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The role of dietary nitrate
supplementation in neurovascular

function

Masahiro Horiuchi"*, Gabriella M.K. Rossetti’, Samuel J. Oliver

A healthy diet combined with increased physical
activity levels may protect against cerebrovascular
dysfunction and cognitive impairments (Gorelick et
al., 2011). Compared with the number of studies
on the effects of physical activity, studies on how
diet affects cerebral blood flow (CBF) regulation
and cognitive function are relatively limited. Here,
we focus on the potential role of dietary nitrate
supplementation in CBF regulation and cognitive
function under normoxic and hypoxic conditions.

The precise regulation of CBF is critical for
maintaining a constant supply of nutrients and
oxygen to the brain because of the high metabolic
rate of brain tissue. Despite accounting for only
2% of the total body weight the brain accounts for
20% of the body’s oxygen and calorie consumption.
CBF is normally well controlled at a constant level
over a wide range of perfusion pressures via
cerebral autoregulation (CA, Figure 1A; Tzeng and
Ainslie, 2014). Resting CBF gradually decreases
with healthy aging, and to a greater extent in
individuals who develop cognitive impairment and
dementia (Gorelick et al., 2011). Dynamic CA is
impaired in several clinical conditions, which can
also be characterized by hypoxia, such as stroke,
anemia, and Alzheimer’s disease (Kuwabara et al.,
2002), and is implicated alongside reduced CBF in
the development of cognitive dysfunction (Tzeng
and Ainslie, 2014). Moreover, acute hypoxia in
otherwise healthy adults has also been shown
to impair dynamic CA (Horiuchi et al., 2020).
Thus, investigation of methods to maintain CBF
and protect dynamic CA is important in an aging
society, in clinical settings, and in those working
and performing in low oxygen environments e.g.,
soldiers and mountaineers.

Potential role of nitric oxide (NO) in CBF
regulation and neurovascular coupling: Although
the physiological mechanisms responsible for the
control of CBF via CA are complex, NO is a primary
regulator of vascular tone throughout the human
body (Tzeng and Ainslie, 2014). In vascular smooth
muscle cells, NO interacts with the haem group of
the enzyme soluble guanylate cyclase to stimulate
the conversion of guanosine triphosphate to cyclic
guanosine monophosphate. Cyclic guanosine
monophosphate then activates protein kinase G
which is responsible for the release of intracellular
calcium for vasodilation (Figure 1B). Endogenously,
NO is produced via the action of endothelial nitric
oxide synthase (eNOS) to oxidize L-arginine (Figure
1B). NO plays a vital role in the regulation of
cerebrovascular conductance, and consequently
CA (Toda et al., 2009), and the inhibition of
eNOS substantially reduces dynamic CA (White
et al., 2000). NO bioavailability is also increased
independently of the endothelium by the ingestion
of nitrate (NO;") rich foods and the subsequent
reduction of nitrate to nitrite (NO,"), and finally
NO (Figure 1C). Hypoxia suppresses the oxygen-
dependent eNOS pathway but upregulates the
production of NO by reduction of nitrate obtained
from dietary sources (van Faassen et al., 2009)
(Figure 1B). Of particular relevance, inhibition
of neuronal nitric oxide synthase reduces the
haemodynamic response to neural activity in the
cerebral cortex. This suggests NO may be pivotal
to neurovascular coupling which is essential for
cognitive function (Tzeng and Ainslie, 2014) (Figure
1D). Indeed, cognitive load impairs dynamic CA
(Ogoh et al., 2018), perhaps since they both rely
on cerebrovascular capacity for vasodilation.

The effect of hypoxia on neurovascular coupling
appears dependent on the cognitive domain and
responsible brain region, with those regions most
susceptible to Alzheimer’s-associated decline (e.g.,
the posterior cingulate cortex) demonstrating a
reversal of neurovascular coupling under hypoxia
(Rossetti et al., 2020).

Therefore, nitrate supplementation provides a
potential non-pharmacological dietary strategy to
protect against region-specific vasoconstriction
in response to neural activity. Nitrate
supplementation may benefit the regulation of
cerebrovascular tone to maintain CBF and CA
under normoxic and hypoxic conditions, with
possible implications for neurovascular coupling
and cognitive function.

Dietary nitrate effects on cerebral
autoregulation: Recent studies have investigated
the effects of dietary nitrate supplementation
on dynamic CA (Fan et al., 2019; Horiuchi et al.,
2020). Fan et al. (2019) investigated the effect of 7
days of dietary nitrate supplementation (0.1 mmol
NO, /kg body weight per day) on dynamic CA
assessed by transfer function analysis in healthy
adults in normoxia. Compared to the placebo,
nitrate supplementation decreased the low-
frequency phase parameter of transfer function
analysis regardless of sex, indicating a smaller
shift in time between the blood pressure and CBF
fluctuations, which is indicative of impaired CA.
In contrast, nitrate supplementation reduced the
low-frequency gain, indicating a smaller change in
CBF in proportion to blood pressure changes, and
an improvement in dynamic CA. The reduction
in gain was observed in men but not women,
revealing a possible mediating role of biological
sex between dietary nitrate and CA. Fan et al.
(2019) also observed that nitrate supplementation
improved carbon dioxide (CO,) reactivity in
men, proposing this was due to enhanced
cerebrovascular dilatory capacity. In this study,
dynamic CA was measured using middle cerebral
artery velocity on the assumption that vessel
diameter remains constant (Fan et al., 2019).
Given NO has established vasodilatory effects, this
assumption is questionable. Second, it has been
suggested that transfer function analysis-derived
estimates of dynamic CA are less sensitive than
assessments derived from the classical thigh-cuff
method, which imposes a larger and more abrupt
change in blood pressure as an autoregulatory
stimulus (Tzeng and Ainslie, 2014).

To overcome these issues, we recently investigated
the effects of dietary nitrate supplementation on
dynamic CA as measured from the combination
of the thigh-cuff technique and volumetric CBF
assessment by duplex ultrasound, which assesses
both blood flow velocity and vessel diameter
(Horiuchi et al., 2020). We investigated the
effect of 4-day nitrate supplementation (140 mL
beetroot juice [8.4 mmol NO, ] per day) followed
by 60 minutes of normoxia or hypoxia (fraction
of inspired oxygen [FiO,] 13%). As expected, we
showed that dynamic CA decreased in hypoxia
compared to normoxia. However, compared to
placebo nitrate supplementation did not alter
dynamic CA in normoxia or hypoxia. Further,
nitrate did not affect the carotid artery vessel
diameter, blood velocity, or blood flow in either
normoxia or hypoxia. In combination with findings
from Fan et al. (2019), this suggests that short-

term dietary nitrate supplementation in young
healthy adults may not benefit CA, even in low
oxygen states that have previously been shown to
impair CA. However, these findings may be due
to the use of experimentally-induced hypoxemia
in otherwise healthy young individuals, which is
characterized by increased CBF in contrast to the
decreased CBF in clinical conditions. The increased
CBF at rest may mean there was a mechanical
limitation to additional vasodilation with dietary
nitrate that may not be present under clinical
conditions of ischemia. Future studies of dietary
nitrate in these clinical populations are therefore
merited. In addition, the role of dietary nitrate in
the complex competing effects of oxygen and CO,
availability on dynamic CA, particularly concerning
region-specific effects, warrants further
investigation.

Dietary nitrate effects on cognitive function: Early
research in older adults highlighted the potential
of dietary nitrate to improve cognitive function.
Using MRI, Presley et al. (2011) showed that 2 days
of a high nitrate diet compared to a low nitrate
diet led to increased regional CBF in brain areas
known to be involved in executive functioning.
To the best of our knowledge, only one study has
evaluated the effect of nitrate supplementation
on CBF and cognitive function at rest. Wightman
et al. (2015) reported that a single dose of
beetroot juice (450 mL beetroot juice [5.5 mmol
NO;]) improved neurovascular coupling, as
assessed by near-infrared spectroscopy, and
executive function cognitive task performance in
young healthy adults. Other research examining
the influence of dietary nitrate on cognition is
equivocal. Three days of nitrate supplementation
(2 x 70 mL beetroot juice [~9.6 mmol NO,] per
day) elicited no change in cognitive performance
tests (serial subtractions, rapid visual information
processing, number recall) compared to placebo
in healthy older adults (Kelly et al., 2013). The
authors did observe an increase in NO metabolites,
a reduction in blood pressure, and improved
oxygen consumption kinetics, but the expected
reduction in oxygen cost of walking did not occur.
This highlights the time-course of nitrate-induced
physiological adaptations is likely different across
each specific response. Therefore, the required
supplementation duration and dosage cannot
be assumed from previous work examining a
different physiological phenomenon. In contrast,
in older adults with type 2 diabetes, two weeks
of nitrate supplementation (250 mL beetroot
juice [7.5 mmol NO,] per day) improved simple
reaction time compared to placebo, but not other
measures of cognitive function including decision
reaction time, rapid processing, and memory
(Gilchrist et al., 2014). Since these studies did not
incorporate measures of cerebral hemodynamics,
the mechanism for the potential beneficial effect
of nitrate supplementation on cognitive function
remains unclear.

More recently, Dobashi et al. (2019)
demonstrated in healthy men that 4 days of
nitrate supplementation (140 mL beetroot juice
[8.4 mmol NO,] per day) did not affect cognitive
function at rest or during exercise in hypoxia. That
longer nitrate supplementation (or larger daily
doses) may be required, is further highlighted by
improved cognitive performance during active
recovery between sprints in male athletes after 7
days of nitrate supplementation (140 mL beetroot
juice [12.8 mmol NO,’] per day) (Thompson et al.,
2015).

In summary, the findings from acute (single bolus)
and short-term (< 7 days) supplementation studies
are equivocal. However, the only acute study to
include assessment of the underlying physiological
mechanism provides support that nitrate
supplementation may improve cognitive function
by improved neurovascular coupling (Wightman
et al., 2015). Although the evidence from chronic
supplementation studies is lacking, the only
longer-term supplementation study (2 weeks)
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improved NO bioavailability.

showed nitrate improved cognitive function in a
population known to have poor vascular health
(Gilchrist et al., 2014).

Limitations: Nitrate-induced improvements in
vascular tone may improve CBF and CA, resulting in
the improvement of cognitive function (Wightman
et al., 2015). Several well-controlled studies have
now been conducted to assess the effect of dietary
nitrate supplementation on cerebrovascular
function including CA and cognition.

However, the two studies to investigate the effect
of nitrate supplementation on CA used relatively
short supplementation protocols of up to 1 week
(Fan et al., 2019; Horiuchi et al., 2020). Further, the
current published evidence for cognitive function
benefits is limited, with equivocal findings drawn
from a mixture of single-dose and short-term (<
7 days) nitrate supplementation. Additionally,
convenience sampling in young healthy adults
limits our ability to interpret the effectiveness of
dietary nitrate in populations that theoretically
have the greatest potential to benefit, i.e. those
with poor vascular health. Indeed, the only study
to investigate cognitive function in a relevant
clinical population demonstrated a positive effect
(Gilchrist et al., 2014).

With few studies providing appropriate
physiological data (e.g., CBF), and differences in
the populations studied and cognitive domains
assessed, it is difficult to obtain a consensus about
the role of dietary nitrate on CA and cognitive
function.

Future directions: Fundamentally, whether
chronic nitrate supplementation could benefit
neurovascular function in populations with
cerebral vascular impairments or poor NO
bioavailability remains to be investigated. Of note,
although NO may potentially have beneficial
effects, future studies should also document
any harmful effects, for example, dietary

Figure 1 | Possible mechanism of dietary nitrate benefit on neurovascular coupling and CA through

(A) CA maintains cerebral blood flow at constant levels over a range of systemic blood pressures. Endothelium-
derived nitric oxide plays a key role in vasodilation of smooth muscle cells, necessary for CA. (B) Hypoxia inhibits
the action of endothelial nitric oxide synthase (eNOS) to downregulate the production of endogenous NO,
which negatively effects vascular function. (C) Dietary nitrate supplementation may benefit cerebrovascular
function through increased NO bioavailability, with implications for CA and (D) neurovascular coupling,
necessary for cognitive function. CA: Cerebral autoregulation; CBF: cerebral blood flow; cGMP: cyclic guanosine
monophosphate; eNOS: endothelial nitric oxide synthase; GTP: guanosine triphosphate; MAP: mean arterial
pressure; NO: nitric oxide; PKG: protein kinase G; SGC: soluble guanylate cyclase.

nitrate exacerbated headache and cerebral
acute mountain sickness symptoms in a recent
study (Rossetti et al., 2017). To fully elucidate
the effects of dietary nitrate on neurovascular
function, future research will need to employ
imaging techniques that provide detail of regional
brain responses (Rossetti et al., 2020). Further,
these complex physiological regulatory systems
involve several overlooked processes and control
mechanisms including ATP-sensitive K™ channels,
prostaglandins, and reactive oxygen species.
These mechanisms may provide alternative
avenues for dietary interventions for the rigorous
scientist to investigate. The findings of these
future investigations will help to confirm or
refute the potential of dietary nitrate as a non-
pharmacological strategy to benefit neurovascular
health.

Conclusion: At present, despite the popularity
of dietary nitrate supplementation studies, there
is limited evidence to support the use of dietary
nitrate supplementation for the maintenance of
cerebrovascular and cognitive function.

This work was partly supported by the grant in
Japan Society for the Promotion of Science (No.
26440268, to MH)

Masahiro Horiuchi"*,

Gabriella M.K. Rossetti®,

Samuel J. Oliver

Division of Human Environmental Science, Mount
Fuji Research Institute, Yamanashi, Japan
(Horiuchi M)

School of Sport, Health and Exercise Sciences,
College of Human Sciences, Bangor University,
Bangor, UK (Rossetti GMK, Oliver SJ)
*Correspondence to: Masahiro Horiuchi, PhD,
mhoriuchi@mfri.prefyamanashi.jp.
https://orcid.org/0000-0001-5784-5694
(Masahiro Horiuchi)

1420 | NEURAL REGENERATION RESEARCH | Vol 16 | No.7 | July 2021

#Both authors contributed equally to this work.
Date of submission: June 26, 2020

PDate of decision: July 15, 2020

Date of acceptance: August 21, 2020

Date of web publication: December 12, 2020

https://doi.org/10.4103/1673-5374.300993
How to cite this article: Horiuchi M, Rossetti GMK,
Oliver SJ (2021) The role of dietary nitrate
supplementation in neurovascular function. Neural
Regen Res 16(7):1419-1420.

Copyright license agreement: The Copyright
License Agreement has been signed by all authors
before publication.

Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.

Open access statement: This is an open access
journal, and articles are distributed under the
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the
work non-commercially, as long as appropriate
credit is given and the new creations are licensed
under the identical terms.

References

Dobashi S, Koyama K, Endo J, Kiuchi M, Horiuchi M (2019) Impact
of dietary nitrate supplementation on executive function during
hypoxic exercise. High Alt Med Biol 20:187-191.

Fan JL, O'Donnell T, Gray CL, Croft K, Noakes AK, Koch H, Tzeng
YC (2019) Dietary nitrate supplementation enhances
cerebrovascular CO, reactivity in a sex-specific manner. J Appl
Physiol 127:760-769.

Gilchrist M, Winyard PG, Fulford J, Anning C, Shore AC, Benjamin
N (2014) Dietary nitrate supplementation improves reaction
time in type 2 diabetes: development and application of a novel
nitrate-depleted beetroot juice placebo. Nitric Oxide 40:67-74.

Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, ladecola
C, Launer LJ, Laurent S, Lopez OL, Nyenhuis D, Petersen RC,
Schneider JA, Tzourio C, Arnett DK, Bennett DA, Chui HC,
Higashida RT, Lindquist R, Nilsson PM, Roman GC, et al. (2011)
Vascular contributions to cognitive impairment and dementia: a
statement for healthcare professionals from the american heart
association/american stroke association. Stroke 42:2672-2713.

Horiuchi M, Rossetti GM, Oliver SJ (2020) Dietary nitrate
supplementation effect on dynamic cerebral autoregulation
in normoxia and acute hypoxia. J Cereb Blood Flow Metab
2020:271678X20910053.

Kelly J, Fulford J, Vanhatalo A, Blackwell JR, French O, Bailey SJ,
Gilchrist M, Winyard PG, Jones AM (2013) Effects of short-term
dietary nitrate supplementation on blood pressure, O, uptake
kinetics, and muscle and cognitive function in older adults. Am J
Physiol Regul Integr Comp Physiol 304:R73-83.

Kuwabara Y, Sasaki M, Hirakata H, Koga H, Nakagawa M, Chen T,
Kaneko K, Masuda K, Fujishima M (2002) Cerebral blood flow
and vasodilatory capacity in anemia secondary to chronic renal
failure. Kidney Int 61:564-569.

Ogoh S, Nakata H, Miyamoto T, Bailey DM, Shibasaki M (2018)
Dynamic cerebral autoregulation during cognitive task: effect of
hypoxia. J Appl Physiol (1985) 124:1413-1419.

Presley TD, Morgan AR, Bechtold E, Clodfelter W, Dove RW, Jennings
JM, Kraft RA, King SB, Laurienti PJ, Rejeski WJ, Burdette JH, Kim-
Shapiro DB, Miller GD (2011) Acute effect of a high nitrate diet
on brain perfusion in older adults. Nitric Oxide 24:34-42.

Rossetti GM, d’Avossa G, Rogan M, Macdonald JH, Oliver SJ, Mullins
PG (2020) Reversal of neurovascular coupling in the default
mode network: Evidence from hypoxia. J Cereb Blood Flow
Metab 2020:271678X20930827.

Rossetti GMK, Macdonald JH, Wylie LJ, Little SJ, Newton V, Wood
B, Hawkins KA, Beddoe R, Davies HE, Oliver SJ (2017) Dietary
nitrate supplementation increases acute mountain sickness
severity and sense of effort during hypoxic exercise. J Appl
Physiol (1985) 123:983-992.

Thompson C, Wylie LJ, Fulford J, Kelly J, Black MI, McDonagh ST,
Jeukendrup AE, Vanhatalo A, Jones AM (2015) Dietary nitrate
improves sprint performance and cognitive function during
prolonged intermittent exercise. Eur J Appl Physiol 115:1825-
1834.

Toda N, Ayajiki K, Okamura T (2009) Cerebral blood flow regulation
by nitric oxide: recent advances. Pharmacol Rev 61:62-97.

Tzeng YC, Ainslie PN (2014) Blood pressure regulation IX: cerebral
autoregulation under blood pressure challenges. Eur J Appl
Physiol 114:545-559.

van Faassen EE, Bahrami S, Feelisch M, Hogg N, Kelm M, Kim-
Shapiro DB, Kozlov AV, Li H, Lundberg JO, Mason R, Nohl H,
Rassaf T, Samouilov A, Slama-Schwok A, Shiva S, Vanin AF,
Weitzberg E, Zweier J, Gladwin MT (2009) Nitrite as regulator
of hypoxic signaling in mammalian physiology. Med Res Rev
29:683-741.

White RP, Vallance P, Markus HS (2000) Effect of inhibition of nitric
oxide synthase on dynamic cerebral autoregulation in humans.
Clin Sci (Lond) 99:555-560.

Wightman EL, Haskell-Ramsay CF, Thompson KG, Blackwell JR,
Winyard PG, Forster J, Jones AM, Kennedy DO (2015) Dietary
nitrate modulates cerebral blood flow parameters and cognitive
performance in humans: A double-blind, placebo-controlled,
crossover investigation. Physiol Behav 149:149-158.

C-Editors: Zhao M, Li JY; T-Editor: Jia Y



