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Context: Inorganic nitrate is an exogenous source of nitric oxide, an established
regulator of vascular homeostasis via the nitrate-nitrite-nitric oxide pathway. Here,
we evaluate the impact of inorganic nitrate on endothelial function, a risk factor
for cardiovascular disease.

Objective: A systematic review of the existing literature and meta-analysis was
performed. Trials testing inorganic nitrate compared with a control were selected
and the change in forearm endothelial function (as assessed by flow-mediated
dilatation [FMD]) were included.

Data Sources: The following databases were searched: Medline, Web of Science,
and Scopus.

Data Extraction and Analysis: Standardized mean differences in %FMD were
pooled using a random-effects model and 13 studies were included in the analysis.
Quality assessment was performed using the Cochrane risk-of-bias score.

Results: Inorganic nitrate was associated with improved A%FMD compared with
the control; the standardized mean difference was 1.48% (95% Cl: 0.70%—2.27%;
P < 0.01); high heterogeneity (F = 98.2%) was observed. The significant effect
observed remained irrespective of dose (£600mg nitrate), duration (acute or
chronic consumption), health status (+ health conditions), and type of nitrate (diet-
ary or nondietary). Notably, acute studies had a greater FMD response than chronic
studies (1.93% [95% Cl: 0.71%-3.15%] vs 0.90% [95% CI: 0.48%—1.31%]). More
than half of the studies reviewed showed low risk of bias; the rest of the studies
were classified as “some concern” due to lack of information about randomization
process and lack of prespecified analysis plans.

Conclusion: Our results show that, from a modest number of included trials, inor-
ganic nitrate consumption improves FMD response by more than 1%, a clinically
relevant magnitude for the prevention of cardiovascular disease.

Systematic Review Registration: PROSPERO registration no. CRD42020191832.

Key words: inorganic nitrate, beetroot, endothelial function, flow-mediated dilation, FMD, cardio-
vascular disease.
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INTRODUCTION

Cardiovascular disease (CVD) remains one of the major
causes of global mortality and its burden continues to
increase globally." Modifiable behaviors, such as diet,
could play a key role in cost-effective public health strat-
egies to reduce the risk of CVD. It is widely accepted
that dietary approaches, such as the Dietary Approaches
to Stop Hypertension (DASH) or Mediterranean diet,
reduce CVD risk,” but understanding more about the
actions of individual components of these diets is
imperative to make more-specific recommendations.
Inorganic nitrate, which is high in green vegetables and
beetroot, is likely to contribute to some of the beneficial
effects observed with these dietary patterns.

The consumption of high-nitrate foods provides an
exogenous source of nitric oxide (NO) via the nitrite-
nitrate-nitric oxide (NO) pathway, whereby nitrate
enters the entero-salivary circulation and is reduced to
nitrite by commensal bacteria in the mouth.>* This
nitrite enters the circulation where it is reduced further
to NO.>® It is well established that NO is a vasodilator
and there is a growing body of evidence that shows that
consumption of inorganic nitrate reduces blood pres-
sure (BP) by approximately 4 mm Hg,” which is akin to
many antihypertensive medications,” demonstrating
true potential for reducing CVD risk. The impact on
other CVD risk factors is less established, although there
is some evidence for a reduction in platelet aggrega-

9,10 11,12
and

tion and reduction in arterial stiffness
improvement in vascular structure and function."?
Although not regularly used in clinical practice, endo-
thelial function, typically performed by flow-mediated
dilatation (FMD), is an important predictor of CVD
risk and prognosis.'*

Herein, we present a systematic review and meta-
analysis of randomized controlled trials (RCTSs) investi-
gating the efficacy of inorganic nitrate on endothelial
function measured by FMD in adults. An investigative
subanalysis is presented assessing the impact of dura-
tion of intervention, dose of nitrate, health status of par-

ticipants, and the source of nitrate.

Table 1. PICOS Criteria for Inclusion and Exclusion of Studies

METHODS

This systematic review and meta-analysis was con-
ducted according to the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses)
guidelines.'”” The protocol is published in the
International Prospective Register of Systematic reviews
(PROSPERO ID: CRD42020191832). The research
question, structured according to the PICOS
(Participants, Intervention, Comparison, Outcome, and
Study design) framework, is outlined in Table 1.

Eligibility Criteria

The publications considered for inclusion in this review
were RCTs in adult (>18 years) male or female human
participants. Trials in participants with and without
health conditions were included. Only trials that tested
the impact of inorganic nitrate in either dietary (eg,
beetroot, spinach, or lettuce) or nondietary (eg, sodium
nitrate or potassium nitrate) forms versus a control
were included. Trials were only included if an outcome
was endothelial function and change in percentage
flow-mediated dilatation (%FMD) was presented
(before vs after intervention) or could be calculated.
Only trials that measured FMD at the brachial artery
were included. Studies that co-administered nitrate with
another intervention (eg, exercise, another dietary
source, or drugs) were excluded. Trials that were not
randomized or had no control were excluded; similarly,
observational (eg, cross-sectional and cohort trials)
were not included in this review. Trials were excluded
where data were missing and could not be obtained
from the authors. Subanalyses were classified in terms
of the following: health status (healthy, with health con-
ditions [eg, hypertension, diabetes, overweight/obese]),
study duration (acute, defined as postprandial, single
dose and/or <24 h in duration, or chronic), interven-
tion type (nondietary or dietary sources of nitrate),
inorganic nitrate dosage (low, >600mg; high,
<600mg), and participants’ age (<50years and >50
years). Where necessary, participants of the studies were
classified by considering the following characteristics:

Parameter Inclusion criteria

Exclusion criteria

Population
without health conditions
Intervention
(dietary or supplement forms)

Adult males and females (>18 y) with or

Oral administration of inorganic nitrate

Population aged <18y

Research studies that investigated the
action of drug-related products

Comparator Nitrate-free control —
Outcomes Assessment of endothelial function by —
flow-mediated dilatation (FMD) on the
brachial artery
Study design Randomized controlled trials Cohort and observational studies
2 Nutrition Reviews® Vol. 00(00):1-11
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body mass index (BMI; <30, >30 kg/m?) systolic BP
(<140, >140 mmHg), diastolic BP (<90, >90 mmHg),
and age (=50, <50 years). The age cutoff of 50 years was
chosen because it generally aligns with the onset of age-
related cardiovascular risk factors. After the age of 50,
the prevalence of CVD and endothelial dysfunction
increases, likely due to changes in vascular physiology,
hormonal shifts (especially in postmenopausal women),
and accumulated lifestyle factors. The nitrate amount of
600 mg was chosen as it represents twice the effective
dose commonly recognized in the literature. This level
was selected to ensure a pronounced physiological
response, while also highlighting the challenges of
achieving such an intake through a typical diet. For
instance, reaching this amount would require consum-
ing approximately 5 portions of beetroot, which may
not be practical for most individuals.

Information Sources and Search Strategy

Three databases—Medline, Web of Science, and
Scopus—were used to systemically identify relevant
publications. Studies published before February 2023
were included and the review was restricted to studies
published in English. Where data were missing, authors
were contacted. Reference lists of the relevant articles
were searched to check any potential additional
studies that were not be found by the search
strategy. Auto filters were used in terms of text availabil-
ity (full text) article type (RCTs), and language
(English).

Predefined terms were used for the search, using
MeSH (Medical Subject Heading) terms where appro-
priate. Search terms included inorganic, nitrate, beet-
root, endothelial, FMD, nitric oxide, NO, and vascular
and search algorithms were created with specific build-
ing blocks (Boolean terms and truncation details of the
search algorithm are presented in Table S1).

Study Selection

Articles were assessed for eligibility by 2 authors inde-
pendently (B.C. and E.M.). In the first phase, titles and
abstracts were screened and those articles that poten-
tially met the inclusion criteria were moved to phase 2,
where full texts were reviewed. In the case of disagree-
ment between reviewers in phase 1, the articles in ques-
tion were moved to phase 2 by default. Where
disagreement was at full-text review (phase 2), a third
reviewer (C.E.M.) reviewed the articles and a decision
was reached by consensus.

Nutrition Reviews® Vol. 00(00):1-11

Data Extraction

For each eligible trial, the following study characteristic
details were extracted into a table: publication year,
name of the first author, information of participants
(sex, age, weight, BMI, health condition), design of the
study (eg, parallel or crossover details of washout peri-
ods), intervention dose, duration, type of intervention,
and control/placebo. In acute trials where FMD was
measured multiple times, baseline and the time point
falling between 2-3hours after consumption of the
intervention were used to coincide with the estimated
peak nitrate absorption time, occurring between 2 and
3 hours, as peak time demonstrated in previous stud-
ies.">'®!” For chronic trials, measurements at the end
of the intervention period were taken. In the case of
missing data, authors were contacted; where no data
could be obtained, publications were excluded. For
studies that involved multiple intervention arms, data
were extracted from each relevant arm and compared
with the control.

Study Risk-of-Bias Assessment

Two independent reviewers (B.C. and E.M.) assessed
the publications in terms of the risk of bias and the
quality by using the Cochrane Risk of Bias Assessment
version 2 (RoB 2).!* This tool considers bias from
(1) randomization process, (2) deviations from the
intended intervention, (3) missing data, (4) measure-
ment of the outcome, and (5) selection of reported
results. Studies were judged on each domain as low risk,
some concerns, and high risk; and these results were
used to calculate overall risk of bias. In the case that all
domains were judged as low risk, the overall risk of bias
was classified as such. If at least 1 domain was judged to
have some concerns, but no domain had a high risk of
bias, then the research was categorized as “some con-
cerns.” If at least 1 domain was judged as high risk, then
the research was categorized as such. Where there was
disagreement between the assessors, a third assessor was
involved (C.E.M.), and the decision for categorization
was made by consensus. For the assessment of the stud-
ies, the full articles were used as a main source of infor-
mation; in some incidences, the clinical registration
information of the studies was checked.

Statistical Analysis

R statistical software (R. 4.3.2; R Foundation for
Statistical Computing, Vienna, Austria'’) was used to
perform the meta-analysis. First, for both intervention
and control groups, differences in mean %FMD values
were calculated by taking differences of the values
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between before and after nitrate administration.
Second, using random-effects models, pooled summary
estimates and differences in means (standardized mean
difference [SMD]) were calculated between intervention
and control groups. An estimate of heterogeneity in
observed effects was reported as I°. This ranged between
0% and 100% and was classified as low (0%-25%),
medium (25%-75%), and high (75%-100%) variance in
effects.'®

To evaluate publication bias and selective reporting
bias, a funnel plot and Egger’s regression were per-
formed. To assess the impact of excluding trials that
might cause a high risk of bias, sensitivity analysis was
performed. We performed 4 post hoc sensitivity analy-
ses removing trials with (1) high nitrate dosage (doses
>1000 mg), (2) food-based control (apart from nitrate-
free beetroot juice), (3) large variance in A%FMD
(defined as 95% CI of >1.5% FMD), and (4) having
high A%FMD responses (>2 SDs from the mean).

RESULTS

Study Selection and Characteristics

In total, 4503 studies were identified after the electronic
search of the 3 databases, n=754 duplicates were
removed. Abstracts and titles of the remaining 3749
articles were screened. The remaining 23 publications
were included for full-text review, and a further 10 were
excluded. Thirteen studies with multiple eligible arms
were included in the review and meta-analysis
(Figure 1).

All included studies used a randomized, placebo-
controlled design. Studies were completed between
2012 and 2022. The pooled sample size from the
included studies was n=380; the sample size for each
trial ranged between n =10 and n = 65.

The intervention duration of the acute studies var-
ied from 1.5 to 4 hours, while for the duration of the
chronic studies, this varied from 8 days to 6 weeks. Five
studies used a parallel study design,'"'>*°** whereas
the remaining 8 studies used a crossover study
design.”>*° Summaries of the included trials are pre-
sented in Tables 2 and 3.

Overall, 12 studies were conducted among healthy
participants, and a remaining 5 studies were completed
among participants who have high cholesterol'! (1 =2),
HIV* (n=1), hypertension12 (n=1), and abdominal
obesity26 (n=1). In terms of sex, 2 studies were con-
ducted in only female participants,””*® while 4 studies
were completed among only male participants,”>>>¢*
In 1 study, male and female participants were assessed
individually.** Only 1 study was completed among
pregnant participants.”® The mean participant age in

Records identified through Duplicate records removed
$ database searching n= 4503 (n=754)
s MEDLINE (n= 1212),
g Web of Science (n=2713),
3 Scopus (n= 578)
J i Records excluded (n= 3726)
) e Review articles,
Records screened Animal studies,
(n=3749) o Conference papers,
Cohort studies
2
:
g Full-text articles excluded,
with reasons (n =10)
Report§ a_ss'e_ssed for e 3 articles: FMD
eligibility measurement after
(n=23) ischemia—
— reperfusion injury
e 1 article: FMD
measurement from a
- superficial femoral
: — srcry
E Studies included in review e 3articles: Lack of
Quantitative synthesis baseline values
(meta- analysis) (n=13) e 3articles: nitrate and
fat supplement
-

Figure 1. Flow Chart of the Literature Search. Abbreviation: FMD,
flow-mediated dilatation

. . 11,12,20,21,27
the 5 chronic studies

was more than 50 years,
while only 2 acute studies'"*® were completed with
older-aged participants. Except for 1 study,”® all other
studies reported a BMI of less than 30 kg/m?*. One study
assessed both the acute and chronic effects of nitrate on
FMD separately."'

Inorganic nitrate was usually given in the dietary
form (n=10), typically as beetroot juice versus a
nitrate-depleted beetroot control (n=10), but nitrate-
rich vegetable juice’” and high-nitrate salad®” compared
with prune juice and low-nitrate salad, respectively,
were also used in 1 trial each. The nondietary sources of

3)21,23,29 and

nitrate used were sodium nitrate (n=
potassium nitrate (n=2),”»*® while sodium or potas-
sium chloride and/or water were used a placebo. The
nitrate amount in the interventions varied from 225 mg

to 1058 mg.

Risk of Bias in Studies

According to the Cochrane RoB 2 tool, the overall bias
of the most studies (~60%) was classified as low risk.
The remaining studies were classified as having some
concern due to a lack of information about the random-
ization process and not providing detailed information
on a prespecified analysis plan (Figure S1). Almost all
reported trials were double-blinded (1 study was single-
blinded®> and 1 study did not state the blinding
process”’).

Nutrition Reviews® Vol. 00(00):1-11
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Results of Synthesis

The meta-analysis showed a significance in mean
change in %FMD (SMD: 1.48%; 95% CI: 0.70%-2.27%;
P <.01); high heterogeneity (P = 98.2%) was observed
(Figure 2). Subgroup analyses were performed in terms
of inorganic nitrate dosage (low, <600mg; high,
>600 mg nitrate), type of the intervention (dietary and
nondietary), participants’ health status (healthy and
with a health condition), study duration (acute and
chronic), and mean participant age (<50 or >50 years).
Notably, in acute studies, nitrate intervention caused a
much higher FMD increase compared with chronic
studies (1.93% [95% CI: 0.71%-3.15%; I = 98.4%] vs
0.90% [95% CI: 0.48%-1.31%; I° = 68.6%]), but with
only moderate heterogeneity in chronic trials. Similar

results were observed in participants aged 50 years or
younger versus those older than 50 years (1.15% [95%
CL: 0.84%-1.47%; I’ = 457%)] vs 1.81% [95% CI:
0.55%-3.08%; I’ = 98.5%]). Subgroup analysis results
are presented in Table 4.

Publication Bias and Sensitivity Analysis

Four sensitivity analyses were performed by removing
different groups of studies (Table5). For high-nitrate
dosage, the Heiss et al*’ study was removed as the con-
trol drink of the study included 1000 mg of nitrate.
Another sensitivity analysis was carried out by substitut-
ing studies by Kapil et al** (results from female partici-
pants), Burleigh et al*>, and Smeets et al** due to the
high SD values of their FMD results. Furthermore,

Author(s) and Year Source Duration Healthy Amount Age Estimate [95% Cl]
Burleigh et al. (2019) Diet Chronic Healthy <600mg 50—+ ~0.38 [-2.21, 1.45]
Heiss et al. (2012) Non-Diet Acute Healthy >= 600 mg <50 —m— 4.84[4.24,5.44]
Jones et al. (2019) Diet Chronic Healthy <600mg >=50 —— 1.36 [ 0.29, 2.43]
Kapil et al. (2015) Diet Chronic With health conditons <600mg >=50 —— 0.80[0.24, 1.36]
Kapil et al. (2018) (1) Non-Diet Acute Healthy >= 600 mg <50 b—-—c 1.30 [-0.32, 2.92]
Kapil et al. (2018) (2) Non-Diet Acute Healthy >= 600 mg <50 »—-—« -0.30 [-1.24, 0.64]
Mayra et al. (2019) Diet Chronic Healthy <600mg >=50 —— 1.30 [ 0.20, 2.40]
Nogueira Soares et al. (2020) (1) Diet Acute Healthy <600mg <50 HH 1.20[0.85, 1.55]
Nogueira Soares et al. (2020) (2) Diet Acute With health conditons <600mg <50 HH 2.20[1.80, 2.60]
Rammos et al. (2014) Non-Diet Chronic Healthy >= 600 mg >=50 r—.—.—c 0.50 [-0.47, 1.47]
Rodriguez-Mateos et al. (2015) (1) Non-Diet Acute Healthy <600mg <50 —— 0.76 [ 0.24, 1.28]
Rodriguez-Mateos et al. (2015) (2) Non-Diet Acute Healthy >= 600 mg <50 HH 1.94[1.67,2.21)
Smeets et al. (2022) Non-Diet Acute With health conditons >=600 mg >=50 r—~—« -0.14[-1.69, 1.41]
Sweazea et al. (2018) Diet Chronic Healthy <600mg <50 b—I—l 0.40 [-0.06, 0.86]
Velmurugan et al. (2016) (1) Diet Acute With health conditons <600mg >=50 —— 1.40 [ 0.90, 1.90]
Velmuruganet al. (2016) (2) Diet Chronic With health conditons <600mg >=50 ] 1.40[1.30, 1.50]
Volino-Souza et al. (2018) Diet Acute Healthy <600mg <50 +—m5.66 [ 5.22, 6.10]
RE Model for All Studies (Q = 547.89, df = 16, p < .01; 1? = 98.2%, 1 = 2.51) i 1.48[0.70, 2.27]
[ [ I |
-4 -1 2 5 8

Change in FMD

Figure 2. Forest Plot of the Studies Investigating the Effects of Inorganic Nitrate Supplementation on Endothelial Function as FMD.
Summary estimate values are standardized mean differences for mean %FMD change before and after nitrate supplementation.

Abbreviations: FMD, flow-mediated dilatation; RE, regression
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Table 4. Estimates of FMD Change in Subgroup Analysis Based on Study Duration, Inorganic Nitrate Dosage, Intervention Type,

and Health Status and Age of the Participants

Subgroup analysis No. of studies %FMD change, mean P, %
difference [95% ClI]
Study duration
Acute 7 1.93[0.71, 3.15] 98.4
Chronic 10 0.90 [0.48, 1.31] 68.6
Nitrate amount
>600 mg 6 1.41[-0.17, 2.99] 96.2
<600 mg 1 1.51[0.60, 2.43] 98.2
Health status
Healthy 12 1.60 [0.52, 2.68] 89.8
With health condition 5 1.31[0.72,1.91] 97.7
Intervention type
Dietary 10 1.59[0.59, 2.59] 98.2
Nondietary 7 1.32 [-0.02, 2.66] 96.5
Age of the participants
<50y 7 1.81 [0.55, 3.08] 98.5
>50y 10 1.15[0.84, 1.47] 45.7

Abbreviation: FMD, flow-mediated dilatation.

Table 5. Outcome of Sensitivity Analysis

Reason for removal from
analysis

Study (year)

FMD change, mean Heterogeneity, I, %

difference [95% Cl]

Heiss et al (2012)%
Kapil et al (2018) (1)**
Burleigh et al (2019)**
Smeets et al (2022)%°
Jones et al (2019)%°
Mayra et al (2019)*7

Nitrate dose >1000 mg
A%FMD with 95% Cl >1.5%

Food-based control (other
than nitrate-depleted beet-
root juice)

A%FMD > 2 SDs from the Heiss et al (2012)%

mean Volino-Souza et al (2018)*®

1.05 [0.68, 1.42] 89.2
1.56 [0.69, 2.44] 98.4
1.69 [0.82, 2.56] 98.6
1.05 [0.68, 1.42] 98.4

Abbreviation: FMD, flow-mediated dilatation.

studies that used different control groups (prune juice*
and low-nitrate salad*’) were excluded. Finally, studies
by Heiss et al*> and Volino-Souza et al*® were substi-
tuted as these studies showed higher FMD responses
compared with the other studies. Similar results were
found after removal of these studies; the heterogeneity
did not change.

In the assessment of prospective studies of inor-
ganic nitrate impact and FMD response, the point esti-
mates were skewed slightly to the left of the weighted
effect size, and distribution of the studies for FMD were
not symmetrical, indicating potential publication bias.
Substituting 2 studies that showed a higher FMD
response compared with the other studies reduced the
overall impact (Figure 3).

DISCUSSION

A systematic review and meta-analysis of RCT's was per-
formed to investigate the impact of inorganic nitrate on
endothelial function. As a result, 13 included trials
showed that inorganic nitrate consumption is associated
with increased %FMD among adults: the pooled effect

was 1.48%. Improvements in %FMD were also observed
in subanalysis of both acute and chronic studies, inor-
ganic nitrate dosage (<600 mg and >600 mg), type of
intervention (dietary and nondietary), and participants’
age (<50years and >50 years) in healthy and clinical
participants. Improvements of the magnitude observed
contribute evidence for the therapeutic potential for
inorganic nitrate or the potential for dietary recommen-
dations related to high-nitrate-containing foods for
CVD prevention, although, admittedly, the high hetero-
geneity demonstrates inconsistencies in effect size. The
effect size observed is comparable to that for flavan-3-
ols,”" phytochemicals that now have a dietary recom-
mendation due to their vascular benefits.”?

Unlike previous systematic reviews that assessed the
impact of nitrate on endothelial function, we used strict
inclusion criteria to try and maximize the quality of the
included trials and to minimize heterogeneity. We
focused exclusively on macrovascular endothelial func-
tion as measured by FMD and excluded trials that
assessed impact after ischemic insult. We also excluded
trials that omitted measurement of baseline values of
FMD and only included trials that assessed the change
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Funnel plot

° Volino-Souza, 2018
.

0.234
1
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°
° Heiss, 2012

Standard Error
0.468
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Figure 3. Funnel Plot to Evaluate Publication Bias of Trials Testing
the Effects of Inorganic Nitrate on FMD Response. The solid line
represents the impact of removing publications with a high FMD
response (>2 X SDs from the mean). Abbreviation: FMD, flow-
mediated dilatation

from baseline. Although this is the first comprehensive
systematic review and meta-analysis where the primary
objective was to assess the impact of inorganic nitrate on
FMD response, 3 systematic reviews have previously
assessed this in subanalysis with more modest results,
although all supported our results demonstrating favor-
able effects: 0.42%, P=.002"% 0.59%, P <.001°% and
0.62%, P=.002.”° The reduced effect sizes observed with
these reviews compared with ours could be related to the
differences in inclusion criteria. First, none of the system-
atic reviews included trials that were published after 2020
and therefore omitted the work of Nogueira Soares
et al,”® which showed a marked improvement with
nitrate on FMD. Although we omitted 2 studies that
included trials that assessed FMD after ischemia reperfu-
sion (I/R) injury,'®"” these studies were included in other
meta-analyses,” >> which could have impacted their
results. These studies demonstrated mean differences of
approximately 0.5% FMD, which could have impacted
the mean differences found. We chose to exclude these
studies as they assessed mitigation of attenuation of FMD
rather than improvements. Additionally, our decision to
exclude trials that used mixed meals as a comparator
could have impacted our findings. Similarly, to the I/R
trials, these trials assessed the reduction in impairment
(this time, postprandial in response to a high-fat meal)
and therefore are difficult to interpret in the context of
FMD effects. Nonetheless, of the 2 trials that were identi-
fied, 1 was not included in the previous systematic
reviews.'®

Although after subanalysis we observed an
improvement in FMD in both acute and chronic trials,

Nutrition Reviews® Vol. 00(00):1-11

the increase was far greater in acute trials compared
with chronic trials, although the heterogeneity was
lower in the latter. Chronic trials are arguably more
important for assessing the long-term health effects of a
substance and provide a useful insight into the health
potential of a substance. Unlike organic nitrate, inor-
ganic nitrate is not considered to exhibit tolerance
effects,’® and so this is unlikely to be the cause of the
difference. Due to the small number of publications
included in the each subanalysis, the differences are
more likely to be due to intertrial variation; indeed,
Velmurugan et al'' (the only study that was conducted
acute and chronically) noted the same FMD response at
both 3 hours post-beetroot juice consumption and after
6 weeks of beetroot juice consumption in older adults.

Inorganic nitrate interventions are commonly pro-
vided in both dietary and nondietary forms; these inter-
ventions were analyzed in the subanalysis. The
subanalysis did not reveal vast differences in effect size
between the 2 types of intervention (or in heterogene-
ity). Therefore, due to the negative associations with
inorganic nitrate consumption and carcinogenic nitros-
amine formation, it would be favorable to consume
nitrate in vegetable form where vitamin C (an antioxi-
dant) is also present, which has been demonstrated to
prevent nitrosamine formation.”’

Although in relation to BP reductions with nitrate,
a dose-dependent response has been suggested,” we
observed no difference in %FMD increase in the high-
versus low-dose stratification (we did not seek to assess
the dose-response potential). Notably, the high doses in
this review were considerably lower than in the review
of BP (the highest dose here was 1028 mg vs 2790 mg in
the BP review). One trial investigated the impact of dif-
ferent quantities of nitrate (3 mg/kg and 8.5 mg/kg body
weight) and showed that, at 2hours after ingestion,
FMD response was higher in the high-dose group; how-
ever, after 4 hours, it reached the same level.”” Although
ascertaining dose response was not an aim of this work,
these data suggest that obtaining a high dose of nitrate
may not be important to induce beneficial effects on
endothelial function; there may be a dose threshold or
optimal dose to induce benefits, which, indeed, has
been suggested with other plant bioactives.”®

There are limited data investigating the impact of
nitrate on healthy participants compared with those
with health conditions. In an attempt to assess this, a
subanalysis was performed. Due to the vast breadth of
health conditions (hypertensive, HIV-positive, preg-
nant, hypercholesterolemia, obese) and hence poten-
tially large number of confounding factors (eg,
medication) as well as the limited number of trials, it is
hard to deduce any concrete conclusions from these
data. The FMD responses were similar in the 2 groups,
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although, unsurprisingly, the heterogeneity was lower in
the healthy subgroup. The use of nitrate in clinical pop-
ulations warrants further investigation.

Subanalysis of the data with age of the participants
dramatically reduced the heterogeneity, with the trials
in older adults (>50 years) demonstrating far less heter-
ogeneity, although less improvement in FMD. The
more similar hormonal profile of men and women post-
menopause could be the reason for this, as it has previ-
ously been demonstrated that men and women respond
differently to inorganic nitrate, potentially driven by the
influence of sex hormones,”* although the majority of
the RCTs included in the analysis were performed only
in male participants.

Clinical Implications

Given that a 1% increase in FMD is associated with a
13% reduction in the risk of adverse cardiovascular
events,'* the pooled effect of an approximately 1.5%
improvement observed in our analysis could corre-
spond to nearly a 19.5% reduction in cardiovascular
risk (assuming a linear relationship). The subgroup
analyses further revealed that, while acute supplementa-
tion had a more pronounced immediate effect on FMD,
chronic supplementation still provided substantial ben-
efits, which may be more relevant for long-term cardio-
vascular protection. Notably, both lower and higher
nitrate doses led to similar FMD improvements, sug-
gesting that even moderate intake levels can be effective.
Additionally, dietary interventions showed a slightly
greater impact than nondietary sources, emphasizing
the potential of natural food-based strategies. Although
younger individuals exhibited a larger response, the
consistency of effects in older adults suggests that diet-
ary nitrates could be particularly beneficial in reducing
cardiovascular risk in this at-risk group. These findings
highlight the potential role of dietary nitrate supple-
mentation as an accessible and cost-effective approach
for CVD prevention, particularly in older or vulnerable
populations.

Limitations and Strengths of This Review

This is a comprehensive and up-to-date systematic
review with meta-analysis that only focused on the
impact of nitrate consumption on FMD response, the
gold-standard measure of endothelial function.
Unbiased, critical approaches were used and the data
are up to date. However, it should be acknowledged that
the depth of the review is dictated by the selected search
terms. Although every effort was made to make the
search as thorough as possible, there is a possibility that
this could have led to trials being missed. Further, the

10

omission of non-English-language publications could
have led to missing trials. The data presented are only
as good as the quality of data used and the quality of the
trials included; and the availability of data will impact
the results presented herein. Small sample sizes, short
study durations, and usage of different control/placebo
interventions and participant demographics are likely to
have contributed to the high heterogeneity observed.

CONCLUSION

Our systematic review and meta-analysis showed that
beetroot juice and inorganic nitrate consumption
resulted in a significant improvement in endothelial
function measured by FMD. As brachial artery FMD is
inversely related to future CVD events,” this improve-
ment suggests inorganic nitrate as a useful strategy for
preventing future CVD. There is potential for preventa-
tive applications of inorganic nitrate and the data herein
could be used to support dietary recommendations for
nitrate-containing foods for a reduction in CVD.
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