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Diets rich in fruits and vegetables reduce risk of adverse cardiovascular events. However, the constituents responsible for this
effect have not been well established. Lately, the attention has been brought to vegetables with high nitrate content with evi-
dence that this might represent a source of vasoprotective nitric oxide. We hypothesized that short-term consumption of spin-
ach, a vegetable having high dietary nitrate content, can affect the arterial waveform indicative of arterial stiffness, as well as
central and peripheral blood pressure (BP). Using a placebo-controlled, crossover design, 27 healthy participants were randomly
assigned to receive either a high-nitrate (spinach; 845 mg nitrate/day) or low-nitrate soup (asparagus; 0.6 mg nitrate/day) for
7 days with a 1-week washout period. On days 1 and 7, profiles of augmentation index, central, and brachial BP were obtained
over 180 min post-consumption in 4 fasted visits. A postprandial reduction in augmentation index was observed at 180 min on
high-nitrate compared to low-nitrate intervention (-6.54 + 9.7 % vs. -0.82 + 8.0 %, p = 0.01) on Day 1, and from baseline on
Day 7 (-6.93 + 8.7 %, p < 0.001; high vs. low: -2.28 + 12.5 %, p = 0.35), suggesting that the nitrate intervention is not associ-
ated with the development of tolerance for at least 7 days of continued supplementation. High vs. low-nitrate intervention also
reduced central systolic (-3.39 + 5.6 mmHg, p = 0.004) and diastolic BP (-2.60 + 5.8 mmHg, p = 0.028) and brachial systolic
BP (-3.48 + 7.4 mmHg, p = 0.022) at 180 min following 7-day supplementation only. These findings suggest that dietary nitrate
from spinach may contribute to beneficial hemodynamic effects of vegetable-rich diets and highlights the potential of devel-
oping a targeted dietary approach in the management of elevated BP.
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Dietary Nitrate and Vascular Function

Hypertension is the most common primary diagnosis af-
fecting 970 million people worldwide [1]. Dietary and lifestyle
modifications represent the first line of therapy, with the
intent to delay or prevent medication-based control [2]. How-
ever, the effect of dietary approaches, their components, or
mechanisms of action have yet to receive appreciable atten-
tion through well designed clinical trials.

In recent years, considerable evidence has emerged to sup-
port dietary nitrate supplementation to increase nitric oxide
(NO) mediated vasodilation via the oxygen-independent path-
way and thereby affect arterial hemodynamics. Prospective
epidemiological cohort studies have shown that dietary pat-
terns rich in vegetables, particularly leafy greens such as those
found in the Mediterranean and Dietary Approaches to Stop
Hypertension (DASH) diets, are associated with a decreased
risk of cardiovascular disease (CVD), demonstrating reduction
in blood pressure (BP) comparable to starting doses of single
oral antihypertensive agents [3]. Hord et al. proposed that the
BP lowering effects of the DASH diet may be attributed to the
high-nitrate vegetables commonly associated with this inter-
vention [4], such as leafy greens and root vegetables. Among
the vegetables, spinach has been identified as one of the high-
est sources of dietary nitrate for humans [4].

While there is emerging clinical and observational data sup-
porting the role of acute nitrate ingestion in peripheral BF, there
are limited studies to date evaluating the effect of dietary ni-
trate on augmentation index (Al), a measure of arterial stiffness
and central BP through pulse wave analysis [5-7]. Evaluation of
parameters of the aortic pressure waveform, including cen-
tral pressure and arterial stiffness, have been demonstrated
to be more closely associated with cardiovascular endpoints
compared to the assessment of brachial BP [8]. Therefore, our
objectives were to evaluate whether consumption of spinach,
a high dietary nitrate source, over 7-days would affect an in-
dex of arterial stiffness and lower central and peripheral blood
pressures.

Healthy participants were recruited based on the following
inclusion criteria: 18-50 years of age; normal BP as defined by
INC 7 criteria [9]; BMI < 30 kg/m’; and exclusion criteria: seat-
ed brachial systolic/diastolic BP > 140/90 mmHg or diagnosed
hypertension; allergy or sensitivity to study materials; presence
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of gastrointestinal complications or conditions; use of medica-
tions or antibiotics within one month of study commencement
and self-reported presence of any major condition or illnesses.
All participants gave written informed consent prior to the
beginning of the study. All study protocols were approved by
the St. Michael's Hospital Research Ethics Board and the study
was conducted at the Risk Factor Modification Centre at St.
Michael's Hospital (Toronto, Canada). The trial was registered
on ClinicalTrials.gov identifier NCTO1604993.

Participants received either a high-nitrate or low-nitrate
(control) intervention for 7 days in a crossover fashion. Inter-
ventions were administered in the form of a soup meal pre-
sented in Table 1. The test meal was the spinach soup contain-
ing ~ 845 mg (13.63 mmol) of inorganic nitrate per serving/
day, whereas the control, asparagus soup had ~ 0.6 mg (0.01
mmol) of inorganic nitrate. Interventions were matched for
energy, carbohydrates, dietary fiber, protein, potassium, so-
dium content and volume, but differed in nitrate content. The
soups comprised of 250 g of spinach or asparagus, 260 g of
low-sodium chicken broth, 65 g of onion, 0.5 g of black pepper
and were prepared using a single vegetable batch to minimize
variability in nitrate concentration. Soup meals were blended
upon preparation with the addition of food-grade coloring to
match for appearance and texture and were frozen in single
meal portions of 500 mL using indistinguishable containers.
Level of nitrate was measured in thawed, prepared interven-
tions. Interventions were coded by a study independent blinder
who directly administered the soups during clinical visits. Par-
ticipants were not informed of the soup intervention and were
led to believe that both soups may be beneficial. During clinical
visits, participants were given 200 mL of water (45 mg/L or 0.73
mmol/L of nitrate) with each intervention.

The study was conducted in a randomized, controlled,
single-blinded, crossover design with two 7-day intervention
phases separated by at least 1 week to minimize carry-over
effects. Randomization was determined using a random num-
ber table. Participants attended the clinic on Day 1 and Day 7
of each intervention phase, following a 10-12 hour overnight
fast. Prior to the first clinical visit, participants were instructed
to maintain their usual lifestyle and dietary regimens while
keeping high-nitrate food intake to < 2 servings per day and
to avoid the use of mouthwash for the study duration. Their
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Composition of high-nitrate and low-nitrate interventions

Interventions
Ingredients

Composition
Calories, kcal
Carbohydrates, g
Fibre, g

Protein, g

Fat, g

Nitrate, mg
Nitrite, mg
Sodium, mg
Serving size, g

Volume, mL

Control”

Asparagus, low-sodium chicken broth,

onions, black pepper

Jovanovski E et al.

High-nitrate

Spinach, low-sodium chicken broth,
onions, black pepper

86 94
16 16
5 6
7 8

0.4 1.1
0.6 845

<0.1 0.1
730 730
556 556
500 500

Control is low-nitrate intervention.

compliance with these requirements was assessed using a
food frequency and lifestyle questionnaire. Anthropometric
measurements were taken upon arrival, after which partici-
pants remained quietly seated for > 10 minutes to achieve
resting heart rate. Baseline BP was performed in a seated po-
sition as per JNC 7 recommendations [9]; pulse wave analysis
was obtained in a supine position to assess Al and central BP.
The intervention was administered subsequently and partici-
pants were instructed to finish the intervention within 15 min-
utes. Baseline (0 minutes) vascular measurements were taken
to be the point at which the soup meal commenced. Subse-
quent vascular measurements were recorded at 60, 120, and
180 minutes post-consumption in the same order. Participants
remained seated and did not consume additional food or bev-
erages for the duration of the clinical visit. After a Day 1 visit,
participants received 5 frozen soup meals of the correspond-
ing intervention to be consumed at home, 1 soup daily, for
Day 2 to 6. On Day 7, participants returned for a clinical visit
where a protocol identical to Day 1 was repeated. Following a
> 1 week washout period, the same procedure was followed
using the alternate intervention.

All vascular measurements were performed in a darkened,
quiet, temperature-controlled room, were recorded in tripli-
cates, and the average was taken for subsequent statistical
analysis. Brachial BP was recorded following a 10 minutes
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seated resting period, on the dominant arm using an auto-
matic cuff oscillometric device (OMRON HEM-907, Omron
Healthcare, Kyoto, Japan). Central Al and BP were recorded in
a supine position at the radial artery obtained noninvasively
by applanation tonometry using pulse wave analysis (Sphyg-
moCor Vx, AtCor Medical, Sydney, AU). Measurements were
recorded at baseline (0 minutes) and 60, 120, and 180 minutes
following the intervention. Al measurements were recorded
in a continuous, steady state over a period of 15 seconds and
the same position was used for all subsequent measurements.
Only values with an operator index > 80% were included in
the analysis.

Central Al values were adjusted for 75 beats per minute (Al,;)
and were used in all analyses. Al,,, central BP and brachial BP
were plotted as change from baseline over 180 minutes on
Day 1 and Day 7. All statistical analyses were performed using
NCSS 2000 Statistical Software (NCSS, Kaysville, UT USA). The
data were checked for normality using the Shapiro-Wilk test.
Repeated measures analysis of variance (ANOVA) assessed the
interactive and independent effects of interventions on change
in Al,s (primary outcome measure), central BP, and brachial BP
from baseline measures between high-nitrate and control in-
terventions on Day 1 and Day 7. A value of p < 0.05 was used
to define significance. The data presented are expressed as
mean + standard deviation (SD), unless otherwise stated.
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Dietary Nitrate and Vascular Function

A total of thirty participants were to be recruited to detect
a 4.5 % unit difference in our primary outcome measure, Al
based on the preliminary data on intra-subject reproducibility
response (within subject SD of 5.6 %, at a two-sided 0.05 sig-
nificance level, 80% power and an attrition rate of 10%).

Participants

Twenty seven participants completed the study and were
included in the analysis (16 F: 11 M; age: 24.5 + 11 years; BMI:
22.8 + 3.7 kg/m’; SBP/DBP: 116/69 + 14/10 mmHg). Three par-
ticipants withdrew from the study due to time constraints. All
participants were compliant with the study protocols during
clinical visits and intervention phase. No changes in weight
(data not shown) or baseline BP were observed between study
days. Four participants in the high-nitrate intervention and 5
participants in the low-nitrate intervention reported symp-
toms of mild bloating. The side effects reported between the
two interventions were not statistically different relative to
each other (p > 0.05). No other adverse events were reported.

Effect on augmentation index

A significant treatment x time interaction was observed on
Day 1 for Al,; (p = 0.03, two-way ANOVA). On Day 1, there
was a reduction in Al,; following the high-nitrate interven-
tion with a maximum effect of -5.72 + 10.8 % at 180 minutes
relative to control (p = 0.01) and -6.54 + 9.7 % reduction
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relative to baseline (p = 0.002; Figure 1). Following 7 days of
intervention, the high-nitrate intervention produced a compa-
rable reduction on Al,s from baseline when compared to Day 1
(6.93 + 8.7 %, p < 0.001). However, on Day 7, the low-nitrate
intervention produced a similar effect to the high-nitrate
meal, with no differences between interventions (high vs. low-
nitrate: -2.28 + 12.5 %, p = 0.35; Figure 1). A significant reduc-
tion of Al,; on Day 7 compared to Day 1 was observed in the
low-nitrate intervention at 120 minutes (-4.55 + 10.3 %, p =
0.03), but not at 180 minutes (-3.83 + 10.4 %, p = 0.065; Table
2). The within subject coefficient of variation for Al,; was 16.6
%, in line with recently reported values [10].

Effect on central blood pressure

Relative to baseline, high-nitrate intervention significantly
reduced central SBP and DBP at 180 minutes on Day 1 (p =
0.001 and p = 0.048, respectively) and Day 7 (p = 0.001 and
p < 0.001, respectively; Table 2). High-nitrate intervention sig-
nificantly reduced end differences on central SBP (-3.39 + 5.59
mmHg, p = 0.004; Figure 2) and DBP (-2.60 + 5.81 mmHg, p
= 0.028) on Day 7 when compared to the low-nitrate control
(Table 2). A significant treatment x time interaction was ob-
served for central DBP on Day 7 (p = 0.024) only.

Effect on brachial blood pressure

Reductions in brachial SBP at 60 and 180 minutes were
observed in the high-nitrate meal relative to low-nitrate inter-
vention on Day 7 only (Figure 2). Compared to baseline, post-
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Figure 1. Mean change from baseline in Al,; (%) of high-nitrate versus low-nitrate intervention on (A) Day 1 and (B) Day 7 in 27 healthy
participants. Values are expressed as mean + SEM. An intervention x time interaction was observed on Day 1 (p = 0.03, repeated measures
ANOVA). *Significantly different from low-nitrate intervention as assessed by repeated measures ANOVA, p = 0.01.
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Mean vascular measurements at baseline and change from baseline in 27 healthy individuals over 180 minutes on Day 1
and Day 7 of a high-nitrate (spinach) intervention or low-nitrate (asparagus) control

Intervention (Day 1)

Outcome measures Time (min)
Low-nitrate  High-nitrate
Al,g, % 0 570+134  6.81+11.0
60 0.08 +6.9 -194+6.6
120 -0.04+6.5 -350+8.3
180 -0.82+80 -654+97"
Central SBP, mmHg 0 99.14 + 11.9 98.98 + 10.9
60 - 140+ 4.7 -0.72+56
120 -191+£55 -228+69
180 -192+56  -438+59"
Central DBP, mmHg 0 69.52 + 9.0 68.59 + 9.1
60 -257+50 0.31+5.3
120 -315+6.0 -1.28+6.8
180 -313+£62° -260+65"
Brachial SBP, mmHg 0 113.04+126  111.94+ 1.9
60 -2.02+6.2 -1.78+8.0
120 -0.57+6.0 -211+87
180 -074+73 -2.00+6.6
Brachial DBP, mmHg 0 68.52 + 8.4 67.20 + 8.6
60 -2.07+438 0.43+4.9
120 -274+59 -0.74+58
180 -391+5.5% -1.87+6.5

Intervention (Day 7)

p value Low-nitrate  High-nitrate p value
0.51 7.88 4 11.7 863+ 11.9 0.67
0.17 -116+53  -3.33+66 0.24
0.07 -459+78  -606+74 0.39
0.01 -465+95 -693+87" 0.35
0.89 9867+ 125  99.19+96 0.74
0.65 -044+46 -245+69 0.17
0.82 -245+64  -291+6.8 0.75
0.12 -066+47 -405+59" <0.01
0.48 69.07+84  69.55+74 0.71
0.05 -178+57  -117+54 0.71
0.28 -339+42  -208+6 0.20
0.75 -182+53  -443+47 0.03
0.39 112414134 112674102 0.87
0.88 081466  -324+71 0.02
0.47 -230+65 -322+96 0.66
0.45 139455  -209+6.4 0.02
0.36 68.48+84  68.09+6.8 0.76
0.11 -306+59  -117+56 0.28
0.20 -289+59 -239+55 0.71
0.21 -226+65 -420+53 0.13

Values are expressed as mean + standard deviation. Measured values at 60, 120 and 180 minutes are expressed as mean change from baseline values (0 min-
utes). p values are expressed as between treatments within the same day assessed by repeated measures ANOVA.
SBP: systolic blood pressure, DBP: diastolic blood pressure, Al,s: augmentation index adjusted for 75 beats per minute, SD: standard deviation.

*Signiﬂcantly different from baseline (p < 0.05).

prandial brachial DBP at 180 minutes was significantly lower
on Day 1 for the low-nitrate intervention (p = 0.001) and on
Day 7 for the high-nitrate intervention (p < 0.001). No other
differences were observed between and within interventions
(Table 2).

The present study investigated the effects of a 7-day con-
sumption of spinach as an inorganic nitrate source in a veg-
etable, on indices of arterial stiffness and hemodynamics in
healthy individuals.

The results demonstrated that high-nitrate spinach soup
administration, containing ~ 845 mg of nitrate, decreased
postprandial arterial stiffness measure by 6.93 + 8.7 % and
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reduced central SBP by 4.05 + 5.9 mmHg following 7 days of
administration. A consistent reduction in both Al,; and central
SBP relative to baseline were observed on the high-nitrate
intervention and it appears that the acute responses were
maintained following at least one week of continuous supple-
mentation.

Dietary sources of nitrate and their effects on vascular
health have received increased attention recently [11-14]. It
is suggested that dietary nitrate may contribute to anaero-
bic NO production, presumably through the nitrate-nitrite-
NO pathway as an alternative to the oxygen-dependent L-
arginine-endothelial NO synthase-NO pathway. The alternate
NO supply, the anaerobic process, may be especially important
in cardiovascular disease pathophysiology, characterized by
diminished blood and oxygen supply, where endothelial NO-
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Figure 2. Mean change from baseline in central systolic blood pressure on (A) Day 1 and (B) Day 7 and in brachial systolic blood pressure on (C)
Day 1 and (D) Day 7 after a high-nitrate or low-nitrate intervention in 27 healthy participants. Values are expressed as mean + SEM. Different
symbols denote a significant effect of high-nitrate compared to low-nitrate intervention as assessed by repeated measures ANOVA. “p = 0.004;

p =0.025; p = 0.022.

derived processes decline [15,16].

Spinach represents one of the highest dietary sources of
nitrate. To date, proposed associations of dietary inorganic
nitrate and NO generation were largely built on interventions
utilizing beetroots and beetroot derivatives as a vegetable
source of nitrate. The magnitude of brachial BP reductions
observed in single-administration trials, when adjusted for ni-
trate dose, was comparable to Day 1 of spinach administration
in the present study. In a recent study, single administration of
220 mg of nitrate from spinach did not acutely affect Al, but
significantly altered postprandial systolic BP. However the dose
administered was significantly lower than that used in this trial
and may account for the observed difference in effect [14].

The quantity of nitrate evaluated in previous trials ranged
from 220 to 1488 mg [14,17]. The dose of ~ 845 mg of nitrate
administered in the present study was based on quantities
that previously demonstrated efficacy and safety, and was se-
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lected to be in the range of those estimated in the participants
of the DASH diet, of up to approximately 1,222 mg per day [4].
This amount is significantly higher relative to the estimated
average nitrate intake of 60-120 mg/day (1-2 mmol/day) in
the US and Europe. Nonetheless, if supported by larger trials,
increasing daily nitrate load may have viable implications in
tailored dietary recommendations.

The most prominent effects on measured hemodynamic
indices were observed at 180 minutes, corresponding with the
pharmacokinetics of orally administered dietary nitrate. Webb
et al. found that after ingestion of a high nitrate product,
maximum blood pressure reduction occurred at ~ 2.5-3 hours
post consumption, which reflected peak nitrite concentra-
tions [18]. In fact, bioconversion of nitrate to nitrite by the oral
microbiota is needed to produce NO, which was found to be
ablated with the administration of an antibacterial mouthwash
or when saliva swallowing was abstained following a nitrate
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load [19].

Coincidentally, the Al,; response from the low-nitrate as-
paragus control on Day 7 was significantly higher compared to
that on Day 1 and was similar to the high-nitrate intervention.
The surprising effect introduces potential properties of aspar-
agus that have yet to be examined in humans. Asparagus of-
ficinalis has been used as a natural diuretic in Chinese cultures
[20], but the extent of its effect, mechanism of action and di-
uretic strength remain unclear in existing literature. Dartsch et
al. studied an equal combination of dried Asparagus officinalis
roots and parsley and observed dose-dependent stimulation
of the metabolism of kidney cells in vitro, yet was unable to
directly correlate this finding with increased water excretion
[21]. Negi et al. suggested that the 1.7% [22] steroidal saponins
found in asparagus appear to be the most biologically active
component of the vegetable [23]. Steroidal saponins have been
documented in literature to possess vasodilatory properties
[24] and may potentially account for the observed effects of
asparagus administration after one week, given their poten-
tial to modulate gene transcription factors. While asparagus
served as a negative control with respect to dietary nitrate
levels, it may have had attributes of a positive control, and its
potential vascular activity should be evaluated further.

The increased interest in central Al measures is based on
evidence from meta-analysis suggesting that it is an inde-
pendent predictor of cardiovascular events [25]. While our
intervention decreased a marker of arterial stiffness, Al,, it is
important to distinguish that arterial elasticity is determined
by the structural characteristics of the vessel wall, as well
as by the vascular smooth muscle tone. Therefore, given the
short term nature of the study design, it is plausible that our
observations were a factor of functional changes affecting
the vascular smooth muscle tone. The effect of our interven-
tion on SBP values support this notion. In addition, arterial
stiffness is, in part, determined by mean arterial pressure, thus
delineating the effects on Al,; above the effect attributable to
blood pressure reduction can be challenging.

With the potential of nitrate-rich dietary interventions af-
fecting hemodynamics and having a role in hypertension
management, some literature has raised concerns on the neg-
ative connotations in relation to dietary nitrate and increased
cancer risk. Dietary nitrate are reduced to nitrite by oral
bacteria, which may react with secondary or tertiary amines
(i.e. cheese and meat), forming N-nitroso compounds, a class
of carcinogenic substances [26]. However, no evidence from
chronic animal studies indicates that nitrate consumption is
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carcinogenic; in fact, nitrate from vegetable foods were as-
sociated with a decreased risk of cancer [26). The World Health
Organization Expert Committee on Food Additives maintains
that it is inappropriate to compare the exposure of nitrate
from vegetables, considering no data supports potential bear-
ing of nitrate within vegetable matrices on the bioavailability
of N-nitroso compounds [27].

There are several limitations to the present study. Compli-
ance was estimated using self-reported assessments only
and non-disclosure of compliance in order to conform to
study criteria is possible. Secondly, plasma nitrate levels were
not evaluated in this study; however, dietary nitrate from
both cooked and uncooked vegetables has been shown to be
absorbed very efficiently, resulting in an absolute nitrate bio-
availability of close to 100 %. Nonetheless, it would be inter-
esting to observe changes in baseline nitrate/nitrite values over
7 days [28]. Thirdly, this study cannot attribute the significant
shift in hemodynamics to a specific bioactive compound and
it is possible that other constituents of spinach can also exert
an effect. However, except for understanding the underlying
mechanism, this is not a limitation in our opinion, as spinach
will continue to be consumed as a nutrient dense vegetable
and is widely available in the whole form. Thus, understanding
the overall health effects of this dietary staple is important.
These results need to be confirmed in a longer term feeding
trial.

The present preliminary study has demonstrated promis-
ing potential for dietary nitrate to improve vascular health, as
seen by decreased arterial stiffness and central BP, which in
healthy individuals may be more accurate prognostic indica-
tors of cardiovascular health than brachial BP [8]. Overall, this
study provides support to the potential use of whole food,
un-concentrated dietary nitrate found in natural, commonly
consumed vegetables like spinach, as an effective way to aid
in maintenance of cardiovascular health. Development of such
strategies is needed to reinforce the interest of diet and life-
style modification as primary means for prevention and man-
agement of CVD.

This study was supported in part by the internal research
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