary muscle at the site of measurement for VOP) is known to have a relatively high proportion of fast-twitch fibers (Johnson et al. 1973). Thus, in
the context of this protocol, the vasculature of the gastrocnemius may be more responsive to nitrate ingestion due to
regional differences in fiber type composition. Moreover,
the absolute proportion of tissue from which blood flow is
occluded is markedly higher with VOP compared to FMD
due to the proximal occlusion cuff placement.
In this investigation, we sought to determine the acute
effect of a red spinach extract (RSE) high in nitrate
(1000 mg Amaranthus tricolor; ≥9 % nitrate) on vascular
reactivity. Given the recent evidence that plasma nitrate
and nitrite concentrations peak only 30- to 60-min following ingestion of this RSE (Subramanian and Gupta
2016), we chose to assess vascular reactivity at baseline
and between 40- to 65-min post-ingestion with FMD and
VOP. Moreover, given the evidence suggesting a significant
acute reduction in blood pressure (BP) (Hobbs et al. 2013)
with inorganic nitrate ingestion, we evaluated changes in
peripheral and central BP between measures of vascular
reactivity to better characterize any potential effect of BP
and/or sympathetic nervous system activity on the observed
responses. We hypothesized that inorganic nitrate ingestion
would acutely increase both FMD and VOP responses, but
that the effect would be greater with VOP measurements
due to RH induction methods (i.e., occlusion site).

Methods
Subjects
Fifteen (n = 15; males 8, females 7) apparently healthy
subjects (aged 23.1 ± 3.3 years BMI 27.2 ± 3.7 kg/m2)
were recruited from the local community through advertisement to participate in this crossover design, doubleblinded study. All subjects reported for two separate visits,
separated by ≥72-h, and were instructed to abstain from
exercise and alcohol for 24-h and from caffeine for 12-h.
Subjects were also instructed to adhere to a low nitrate diet

for ≥48-h and to abstain from mouthwash due to its potential to inhibit bioactivation of nitrate (Petersson et al. 2009)
for 24-h prior to visits. Finally, subjects were instructed to
replicate their 24-h diet prior to laboratory visits. All subjects reported to the laboratory ≥2-h post-prandial. To control for any potential diurnal variation, all subjects reported
for the study at the same time of the day. All data were
collected in the same indoor location in a temperature controlled room between early August 2015 and early October
2015.
Study design
Time and events associated with the protocol utilized
herein are illustrated in Fig. 1. Each visit was comprised of
baseline vascular measurements, ingestion of RSE or placebo (PBO), 30 min of continuous BP and heart rate (HR)
analysis and follow-up vascular measurements. Vascular
measurements included brachial artery BP, radial artery
pulse wave analysis (PWA), assessment of limb blood flow
and peripheral resistance artery reactivity in the calf via
VOP, and assessment of FMD and RH in an upper limb
peripheral conduit artery (i.e., brachial) using ultrasonography. All procedures described herein were approved
by the Auburn University Institutional Review Board and
conformed to the standards set by the latest revision of the
Declaration of Helsinki. Written informed consent was
obtained from all participants prior to their voluntary participation in the study.
Procedures
Upon reporting to the laboratory, adherence with dietary,
physical activity, and mouthwash guidelines was verbally
confirmed for each subject. Participants were then evaluated for height and weight (digital scale with height rod).
HR, brachial systolic (PSBP) and diastolic (PDBP) BP
measurements were made in triplicate at the brachial artery
of the left and right arms using an automated oscillometric device (OMRON BP785, Omron Corporation, Kyoto,
Japan). Initial bilateral brachial artery BP measures were
employed to assure no significant between arm difference
(defined as ≥10 mmHg for PSBP or PDBP), as this may
suggest bilateral variability that would confound the results
(Martin et al. 2015b). After confirming the absence of a
bilateral difference in brachial artery BP, the average of the
triplicate measurements at the left arm only was recorded
for characterization of peripheral brachial artery BP.
Blood collection and humoral nitrate/nitrite concentrations
Venipuncture was performed on three occasions; at baseline,
30-min post-RSE or PBO ingestion, and at one instance
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Fig. 1  Time and events for study protocol. Following height and
weight measurements, subjects rested supine in quiet, temperature
controlled room for 10-min prior to assessment of peripheral arterial blood pressure (BP) via automated sphygmomanometry in both
arms. Thereafter, mean peripheral BP values were used for the calibration and measurement of pulse pressure waveforms characteristics
at the radial artery (PWA). Following PWA, conduit vessel reactivity was assessed via flow-mediated dilation (FMD) at the brachial
artery and resistance artery reactivity was assessed via venous occlusion plethysmography (VOP) in the calf. The order of the first VOP
and FMD procedures was randomized for each subject, but the order
was repeated for all additional VOP and FMD procedures thereafter within-subject. Following FMD and VOP procedures, subjects

ingested red spinach extract (RSE) or placebo (PBO). Heart rate (HR)
and BP were continuously monitored via finger photoplethysmography for 30-min following RSE/PBO ingestion. At exactly 30-min
post-RSE/PBO ingestion, a second venipuncture was performed followed by 10-min of supine rest. At 40-min post-RSE/PBO ingestion, peripheral BP, PWA and FMD/VOP procedures were repeated
as described above. At the completion of the FMD/VOP procedure
(whichever occurred last), a final (3rd) venipuncture was performed.
Due to slight variability in the procedural time this last venipuncture
occurred, approximately 65–75-min post-ingestion of RSE/PBO.
Given the crossover design of this study, this protocol was repeated
in exactly the same manner with whichever supplement was not given
during the first visit being given during the second vist

between 65- and 75-min post-RSE and PBO ingestion.
~4 mL of venous blood was collected from the antecubital
space in tubes containing EDTA and immediately centrifuged at 4000g at 4 °C for 5-min. Plasma was then separated
in cryotubes and immediately placed in a −80 °C freezer.
Plasma samples were frozen for no more than 3 months.
Batch processing for assessment of total plasma nitrate and
nitrite (NOx) and nitrite only were performed by commercial assay (Cayman, Ann Arbor, MI USA; kit #780001 and
780051, respectively) to estimate circulating concentrations.
Per manufacturer instructions, plasma was subjected to
ultracentrifugation using 30 kDa filtration tubes at 10,000g
at 4 °C for 5 min with the resulting filtrate used for assays.

Instruments, Houston, TX, USA) and a validated generalized mathematical transfer function to synthesize a central
aortic pressure waveform (Sharman et al. 2006). The generalized transfer function has been validated using both intraarterially and noninvasively obtained radial pressure waves
(Pauca et al. 2001).
Consecutive measurements were performed at the radial
artery in the left arm and the average of the first three high
quality recordings per subject were captured for analysis.
Pulse pressure waveforms were calibrated to PSBP and
PDBP. Although the use of PSBP and PDBP to calibrate
radial pressure waveforms omits a possible brachial-toradial pressure amplification and may lead to underestimation of the central pressure (Bazaral et al. 1990; Mahieu
et al. 2010; Picone et al. 2014; Verbeke et al. 2005), PSBP
and PDBP were used for radial artery waveform calibration, as recommended by the manufacturer. This was done
in consideration of the fact that automated oscillometric
blood pressure monitors are not required to verify and validate mean arterial pressure (MAP) (White et al. 1993) and
the range of error in calibration was shown to be reduced
when utilizing PSBP and PDBP rather than MAP and
PDBP (Shih et al. 2011).
Optimal recording of the pressure wave was obtained
when the hold down force of the transducer on the artery was

Pulse wave analysis (PWA)
Following venipuncture at baseline and 30-min following
supplementation with RSE or PBO, subjects rested quietly in a supine position for 10-min. Thereafter, assessment of arterial wave reflection characteristics was performed noninvasively using the SphygmoCor CPVH Pulse
Wave Velocity system and Research Version 9.0 software
(AtCor Medical, Sydney, Australia). The SphygmoCor system utilizes a Medical Electronics Module Model EM3, an
AtCor Medical/Millar tipped pressure tonometer (Millar
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such that the resulting waveform had a stable baseline for
at least ten cardiac cycles and resulted in a quality index of
≥80 % (derived from an algorithm including average pulse
height variation, diastolic variation, and maximum rate of
rise of the peripheral waveform). This technique has been
shown to be highly reproducible (Wilkinson et al. 1998), and
in our hands, reproducibility in young, healthy subjects has
previously been reported with a mean coefficient of variation of 2.8, 3.0, 0.5 and 0.3 % for aortic augmentation index
(AIx), time to reflection of the reflected pressure wave (T1r),
central systolic and diastolic BP, respectively, for repeated
measures at the left radial artery calibrated to brachial artery
BP in the same arm (Martin et al. 2015b).
A typical aortic pressure waveform synthesized from
radial pulse pressure using applanation tonometry and the
generalized transfer function and descriptions of pulse
wave analysis (PWA) parameters have been described in
detail previously (Martin et al. 2010). Specifically, the following PWA parameters, related to the amplification and
temporal characteristics of the reflecting wave, were used
as dependent variables in this study: central aortic SBP
(CSBP), central aortic DBP (CDBP), central mean arterial pressure (CMAP), central pulse pressure (CPP), augmented central pressure (AgBP), AgBP normalized to a
heart rate of 75 bpm (AgBP@75), AIx, AIx normalized to
an HR of 75 bpm (AIx@75) and systolic duration of the
reflected pressure wave (∆Tr). MAP was obtained from an
integration of the waveform. AIx, expressed as a percentage, characterizes augmentation of central pressures and
is defined as reflected wave amplitude (AgBP) divided by
CPP (Wilkinson et al. 2000; Murgo et al. 1981).
Venous occlusion plethysmography and flow‑mediated
dilation
Following PWA assessment, VOP and FMD measures were
performed. Measurements were performed in random order
for each subject at the first visit, but this order was repeated
for the second visit for each subject.
Calf blood flow (CBF) at rest and during reactive hyperemia (RH) was determined independently by VOP (EC-6,
D.E. Hokanson, Inc., Bellevue, WA, USA) using calibrated
indium-gallium strain gauges, as previously described
(Martin et al. 2015a). Briefly, strain gauges were applied
to the widest part of the left calf after limb circumference
measurement with the legs elevated slightly above heart
level. An ankle cuff was inflated to 200 mmHg of constant
pressure to occlude ankle circulation during CBF measurements. To measure CBF, an upper thigh cuff, placed 10 cm
above the popliteal fossa, was inflated to 50 mmHg for
7-s each 15-s measurement cycle using a rapid cuff inflator (EC-20; DE Hokanson Inc.) to prevent venous outflow
(Hokanson et al. 1975; Patterson and Whelan 1955).

Twelve plethysmograph measurements (over a total of
3 min) were averaged for baseline CBF values. After baseline CBF measurements, the thigh cuff was rapidly inflated
to 200 mmHg for 5-min and then rapidly deflated. Following the 5-min of arterial occlusion in the thigh, endothelium-dependent CBF was measured during RH of the calf.
Peak CBF (PkCBF) was recorded as the highest blood flow
observed during 3-min of RH, and total CBF (TCBF) was
recorded as the area under the time-curve after baseline BF
was subtracted (Meredith et al. 1996).
The plethysmography output signal was transmitted to
the Noninvasive Vascular Program (NIVP3) calibrated software program (DE Hokanson Inc.) and BF was expressed
as milliliters (mL) per minute per deciliter (dL) of calf tissue (mL/min/dL tissue).
The FMD technique was used to determine endothelial-dependent reactivity in the right brachial artery using
high resolution ultrasound (Logiq S7 R2 Expert; General
Electric, Fairfield, CT USA) with a 3–12 MHz multi-frequency linear phase array transducer. The brachial artery
was imaged longitudinally with the transducer placed
3–5 cm above the antecubital fossa. Simultaneous measurement of brachial artery diameter and blood velocity
was performed using duplex mode imaging (B-mode and
Doppler) and video was captured through a digital interface at 30 frames/s with real time analysis (FMD Studio,
Pisa, Italy). Resting measurements were captured for one
continuous min, RH was produced by inflating a blood
pressure cuff placed on the upper forearm, 1–2 cm below
the elbow, for 5-min at 200 mmHg, and after cuff release,
measurements were made for another 3-min. The transducer was held manually in the same position, with the aid
of a mechanical transducer support arm, for the duration of
the study.
Vessel diameters were determined frame-by-frame via
automatic edge detection software (FMD Studio, Pisa,
Italy) measuring the distance between the near and far wall
of the intima. Blood velocity was determined via selection
of a region of interest around the Doppler waveform and
a trace of the velocity–time integral was used to calculate
mean velocity for each cardiac cycle. Brachial FMD was
calculated as absolute (aFMD, reported in mm) and relative (%FMD, reported in %) peak change in brachial artery
diameter in response to the hyperemic stimulus. Because
dilation also depends on the resultant RH blood flow stimulus, all measurements of peak %FMD were also normalized
(nFMD) to the shear rate area under the curve to the time at
which the maximal diameter was observed (100 × %FMD/
shear rate AUC−1). Shear rate was calculated as [(4 × time
averaged mean velocity)/vessel diameter]. In addition
to assessment of NO bioavailability and brachial artery
reactivity measures, assessment of the RH response during FMD procedures also allows for evaluation of the
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microvascular (i.e., arterioles and capillaries) response.
Thus, blood flow during RH was calculated from continuous diameter and mean blood velocity measurements during ultrasonography as [Π × (diameter/2)2 × time average
mean velocity × 60]. These values were used to calculate
peak RH forearm blood flow (PkFBF) and total RH forearm blood flow (TFBF) area under the time-curve using the
sum of trapezoids method after baseline blood flow was
subtracted.
Supplementation: RSE and placebo
A single oral dose of either 1000 mg RSE (i.e., amaranthus tricolor) powder or PBO (maltodextrin) in gelatin capsules was consumed with bottled water at the corresponding point in the study procedures. The RSE has an herb to
extract ratio of 50:1, contains ≥9 % nitrate (by HPLC) and
≥13 % potassium (by ICP-MS). Thus, the ingested dose of
nitrate in the RSE was ~90 mg.
Continuous blood pressure measurement

was required for statistical significance. Satterthwaite corrected t tests were performed to compare male and female
subject characteristics at baseline. Repeated measures
two-way ANOVA was used to evaluate the continuous
primary dependent variables associated with this study.
When a significant treatment-by-time interaction was
observed, within-treatment (e.g., pre-RSE vs. post-RSE)
and between-treatment (e.g., post-RSE vs. post-RSE) comparisons were performed using Student’s paired t tests to
analyze differences between time points. All statistical
analyses were performed using IBM SPSS Statistics 22
for Windows (Chicago, IL, USA). All data are reported as
mean ± SD.

Results
Subject characteristics
Subject characteristics are presented in Table 1. There were
no significant differences between male and female groups
for age, height, weight and BMI. Moreover, sex and body
mass were not found to be significant covariates of the statistical model for any variable analyzed.

Following RSE and PBO ingestion, participants were
required to remain at rest in the supine position. Continuous beat-to-beat arterial BP was measured by finger cuff
photoplethysmography using a Finometer PRO (Finapres Medical Systems, Amsterdam, The Netherlands). The
Finometer is a noninvasive, automated system for the
measurement of arterial BP. The technology utilizes the finger clamp method to record digital artery pulse waveforms.
The Finometer noninvasive BP monitor uses the methodology of Penaz to continuously display the arterial pressure waveform and has been described in detail previously
(Penaz et al. 1976; Lal et al. 1995; Imholz et al. 1998).
Briefly, a finger cuff was placed on the middle phalanx
of the middle finger of the right hand and connected to a
transducer placed on top of the wrist of the same-side hand
resting at heart level. An arm cuff was placed on the sameside upper arm of the participant for brachial BP calibration using the return-to-flow method. Participants remained
awake, relaxed, and refrained from speaking or moving
during data recording for the duration of data acquisition.
The Finometer has been previously validated against invasive hemodynamic measurements in normal healthy participants, unstable intensive care patients, cardiac surgery
patients, and noninvasively across a variety of BP ranges
(Harms et al. 1999; Jansen et al. 2001; Jellema et al. 1999;
Schutte et al. 2004).

Treatment means for NOx (total nitrate/nitrite), nitrite
and nitrate at baseline and at 30 and 65- to 75-min following RSE and PBO ingestion are presented in Fig. 2.
Highly significant main effects of time, treatment, and the
time × treatment interaction were observed for plasma
NOx (P ≤ 0.001 for all). RSE ingestion significantly
increased NOx concentrations at 30 and 65- to 75-min post
ingestion (P ≤ 0.01 for both time points) and the concentrations were significantly higher than during the PBO
condition at the same time points (P = 0.027 and <0.001
for 30 and 65- to 75-min time points, respectively). No
main effect of time (P = 0.116), treatment (P = 0.798)
nor an interaction (P = 0.106) was observed for nitrite
concentrations.

Statistical analysis

Age (years)
Height (m)

All data were tested for normal distribution using the Shapiro–Wilk test for normality. An alpha level of P ≤ 0.05
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Change in circulating concentrations of nitrate
and nitrite

Table 1  Subject characteristics

Weight (kg)
2

Overall
(n = 15)

Males
(n = 8)

Females
(n = 7)

P value
(male vs.
female)

23.7 ± 3.1
1.72 ± 0.09

22.8 ± 1.3
1.78 ± 0.07

23.9 ± 4.1
1.68 ± 0.09

0.79
0.09

28.4 ± 26.4

26.4 ± 4.6

0.42

81.6 ± 16.7

BMI (kg/m ) 27.2 ± 3.7

89.7 ± 11.1

75.3 ± 19.4

0.20
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VOP
Results from VOP assessment of calf blood flow at rest
and during RH before and after RSE and PBO ingestion
are presented in Fig. 3. No main effect of time, treatment
nor an interaction was observed for RCBF (P > 0.05). For
both PkCBF and TCBF, a significant time × treatment
interaction was observed (P = 0.046 and 0.043 for PkCBF
and TCBF, respectively). PkCBF increased significantly
(+13.7 %; P = 0.016) following RSE ingestion, whereas it
decreased (−14.0 %; P = 0.008) following PBO ingestion.
Moreover, the change from baseline for PkCBF between
RSE and PBO conditions was significantly different
(Fig. 3d; P = 0.001). TCBF did not change significantly
following RSE ingestion (+4.0 %; P = 0.511) though it
did significantly decrease with PBO (−20.0 %, P = 0.010).
The change from baseline for TCBF between RSE and
PBO conditions was significantly different (Fig. 3e;
P = 0.043).
FMD

Fig. 2  Plasma concentrations of total nitrate and nitrite (NOx; a) and
nitrite only (b) at baseline and 30- and 65- to 75-min following ingestion of a red spinach extract (RSE; filled circles) and placebo (PBO;
open circles). Data are presented as mean absolute values in μM concentrations ± SD. When a significant time × condition interaction
was observed, post hoc tests were performed using Student’s paired
t tests. *,**Significantly different from baseline within condition
(P ≤ 0.05 and 0.01, respectively). †,††Significantly different between
condition at the same time point (P ≤ 0.05 and 0.01, respectively)

Results from brachial artery FMD assessment are presented
in Fig. 4. No main effect of time, treatment nor an interaction was observed for baseline diameter, aFMD, %FMD or
nFMD (Fig. 4a–d; P > 0.05). A significant main effect of
time (P < 0.001) was observed for both peak and total RH
blood flow which were, on average for both groups, lower
post-RSE/PBO ingestion relative to baseline (Fig. 4e, f).
However, no main group effect nor time × group interaction was observed (P > 0.05).

Blood pressure and wave reflection characteristics

Discussion
Variables derived from baseline peripheral BP measurements and continuous Finapres evaluation of hemodynamics for 30-min after ingestion of RSE and PBO
are presented in Table 2. No significant differences at
baseline were found between treatments with respect to
HR, PSBP, PDBP and PMAP. Moreover, no main effect
of time or treatment, nor an interaction, were observed
for HR, PSBP, PDBP, PMAP, CO, and TPR during the
30-min of monitoring following RSE and PBO ingestion
(P > 0.05).
Variables derived from PWA at baseline and 30-min following RSE and PBO ingestion are presented in Table 3.
No main effect of time or treatment, nor an interaction,
was observed for CSBP, CDBP, CMAP, CPP, AgBP, ΔTr
and AIx. A significant main effect of time was observed
for AgBP@75 and AIx@75 (P = 0.043 and 0.046, respectively). However, within treatment changes from baseline
for both AgBP@75 and AIx@75 were not statistically significant in the RSE or PBO condition (P > 0.05).

The principle findings of this investigation included: (1)
plasma nitrate/nitrite (NOx) concentration was significantly
increased relative to baseline at both 30- and 65- to 75-min
post-RSE ingestion, (2) PkCBF was significantly higher
following RSE ingestion, whereas it was significantly lower
following PBO ingestion, (3) FMD associated parameters
of brachial artery reactivity were unaffected by RSE and
PBO ingestion, and (4) FMD associated reactive hyperemia
PkFBF and TFBF values were significantly lower following both RSE and PBO ingestion.
Plasma nitrite concentrations exhibit a delayed peak
compared to plasma nitrate in response to inorganic
nitrate ingestion (Webb et al. 2008; Lundberg and Govoni
2004). Indeed, Webb et al. demonstrated a similar increase
in plasma nitrate approximately 60-min post inorganic
nitrate ingestion to that observed herein. However, Webb
et al. (2008) also reported that plasma nitrite did not significantly increase relative to pre-ingestion levels until
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Table 2  Beat-by-beat cardiovascular monitoring after acute red spinach extract (RSE) and placebo (PBO) ingestion
Baseline
HR (bpm)
RSE
64 ± 8
PBO
63 ± 9
PSBP (mmHg)
RSE
127 ± 9
PBO
127 ± 9
PDBP (mmHg)
RSE
75 ± 8
PBO
77 ± 9
PMAP (mmHg)
RSE
90 ± 7
PBO
93 ± 9
CO (L/min)
RSE
–
PBO
–
TPR (dyn s/cm5)
RSE
–
PBO

–

0–5 min

5–10 min

10–15 min

15–20 min

20–25 min

25–30 min

P value
(time × treatment)

65 ± 11
64 ± 9

64 ± 7
62 ± 8

64 ± 9
61 ± 8

65 ± 9
63 ± 9

66 ± 7
61 ± 7

65 ± 7
66 ± 13

0.304

127 ± 16
128 ± 8

126 ± 16
127 ± 10

127 ± 16
127 ± 10

128 ± 17
127 ± 9

128 ± 16
126 ± 10

129 ± 17
126 ± 9

0.526

77 ± 13
74 ± 6

77 ± 14
74 ± 7

78 ± 14
73 ± 8

78 ± 15
75 ± 7

78 ± 13
74 ± 7

79 ± 13
74 ± 8

0.157

93 ± 14
91 ± 8

92 ± 15
90 ± 9

93 ± 16
90 ± 10

94 ± 17
91 ± 9

94 ± 15
90 ± 8

95 ± 16
90 ± 9

0.239

6.0 ± 1.7
6.4 ± 1.6

5.8 ± 1.6
6.2 ± 1.5

5.9 ± 1.6
6.2 ± 1.6

6.0 ± 1.6
6.3 ± 1.9

6.0 ± 1.7
6.1 ± 1.5

6.0 ± 1.6
6.4 ± 1.9

0.097

1517 ± 513

1593 ± 727

1563 ± 635

1554 ± 623

1528 ± 586

1556 ± 572

0.490

1366 ± 397

1397 ± 401

1425 ± 445

1428 ± 449

1441 ± 425

1453 ± 428

Data are mean ± SD

RSE red spinach extract, PBO placebo, HR heart rate, PSBP peripheral systolic blood pressure, PDBP peripheral diastolic blood pressure, PMAP
peripheral mean arterial pressure, CO cardiac output, TPR total peripheral resistance
P values are for time × treatment interactions derived from two-way repeated measures analysis of variance
Table 3  Pulse wave analysis
variables before and 30 min
after red spinach extract (RSE)
and placebo (PBO) ingestion

RSE

CSBP (mmHg)
CDBP (mmHg)
CMAP (mmHg)
CPP (mmHg)
AgBP (mmHg)
AgBP@75 (mmHg)
ΔTr
AIx (%)
AIx@75 (%)

PBO

Pre

Post

Pre

Post

108 ± 6
76 ± 8
91 ± 6
32 ± 7
1.3 ± 2.8
−0.3 ± 2.7
148 ± 8
5.9 ± 8.8

108 ± 7
77 ± 8
91 ± 7
32 ± 8
1.5 ± 2.3
−0.9 ± 2.5
146 ± 8
6.2 ± 7.9

109 ± 10
77 ± 9
92 ± 10
32 ± 6
2.2 ± 3.2
0.2 ± 2.8
144 ± 8
8.4 ± 11.7

108 ± 9
76 ± 9
91 ± 9
32 ± 6
2.3 ± 3.5
−0.6 ± 2.9
143 ± 10
9.5 ± 14.4

0.1 ± 7.4

−1.9 ± 7.7

1.0 ± 9.7

−1.5 ± 9.5

P value
(time × treatment)
0.324
0.074
0.069
0.633
0.922
0.733
0.515
0.712
0.693

Data are mean ± SD

approximately 3-h post-ingestion. In this study, no statistically significant change in plasma nitrite was observed
through 65- to 75-min post-RSE ingestion. This may in fact
be due to lag time in conversion of nitrate to nitrite and the
ultimate appearance of nitrite in the circulation. However,
a recent investigation using the same compound as that
ingested herein demonstrated marked, significant increases
in plasma (~80 %) and salivary (~700 %) nitrite at only
30-min post-consumption (Subramanian and Gupta 2016).
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While the dosage was twice that used in our investigation, the point remains that bioavailability of nitrite may be
realized sooner than previously thought and/or dependent
upon the source of inorganic nitrate. Notably, variability
with serial measures (15-min intervals) of plasma nitrite in
the aforementioned study was quite high with consecutive
measures, at times alternating between significant elevations and no difference from baseline (Subramanian and
Gupta 2016). Thus, in addition to the source of inorganic
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Fig. 3  Venous occlusion plethysmography measures of limb blood
flow in the calf at baseline (PRE) and following ingestion (POST) of
a red spinach extract (RSE; filled circles) and placebo (PBO; open
circles). a resting calf blood flow (RCBF), b peak reactive hyperemia
CBF (PkCBF), c total reactive hyperemia CBF (TCBF), d change
from baseline (POST–PRE) in reactive hyperemic peak calf blood
flow (ΔPkCBF), and e change from baseline in total reactive hyperemic calf blood flow (ΔTCBF). Data in a–c are presented as mean
absolute values in mL/min/dL of tissue ± SD and data in d and e

are presented as mean change from baseline (with individual values)
in mL/min/dL of tissue ± SD. When a significant time × treatment
interaction was observed, post hoc tests were performed using Student’s paired t tests. *Significantly different from baseline (PRE)
within RSE condition (P < 0.05). φSignificantly different from baseline (PRE) within PBO condition (P < 0.05). †,††Significantly different between condition at the same time point (P ≤ 0.05 and 0.01,
respectively)

nitrate, measurement timing and methods (e.g., plasma vs.
saliva) to detect plasma nitrite may have a profound effect
on the results. Of critical importance, in this study we utilized a commercial fluorometric assay for plasma nitrite
measures and it is likely that alternative measurement
timing, assays, or sample sources (i.e., saliva) may have
yielded different results. Indeed, salivary levels of nitrate or
nitrite have been shown to change more dramatically upon
ingestion of inorganic nitrate (Gilchrist et al. 2011; Lundberg and Govoni 2004).
Given the conceptual basis of ingesting inorganic nitrate
via supplementation to enhance NO bioavailability and vascular reactivity, particularly with regards to tissues under
physiologic hypoxia (Lundberg et al. 2008), the observed
significant increase in resistance vascular reactivity in the
calf following RSE supplementation seemed to confirm

our hypothesis. Indeed, PkCBF, a measure of microvascular dilator function, was significantly increased acutely following RSE ingestion (Fig. 3). Peak RH limb blood flow
measured via plethysmography is thought to be determined
by both myogenic autoregulation and metabolic factors
(e.g., vasodilatory prostaglandins) (Shepherd 2011), but
not NO (Engelke et al. 1996; Joyner et al. 2001). Importantly, the role (or lack thereof) of NO in mediating the
peak RH response is founded on investigations utilizing
NOS inhibitors (e.g., L-NMMA) and the role of non-NOS
sources of NO is, to our knowledge, unknown. For example, deoxygenated myoglobin, which is expressed in vascular smooth muscle, and erythrocyte xanthine oxidase activity, have been shown to reduce nitrite to NO and participate
in hypoxia mediated vasodilation (Totzeck et al. 2012;
Ghosh et al. 2013). Notably, PkCBF significantly decreased
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Fig. 4  Parameters derived from
flow-mediated dilation (FMD)
measurement in the brachial
artery at baseline (PRE) and
following ingestion (POST)
of a red spinach extract (RSE;
filled circles) and placebo
(PBO; open circles). a Resting
brachial artery diameter in mm,
b brachial artery absolute peak
FMD (%FMD, expressed as a
percentage), c brachial artery
peak relative FMD (%FMD,
expressed as a percentage), d
brachial artery normalized peak
FMD (nFMD), e peak reactive
hyperemic forearm blood flow
(PkFBF), and f total reactive
hyperemic forearm blood flow
(TFBF). A main effect of time
(P < 0.001) was observed
for peak and total hyperemic
forearm blood flow and post hoc
analysis was performed using
Student’s paired t tests. *Significantly different from baseline
(PRE) within RSE condition
(P < 0.05). φSignificantly different from baseline (PRE) within
PBO condition (P < 0.05).
Data are presented as mean
values ± SD

following PBO ingestion (Fig. 3) suggesting that RSE not
only increased the PkCBF response, but also mitigated the
decline observed with repeated plethysmography measures
in the PBO condition. We have previously observed that
with exposure to repeated bouts of RH in a short period
of time that the resultant measures have been moderately
decreased in sham/PBO conditions (Martin et al. 2015a).
Indeed, a similar pattern to PkCBF responses was noted
with TCBF responses herein as there was a significant
decrease with the PBO condition, but not the RSE condition (Fig. 3). While the exact mechanism(s) by which interventions may mitigate these declines is unknown, we posit
that nitrite and/or NO bioavailability are likely involved.
Due to the PkCBF responses observed with VOP, microvascular reactivity assessment via RH blood flow responses
in the arm with ultrasonography (i.e., during FMD) were
also of interest. In contrast to the PkCBF findings, we
found that the PkFBF and TFBF response were significantly lower following both RSE and PBO ingestion. Specifically, PkFBF was decreased from baseline, on an average, by 17.1 % and TFBF was decreased from baseline,
on an average, by 20.1 % (Fig. 4e, f). This response was
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similar to that observed with PkCBF and TCBF (−14.0
and −20.0 %, respectively) in the PBO condition. Again,
based on previous findings (Martin et al. 2015a), as well as
the PkCBF and TCBF response in the PBO condition, the
decrease in the RH response was not necessarily surprising, but the differential response to RSE ingestion between
limbs was. Given that the microvasculature is compressed
(and presumed hypoxic) during occlusion with both the
FMD and VOP methods, oxygenation status and/or occlusion cuff placement does not seem a likely explanation.
However, regional heterogeneity in the microvascular dilator function response to RSE ingestion is plausible. For
example, the regional differences in the relative proportion of type II muscle fibers may potentiate greater nitrate
sensitivity due to, in part, lower resting PO2 concentrations
improving the magnitude of ischemic activation of nitrate/
nitrite conversion to NO (Ferguson et al. 2015; Jones et al.
2016).
Interestingly, and contrary to our hypothesis, there were
also no significant changes in FMD conduit artery reactivity measures with RSE or PBO ingestion. We hypothesized that increased availability of nitrate/nitrite/NO with
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RSE ingestion would potentiate a greater muscular conduit artery (i.e., brachial artery) FMD response compared
to baseline. Similar to our findings, Bahra et al. (2012)
reported improved vascular compliance with inorganic
nitrate ingestion compared to PBO without concomitant
changes in FMD measures. Importantly, Bahra and colleagues collected FMD measures (with a distal occlusion
cuff position) 3-h post-ingestion of inorganic nitrate while
we conducted FMD testing ~45–65-min post-RSE ingestion. While the lack of a RSE-mediated change in brachial
artery FMD was surprising to us, plausible explanations
exist. For example, induction of RH is paramount to determining vascular reactivity, but differs slightly in how it is
traditionally achieved between the VOP and FMD procedures. With FMD, the occlusion cuff is placed downstream
from the site of conduit artery imaging (brachial artery
herein). Thus, normoxia at the imaging site may have a
substantial local effect on the ability to modulate circulating nitrate and nitrite, and ultimately, the FMD response.
In addition, one may consider that the absolute volume of
tissue in which hypoxia is induced, and acting to potentiate nitrate reduction, is higher with upstream occlusion
(e.g., VOP measures) compared to downstream occlusion
(e.g., FMD at the brachial artery). However, and importantly, the decrease from baseline in peak and total RH
blood flow observed during FMD measurement was similar with both RSE and PBO ingestion suggesting that differential responses in microvascular dilation and/or nitrate
conversion were not a primary factor in upstream brachial
artery dilation. Future investigations comparing the FMD
response of an upper limb (e.g., brachial artery) and lower
limb (e.g., popliteal artery) conduit vessel with upstream
and downstream occlusion following RSE ingestion are
warranted.
Limitations to the present investigation include the
timing of venipuncture(s) to elucidate changes in plasma
nitrite, the lack of endothelium-independent measures of
vascular reactivity, and the application of a single RSE
dose for all participants. Indeed, serial plasma measurements would have allowed for a more specific time
course of significant and peak increases in plasma nitrate
and nitrite. Moreover, alternative methods for determining changes in nitrate/nitrite concentrations with exogenous sources may have been more sensitive (e.g., salivary
samples, UPLC quantification methods). Though the differential VOP and FMD responses were surprising to us,
this was not likely a product of order of measurements as
it was randomized for each subject. However, the effect
of occlusion cuff positioning with FMD and inorganic
nitrate supplementation warrants further consideration. A
1000 mg RSE dose was utilized in this study and resulted
in varying relative doses by bodyweight between participants. However, no significant differences in the responses

by sex were observed. Thus, we do not believe that dose
played an exceptional role in the observed significant
results. Moreover, given the mixed sex population studied
in the present investigation differences in vascular reactivity due to phases of the menstrual cycle in female participants cannot be excluded (Adkisson et al. 2010). Finally,
the potential effects of other phytochemicals inherent to
RSE cannot be excluded.
In conclusion, acute RSE (a form of inorganic nitrate
ingestion) significantly increases plasma nitrate 65- to
75-min following ingestion, but not plasma nitrite using
the detection methods employed herein. In addition, acute
RSE ingestion increased RH PkCBF, but not RH PkFBF
or TFBF or brachial artery FMD. Thus, there appears to
be regional heterogeneity in the microvascular dilation
response to RSE ingestion. Moreover, occlusion cuff positioning and the hypoxic state (or lack thereof) at the site
of the imaging for conduit artery reactivity measures (i.e.,
FMD) may play a role in the results observed herein. Future
studies should further characterize the regional specificity
and role of local hypoxia in the macro and microvascular
responses to RSE ingestion.
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