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ABSTRACT
Background: A diet rich in fruits and vegetables is associated with
lowering of blood pressure (BP), but the nutrient(s) responsible for
these effects remain unclear. Research suggests that inorganic nitrate
present in leafy green vegetables is converted into NO in vivo to
improve cardiovascular function.
Objective: In this study, we evaluated the effect of leafy green
vegetables on BP in subjects with elevated BP, with the aim of
elucidating if any such effect is related to their high nitrate content.
Design: We enrolled 243 subjects, 50–70 y old, with a clinic
systolic BP (SBP) of 130–159 mm Hg. After a 2-wk run-in period
on a nitrate-restricted diet the subjects were randomly assigned to
receive 1 of the following 3 interventions daily for 5 wk: low-
nitrate vegetables + placebo pills, low-nitrate vegetables + nitrate
pills (300 mg nitrate), or leafy green vegetables containing 300 mg
nitrate + placebo pills. The primary end point measure was the
difference in change in 24 h ambulatory SBP between the groups.
Results: A total of 231 subjects (95%) completed the study. The
insignificant change in ambulatory SBP (mean ± standard deviation)
was −0.6 ± 6.2 mm Hg in the placebo group, −1.2 ± 6.8 mm Hg
in the potassium nitrate group, and −0.5 ± 6.6 mm Hg in the leafy
green vegetable group. There was no significant difference in change
between the 3 groups.
Conclusions: A 5-wk dietary supplementation with leafy green
vegetables or pills containing the same amount of inorganic nitrate
does not decrease ambulatory SBP in subjects with elevated BP. This
trial was registered at clinicaltrials.gov as NCT02916615. Am J
Clin Nutr 2020;111:749–756.
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Introduction
High blood pressure (BP) affects more than 1 billion

adults worldwide and represents the leading risk factor for
cardiovascular disease (1). High-normal BP is defined as a

systolic BP (SBP) of 130–139 and/or diastolic BP (DBP) 85–
89 mm Hg and grade 1 hypertension as SBP 140–159 mm
Hg and/or DBP 90–99 mm Hg, according to guidelines from
the European Society of Cardiology (2). That definition was
recently reviewed by the American Heart Association, followed
by updated guidelines defining stage I hypertension as SBP 130–
139 and DBP 80–89 mm Hg (3). In addition to pharmacological
approaches, lifestyle changes, including increasing physical
activity and consuming a healthy diet, are important components
of prevention and management of hypertension (4). In the Dietary
Approaches to Stop Hypertension (DASH) trial, a diet rich in fruit
and vegetables was shown to decrease BP in healthy as well as
hypertensive subjects compared with a control diet low in fruit
and vegetables (5). Also, epidemiological studies have indicated
that within the vegetable food group, leafy green vegetables
provide the strongest protection against cardiovascular disease
(6–8). However, the active nutrient(s) responsible for these
beneficial effects remains to be elucidated.

Leafy green vegetables are naturally very rich in nitrate, an
inorganic anion previously claimed to have deleterious health
effects (9). Therefore, in order to minimize exposure to this
potentially toxic compound, the levels of nitrate in our food and
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drinking water are strictly controlled (10). However, more recent
research has shown that when ingested nitrate is converted in
blood and tissues to generate NO—a vasodilator and signaling
molecule of great importance for cardiovascular health (11). As
a first step in the nitrate-nitrite-NO pathway, nitrate is converted
to nitrite by anaerobic bacteria in the oral cavity (12). In the acidic
environment of the stomach, nitrite spontaneously forms NO,
while the part remaining intact is taken up into the small intestine
and enters the systemic circulation (13). Intriguingly, a number
of enzymes and proteins in blood and tissues have been shown to
reduce nitrite to NO (14). A substantial number of smaller trials
in healthy and hypertensive subjects have now shown that nitrate
has beneficial cardiovascular effects, including lowering of BP
(15–25). However, a larger controlled study looking at the effects
of dietary-derived nitrate on BP in subjects with elevated BP is
still lacking. Moreover, most previous studies have used either a
juice (often beetroot) or a nitrate salt to evaluate the effects of
nitrate. However, nitrate intake in the population derives mainly
from various leafy green vegetables. It would therefore be of
importance to use this food group in a controlled clinical study as
the results may influence dietary recommendations for this large
patient group.

We hypothesized that leafy green vegetables, due to their high
nitrate content, would reduce BP in hypertensive patients. The
present study is a single-site, randomized, placebo controlled
clinical trial comparing the effects on BP of leafy green
vegetables with those of low-nitrate vegetables or a nitrate salt.
Inclusion of the group receiving a nitrate salt enabled us to
determine if a similar reduction in BP occurred in both nitrate
groups, which would pinpoint this anion as the active ingredient.

Methods
The study subjects were 50–70-y-old women and men with

a clinical SBP of 130—159 mm Hg and DBP <110 mm Hg,
recruited in Stockholm, Sweden. Exclusion criteria included a
cardiovascular event within the previous 6 mo, change in dose
of antihypertensive medication within the previous 2 mo, or
use of organic nitrates or proton pump inhibitors. Also, persons
who were vegetarian, vegan, or allergic to any of the vegetables
included in the study protocol could not be enrolled. Subjects
were allowed to continue taking their BP medication during
the trial. A detailed list of inclusion and exclusion criteria is
presented in Supplemental Table 1. The study was approved by
the local research ethics committee in Stockholm and performed
according to the declaration of Helsinki. Subjects gave their
written informed consent before inclusion in the study.

Study design

The study (registered at clinicaltrials.gov as NCT02916615)
was randomized, placebo controlled, and single blinded. The
investigators were unaware of the randomly assigned groups.
The participants were unaware of which type of diet was rich
in nitrate. The study was performed at Karolinska University
Hospital, Department of Cardiology Clinical Research Unit,
between September 2014 and December 2018.

The study comprised 3 phases: screening, run-in, and inter-
vention. Subjects were recruited through advertisements in local

newspapers. The screening included 1 telephone screening and
2 visits at the clinic. At each screening visit, clinic BP was
measured by a biomedical analyst or dietitian with an automatic
Omron M10-IT BP monitor (Omron Corporation) after 5 minutes
of rest in a seated position. Clinic BP was measured 3 times
and the means of the second and third readings were used
to determine BP. At the second screening visit, subjects filled
in questionnaires regarding physical activity, tobacco use, and
alcohol consumption. They were also instructed to perform a 3-
day food record using the Riksmaten method (web based), which
has been described previously (26). Subjects with a clinical SBP
of 130–159 mm Hg and DBP < 110 mm Hg at the second
screening visit were included in the study.

In the 2-wk run-in phase all subjects were given low nitrate
vegetables (carrots, bell peppers, cherry tomatoes, and sweet
corn) to be consumed twice daily together with main meals
and instructed to avoid all other vegetables in their diet during
the entire study period. At the end of the run-in period a
24 h urine sample was collected and 24 h BP monitoring
was performed using WatchBP® O3 (Microlife Corporation,
Switzerland), validated by the European Society of Hypertension.
The monitor was programmed for reading every 30 minutes. In
the morning before the 24 h BP measurement fasting blood-
and saliva samples were collected and clinic BP was measured.
The urine, plasma, and saliva samples were stored at −80 C◦

until nitrate and nitrite were measured using a high- performance
liquid chromatography (HPLC) system (ENO-20; EiCom) as
previously described (27).

The intervention phase started with randomization (n = 9 in
each block) to one of 3 groups: low nitrate vegetables + placebo
pills (potassium chloride, twice daily), low nitrate vegeta-
bles + nitrate pills (150 mg nitrate in the form of potassium
nitrate, twice daily) or leafy green vegetables (amount adjusted to
contain 150 mg nitrate, twice daily) + placebo pills. A research
nurse was responsible for the randomization protocol. The
subjects were instructed to take a pill with their given vegetables
2 times daily. The groups receiving low nitrate vegetables were
double blinded and the leafy green vegetables group was single
blinded, i.e., the investigators knew that they were given a
placebo pill. The nitrate content in the leafy green vegetables
was measured 4 times each year using a chemiluminescence
method described in detail earlier (28). The exact amount of
vegetables given to the patients was adjusted so as to ensure
a daily intake of 300 mg (2 × 150 mg) nitrate. The amount
(weight) of vegetables was matched in the 3 groups. Vegetables
were delivered from a local grocery store during the whole study
period. The intervention phase lasted 5 wk with weekly visits at
the hospital for clinic BP and to collect the weekly quantity of
vegetables. Subjects reported weekly if vegetable or pill intake
had not been according to protocol. In the last week of the
intervention phase 24-h urine collection, 24-h BP monitoring, and
blood and saliva sampling, as well as the questionnaires and 3-
day food record were repeated.

Flow mediated dilation (FMD) was performed because intake
of nitrate has previously been shown to affect this cardiovascular
parameter (29–31). In subgroups from the 3 interventions
(n = 14–15 in each group), FMD was performed at baseline
and after interventions. The brachial artery of the nondominant
arm was used for determination of FMD. A cuff was placed
around the upper forearm and inflated to 30 mm Hg above SBP
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TABLE 1 Characteristics of the subjects in the 3 study groups1

Group

Placebo
(n = 78)

Potassium nitrate
(n = 77)

Leafy green vegetables
(n = 76)

Age, y 63 ± 5.6 62 ± 5.5 63 ± 5.2
Females, n 42 38 42
Weight, kg 75.8 ± 14.2 79.5 ± 13.9 76.8 ± 13.5
BMI, kg/m2 25.4 ± 3.6 26.6 ± 3.6 26.1 ± 3.1
Physical activity, min/wk

Low-level exercise (walks, cycling, gardening) 395 ± 332 375 ± 298 431 ± 320
Intensive exercise (running, gymnastics, ball sports) 150 ± 113 165 ± 163 117 ± 73
Daily tobacco use, n 10 5 9
Excessive alcohol consumption,2 n 5 1 3
Energy intake,3 kcal/d 2102 ± 654 1958 ± 514 1833 ± 703
Vegetable intake,3 g/d 183 ± 125 145 ± 77 180 ± 108

Ambulatory BP, mm Hg
SBP 130.9 ± 9.7 133.2 ± 10.9 129.8 ± 10.3
DBP 78.0 ± 6.4 79.4 ± 7.1 77.9 ± 7.2
PP 52.9 ± 7.7 53.7 ± 7.5 52.0 ± 7.3
HR, beats/min 68.3 ± 8.3 67.7 ± 8.1 68.3 ± 8.9
BP medication, n 34 30 39
≥2 BP medications, n 8 8 15

1Values are presented as means ± SDs unless otherwise indicated. Nominal data were analyzed with Fisher’s exact test and continuous normally
distributed data with 1-factor ANOVA. There were no significant group differences at baseline. BP, blood pressure; DBP, diastolic blood pressure; HR, heart
rate; PP, pulse pressure; SBP, systolic blood pressure.

2Females ≥10 and males ≥15 standard drinks/wk.
3Based on a 3-d food record; n = 35, 34, and 35, respectively.

or 200 mm Hg for 5 min. After deflation of the cuff, the diameter
of the brachial artery was recorded for 3 min during hyperemia.
FMD was calculated as a percentage increase in diameter from
baseline. A detailed description of the method has been published
previously (32).

Outcomes

The primary outcome measure was the difference in change
in 24 h SBP between the intervention groups. A change in BP
was the difference between BP before and after the intervention
period. Secondary outcome measures were the differences in
change in 24 h DBP, clinic BP, ambulatory BP during daytime
(08:00 to 22:00) and night-time (22:00 to 08:00) and FMD.

Statistical analysis

The Dietary Nitric Oxide (DINO) study was designed to
investigate if a daily intake of leafy green vegetables lowers BP
in people with elevated BP and to test the following hypothesis:
300 mg nitrate provided by leafy green vegetables or pills will
lower 24 h SBP compared with intake of low nitrate vegetables
and placebo pills. To achieve balance in the allocation to the 3
groups, a block design for random assignment was made by a
statistician. The software used for random assignment was Stata
version 13 (StataCorp), and the number generator was KISS.
Each block contained 9 observations, 3 per treatment arm. A
prestudy power calculation was performed and a sample size of
60 subjects per group was estimated to provide > 80% power to
detect a 3–mm Hg difference in change in SBP among groups by
using unpaired comparisons. SDs used were estimated from the
largest study at the time on the effects of nitrate on 24-h SBP in

hypertensive patients (16). The assumptions for ANOVA were
tested. The D’Agostino–Pearson omnibus normality test was
used to test for normality. Between-group differences in baseline
data, change in BP, and FMD were analyzed with 1-factor
ANOVA followed by Bonferroni post hoc analysis. Fisher’s
exact test was used for nominal baseline data. The level of the
significance was set at P < 0.05. Change in BP was not included
if postintervention data were missing. Within-group comparison
was analyzed with 2-factor repeated measures ANOVA followed
by Bonferroni post-hoc analysis. Weekly SBP and DBP were
analyzed with a linear mixed model. The models contained
indicator variables for the treatment groups, indicator variables
for the visits, interaction terms between groups and visits, and a
normally-distributed random intercept for each subject.

Statistical analyses were performed with Stata version 15
(StataCorp) and PRISM 6 software (Graph Pad). All data are
presented as means ± SDs.

Results

Baseline and descriptive data

A total of 1010 subjects were initially screened for BP and
243 were randomly assigned after completion of the 2 screening
visits and a 2-wk run-in period. Of these, 231 completed the study
(122 women and 109 men). Baseline characteristics are described
in Table 1 and a participant flow chart is presented in Figure 1.

Adherence

The amount of vegetables given to ensure a daily intake of
300 mg nitrate (2 × 150 mg) in the leafy green vegetables group
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FIGURE 1 Participant flow chart. Reasons for exclusion during the intervention were increasing BP (n = 1), swelling and flushing in the face (n = 1), not
wanting to continue (n = 3), diarrhea (n = 3), and starting new medication during the study (n = 4). BP, blood pressure.

varied between 98 and 184 g (mean 123.9 ± 24.8 g). The self-
reported compliance to the vegetable and pill intake was >97%
for vegetables and > 98% for pills in all groups.

Plasma and urinary nitrate and nitrite

Detailed information of nitrate and nitrite in plasma, urine,
and saliva are presented in Table 2, and other laboratory data are
presented in Supplemental Table 2. Baseline nitrate and nitrite in
plasma and urine were similar in all 3 intervention groups. Plasma
nitrate increased significantly in the potassium nitrate group
and in the leafy green vegetables group after the intervention
(P < 0.0001) and remained unchanged in the placebo group.
(P > 0.99). Plasma nitrite concentrations were significantly
increased only in the potassium nitrate group (P = 0.048) and
not in the leafy green vegetables group (P = 0.115). Consistent
with the plasma nitrate, 24-h urinary excretion of nitrate increased
(P < 0.0001) after intervention in the potassium nitrate and leafy
green vegetables groups but was unchanged in the placebo group
(P > 0.99). Excreted nitrate corresponded well with the given
dose of nitrate in the potassium nitrate group and leafy green
vegetables group (254 and 303 mg, respectively), consistent
with the endogenous recycling of bioactive NO and nitrite
back to nitrate. Salivary nitrate and nitrite were also increased

significantly (P < 0.0001) in the groups receiving nitrate and
remained unchanged in the placebo group. Postintervention
effects on plasma, saliva, and urine nitrate and nitrite are
presented in Supplemental Figure 1.

Blood pressure

Differences in changes between the groups in 24-h ambulatory
and clinic SBP and DBP are presented in Figure 2. The changes
in 24-h SBP after intervention were −0.6 mm Hg in the placebo
group, −1.2 mm Hg in the potassium nitrate group, and −0.5 mm
Hg in the leafy green vegetables group, and the changes in the
24-h DBP in these groups were 0.4, −0.8, and 0.4 mm Hg,
respectively. Between-group comparisons with 1-factor ANOVA
showed that there were no significant differences in changes in
ambulatory SBP (P = 0.762) or ambulatory DBP (P = 0.145).
Changes in clinic SBP were −1.3 mm Hg for the placebo group,
−4.3 mm Hg for the potassium nitrate group, and −1.7 mm
Hg for the leafy green vegetables group. Changes in clinic
DBP in these groups were 0.2 mm Hg, −1.1 mm Hg, and
−0.7 mm Hg, respectively. Ambulatory 24-h BP and clinic
BP before and after intervention are presented in Table 2. In
the potassium nitrate group there was a significant decrease in
clinic SBP (P = 0.002) after the intervention. There was no
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TABLE 2 BP and nitrate and nitrite concentrations in plasma, saliva, and urine before and after interventions1

Group

Placebo Potassium nitrate Leafy green vegetables

Pre Post Pre Post Pre Post

Nitrate
Plasma, μmol/L 31.2 ± 18.9 32.0 ± 20.2 30.6 ± 12.7 104.8 ± 52.44 30.4 ± 11.6 113.6 ± 57.95

Saliva, μmol/L 285.7 ± 449 314.5 ± 596 412.4 ± 432 1802 ± 16335 321.6 ± 353 1557 ± 14635

Urine, μmol/L 512.5 ± 296 526.2 ± 320 581.6 ± 291 2593 ± 11755 525.9 ± 297 2843 ± 11675

Excreted, mg/d 51.3 ± 23.1 53.0 ± 43.5 58.1 ± 30.1 253.6 ± 86.75 54.0 ± 29.7 302.5 ± 127.05

Nitrite, μmol/L
Plasma 0.34 ± 0.25 0.33 ± 0.28 0.36 ± 0.22 0.46 ± 0.382 0.39 ± 0.33 0.48 ± 0.45
Saliva 147.1 ± 192 157.7 ± 160 189.6 ± 185 604.0 ± 6335 185.7 ± 214 498.5 ± 6485

24-h ambulatory BP, mm Hg
SBP 130.9 ± 9.7 130.4 ± 9.9 133.2 ± 10.9 132.0 ± 11.2 129.8 ± 10.3 129.3 ± 10.8
DBP 78.0 ± 6.4 78.5 ± 7.4 79.4 ± 7.1 78.6 ± 7.3 77.9 ± 7.2 78.3 ± 7.3
PP 52.9 ± 7.7 51.9 ± 6.7 53.7 ± 7.5 53.4 ± 7.0 52.0 ± 7.3 51.0 ± 7.5
HR, beats/min 68.3 ± 8.3 69.7 ± 8.6 67.8 ± 8.1 67.8 ± 7.7 68.3 ± 8.9 68.6 ± 9.5

Daytime ambulatory BP (08:00–20:00), mm Hg
SBP 136.7 ± 9.9 135.3 ± 9.8 138.0 ± 11.5 137.4 ± 11.7 135.0 ± 10.5 134.9 ± 11.5
DBP 82.4 ± 6.9 82.4 ± 7.7 83.4 ± 7.4 82.5 ± 7.7 82.0 ± 7.6 82.5 ± 8.3
PP 54.4 ± 8.3 52.9 ± 7.02 54.6 ± 7.9 54.7 ± 7.7 53.1 ± 7.6 52.3 ± 7.7
HR, beats/min 71.5 ± 8.9 72.9 ± 9.21 70.7 ± 8.7 70.5 ± 8.1 71.0 ± 9.6 71.4 ± 9.8

Night-time ambulatory BP (20:00-08:00)
SBP, mm Hg 119.3 ± 11.3 120.4 ± 12.6 123.1 ± 11.7 120.8 ± 12.4 118.9 ± 13.2 118.5 ± 12.3
DBP, mm Hg 69.2 ± 7.1 70.1 ± 9.2 71.2 ± 8.1 70.0 ± 8.2 69.5 ± 8.1 69.8 ± 7.4
PP 50.1 ± 7.8 50.3 ± 7.4 51.9 ± 7.2 50.8 ± 7.1 49.5 ± 8.3 48.9 ± 8.3
HR, beats/min 62.1 ± 8.4 63.1 ± 8.5 61.6 ± 8.2 61.9 ± 8.8 62.5 ± 8.5 63.1 ± 10.2

Clinic BP, mm Hg
SBP 135.1 ± 10.4 133.9 ± 10.2 139.5 ± 11.9 135.2 ± 11.13 133.7 ± 10.1 131.9 ± 9.6
DBP 88.8 ± 7.9 88.9 ± 8.6 91.4 ± 8.0 90.3 ± 8.6 88.2 ± 8.3 88.2 ± 7.2
PP 46.4 ± 9.0 45.0 ± 8.5 48.2 ± 9.6 44.9 ± 8.94 44.9 ± 8.9 43.8 ± 8.1
HR, beats/min 67.2 ± 9.2 68.3 ± 11.1 68.3 ± 10.4 68.2 ± 9.1 66.5 ± 10.1 65.3 ± 10.5

1All values are presented as means ± SDs. Within-group comparison were analyzed with repeated measures 2-factor ANOVA followed by Bonferroni
post hoc analysis. BP, blood pressure; DBP, diastolic blood pressure; HR, heart rate; PP, pulse pressure; Post, postintervention values; Pre, preintervention
values; SBP, systolic blood pressure.

2Significantly different from pre value, P < 0.05.
3Significantly different from pre value, P < 0.01.
4Significantly different from pre value, P < 0.001.
5Significantly different from pre value, P < 0.0001.

significant difference between the groups in weekly clinic BP
during the 5-wk intervention (95% CI: −7.78, 12.45; P = 0.650)
(Supplemental Figure 2 and Supplemental Table 3).

Flow-mediated dilation

Complete FMD results are presented in Supplemental Figure
3. FMD at baseline was 3.4 ± 3.3% in the placebo group,
4.2 ± 3.6% in the potassium nitrate group, and 4.1 ± 3.2%
in the leafy green vegetables group, and FMD was unchanged
(P < 0.05) in all groups after the intervention period, with
postintervention values of 4.7 ± 2.1%, 4.2 ± 3.5%, and
3.2 ± 3.0%, respectively.

Discussion
In the DINO study, we investigated if leafy green vegetables

or 300 mg nitrate via intake of potassium nitrate lowered 24-
h ambulatory SBP in subjects with elevated BP. The protocol
was well tolerated by study participants, and the drop-out

rate was low (<5%). Analysis of plasma nitrate and urinary
nitrate excretion confirmed excellent compliance and showed
that nitrate intake and systemic uptake were nearly identical in
the 2 groups receiving supplemental nitrate. If there had been a
similar effect on BP in the 2 groups, the exact matching of the
nitrate content in the pills to the content in the vegetables would
have enabled us to pinpoint nitrate as the responsible substance.
However, we found that the 24-h ambulatory BP did not change
significantly in any of the 3 groups during the intervention,
suggesting that the dose of nitrate achievable through normal
intake of vegetables is insufficient to affect this cardiovascular
parameter. A broader conclusion from these data is that intake
of leafy green vegetables does not provide any reduction in
BP compared with a mixture of other commonly consumed
vegetables.

The dose of 300 mg nitrate per day was carefully chosen, with
the main focus on what is readily achievable from a normal diet.
We were also aiming for a daily overall vegetable intake close to
what is seen in the general population. To achieve this the subjects
were given a daily total of 98–184 g leafy green vegetables
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FIGURE 2 Difference in change in 24-h ambulatory systolic BP (A and B) and clinic BP (C and D) after a 5-wk intervention period. The placebo group
(n = 78) received low-nitrate vegetables and placebo pills, the potassium nitrate group (n = 77) received low-nitrate vegetables and 300 mg nitrate through
potassium nitrate pills, and the leafy green vegetables (n = 76) group received 300 mg nitrate through nitrate-rich vegetables and a placebo pill. Statistical
analysis was performed with 1-factor ANOVA. There was no difference in change between the groups in 24-h ambulatory or clinic BP. All values are presented
as means ± SDs. ASBP, ambulatory systolic blood pressure; BP, blood pressure.

or corresponding low-nitrate vegetables, which is close to the
average overall intake of vegetables in Sweden (169 and 182 g
for men and women, respectively) (33). Indeed, mean reported
intake of vegetables at baseline in this study population (Table 1)
was in the same range. However, the amount of nitrate achievable
from vegetables in a nonprocessed form did not affect ambulatory
SBP. The result of this study conflicts with the effects of a
number of smaller trials that have shown effects of nitrate on
BP in both healthy volunteers and hypertensive patients (15–
25). Typically, nitrate has been given in the form of a vegetable
juice or as a salt. In a placebo-controlled study by Kapil and
colleagues in 64 hypertensive subjects, supplementation with
beetroot juice containing 340 mg nitrate daily for 4 wk led to
a reduction (−7.7 mm Hg) in 24-h ambulatory SBP (16). In a
more recent crossover study (n = 27) in a comparable patient
group supplemented with 800 mg nitrate per d, again via beetroot
juice, a reduction in 24-h SBP was not reproduced (34). In the
later study, the nitrate dose was more than twice the dose used by
Kapil and colleagues, which may indicate that there is a range in
which nitrate is effective, with both too high and too low nitrate
doses giving no effect. In addition, the study using a higher dose

was only 1 wk in duration, which may have been too short to see
effects.

A possible mechanism for a lack of an effect with a high
dose of nitrate could be the existence of a crosstalk, i.e.,
formation of nitrogen oxides from the nitrate interfering with
endogenous vascular NO generation from eNOS. Indeed, this
phenomenon has been described in rodents given high doses
of nitrate in their drinking water (35). Another reason for
discrepancies between different studies regarding nitrate effects
could be related to the different sources of nitrate used. In
the current study, we used leafy green vegetables and sodium
nitrate pills, whereas in many other studies, including the positive
study by Kapil et al. mentioned above, beetroot juice was
used as the nitrate source. Theoretically, there might be an
additive effect of nitrate and some other compound in beetroot
juice, or alternatively, the opposite situation—some compound
in leafy green vegetables that attenuates the nitrate effects.
However, although we cannot fully exclude these explanations,
they still seem unlikely given the fact that we used potassium
nitrate alone in 1 group and still saw no measurable effect in
ambulatory BP.
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There are some other possible reasons why nitrate did not
lower BP in the current study. First, the chosen dose (300 mg)
of nitrate might have been too low, although 240 mg has been
reported as a threshold for a clinically relevant BP-lowering effect
of nitrate (24). Second, it is possible that nitrate would have had
an effect in a population with higher BP, although effect size was
not found to be associated with baseline BP values in a recently
published meta-analysis (36). On the other hand, the authors of
this analysis argued that nitrate appears to be less effective to
reduce SBP in people >60 y of age (36). A third reason might
have been inefficient bioactivation of nitrate, which includes
reduction of nitrate to nitrite by oral bacteria followed by further
metabolism of nitrite to NO and other nitrogen oxides in the
stomach (37) and in blood and tissues (11). The latter is unlikely,
however, since we did control for all parameters known to affect
nitrate bioactivation, including use of antibacterial mouthwash
(38–39), antibiotics, proton pump inhibitors, organic nitrates,
and urate-lowering drugs. Moreover, salivary concentrations of
nitrite increased greatly in the nitrate groups, demonstrating
effective bacterial nitrate reduction. Plasma nitrate showed
significant and similar increases in the groups receiving nitrate,
but plasma nitrite was significantly elevated only in the potassium
nitrate group while being nearly significantly increased in the
subjects receiving high-nitrate vegetables. This finding is not
particularly surprising, however, considering that plasma samples
were taken after overnight fasting and thereby long after the
peak in plasma nitrite concentrations that follows nitrate intake.
At this time point vascular NO synthase likely represents
the dominant source of circulating nitrite. Finally, we cannot
fully exclude that the study might have been underpowered
to detect subtle differences between the groups. Even though
the number of participants exceeded the sample size that
was calculated in the prestudy power analysis, our data in
the actual study varied more than the data in the analysis.
However, the within-group numerical changes and between-
group values for 24-h SBP (primary outcome measure) did not
exceed 1.2 mm Hg. A difference, even had it been statistically
significant in larger study groups, would still be of minor clinical
importance.

The strengths of our trial include what is to our knowledge the
largest group of subjects tested to date, and they were followed
for a 5-wk period preceded by a 2-wk run-in period before
random assignment to study groups. Moreover, the matching of
the nitrate dose in subjects receiving the high-nitrate vegetables
and those receiving the potassium nitrate pill enabled us to
pinpoint the contribution from inorganic nitrate to any observed
effects on BP. Also, by giving every subject a pill (KCl or
KNO3), we were able to compare the results in a blinded
way. The weekly visits by study participants to a single-site
research clinic where they underwent BP measurements and
received a collection of new fresh vegetables likely contributed
to the excellent compliance and low drop-out rates. Also, the
combination of 24-h ABP measurements with weekly office
measurements makes overall interpretation of BP data maximally
reliable.

In conclusion, our results show that intake of 300 mg nitrate
daily via either leafy green vegetables or a nitrate supplement
for 5 wk does not lower BP in subjects with high-normal and
grade I hypertension compared with intake of a control diet low in
nitrate.
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