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Transport of nitrite from large
arteries modulates regional blood
flow during stress and exercise
J. C. Muskat1, C. F. Babbs1, C. J. Goergen1 and V. L. Rayz1,2*
1Weldon School of Biomedical Engineering, Purdue University, West Lafayette, IN, United States,
2Mechanical Engineering, Purdue University, West Lafayette, IN, United States

Background: Acute cardiovascular stress increases systemic wall shear stress
(WSS)–a frictional force exerted by the flow of blood on vessel walls–which
raises plasma nitrite concentration due to enhanced endothelial nitric oxide
synthase (eNOS) activity. Upstream eNOS inhibition modulates distal perfusion,
and autonomic stress increases both the consumption and vasodilatory effects
of endogenous nitrite. Plasma nitrite maintains vascular homeostasis during
exercise and disruption of nitrite bioavailability can lead to intermittent
claudication.
Hypothesis: During acute cardiovascular stress or strenuous exercise, we
hypothesize enhanced production of nitric oxide (NO) by vascular endothelial
cells raises nitrite concentrations in near-wall layers of flowing blood, resulting
in cumulative NO concentrations in downstream arterioles sufficient for
vasodilation.
Confirmation and implications: Utilizing a multiscale model of nitrite transport in
bifurcating arteries, we tested the hypothesis for femoral artery flow under resting
and exercised states of cardiovascular stress. Results indicate intravascular
transport of nitrite from upstream endothelium could result in vasodilator-active
levels of nitrite in downstream resistance vessels. The hypothesis could be
confirmed utilizing artery-on-a-chip technology to measure NO production
rates directly and help validate numerical model predictions. Further
characterization of this mechanism may improve our understanding of
symptomatic peripheral artery occlusive disease and exercise physiology.
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Introduction

Exercise and changes in emotional state (i.e., a fight-or-flight response) are associated

with increases in regional blood flow via reduction of downstream vascular resistance (1).

As local increases in wall shear stress (WSS) upregulate endothelial nitric oxide synthase

(eNOS) expression, acute cardiovascular stress stimulates the release of nitric oxide (NO)

into luminal and abluminal regions (2) where it is metabolized to nitrite (NO2
−) or nitrate

(NO3
−) (3). Furthermore, activation of inducible NO synthase (iNOS) due to oxidative

stress associated with maximal arousal substantially elevates plasma nitrite/nitrate (NOx)

by up to 20 µM during high-intensity, dynamic exercise (4, 5). Following evidence from

Lauer et al. (6) that “the NO:oxyHb reaction [and subsequent nitrate formation] plays

only a minor role for the inactivation of NO in vivo,” we expect these changes in NOx

represented increases in plasma nitrite–a key regulator of vascular function (7–9).
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Research by Kelm and colleagues established that nitrite, rather

than nitrate, reflects regional eNOS activity in mammals (6). As

nitrite infusion at resting concentrations (0.3–0.5 µM) (10) are

vasodilator-inactive (6), this distinction led many groups to

consider flowing blood as a sink from which endothelial-derived

NO is eventually inactivated. However, Hon et al. demonstrated

autonomic stress increases both consumption and vasodilatory

effect of endogenous bloodstream nitrite (11), preventing

endothelial dysfunction via increased NO bioavailability (12).

Furthermore, evidence of conduit artery NO improving blood

flow in the microvasculature of canines (13) and rodents (14)

suggests that advection (transfer by fluid flow) of nitrogen oxides

to downstream resistance vessels can promote vasodilation.

Gladwin and others have since demonstrated that nitrite acts as

a major bioavailable pool of NO, nitrite reductase activity is

augmented during hypoxia, and nitrite acts as a relatively potent

and fast vasodilator at near-physiological concentrations (1.0–2.0

µM) (15–20). Thus, these previous reports suggest that

bloodstream nitrite participates in maintaining intravascular NO

homeostasis following acute cardiovascular stress. In this article,

we present a hypothesis that considers the possibility that
FIGURE 1

Key aspects of intravascular metabolism of endogenous nitric oxide
(NO). (A) Hyperemia is the result of a reduction in peripheral vascular
resistance that is induced by increased wall shear stress (WSS) in
larger conduit arteries associated with cardiovascular arousal such as
aerobic exercise as indicated by velocity profiles at rest (black arrows)
and exercise (red arrows). Endothelial nitric oxide synthase (eNOS)
expression is upregulated in response to local WSS augmentation,
resulting in enhanced NO release into the bloodstream. NO is then
converted to nitrite (NO2

−) in the cell-free plasma layer and in nearby
red blood cells (RBCs), which either store nitrite in equilibrium with
biologically active NO or inactivate a small portion via oxidation to
nitrate (NO3

−). (B) The effect of plasma nitrite on vessel tone. Smooth
muscle relaxation is illustrated in red. Vessel caliber is modulated by
physiologic levels of plasma nitrite [∼500 nM (10)] in mammals. Dejam
et al. identified a vasodilatory first-pass concentration of 1,000 nM in
human subjects (15, 17–20).
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accumulation of nitrite in the cell-free plasma layer raises near-

wall nitrite concentrations to levels sufficient for vasodilation as

blood flows from large arteries to small arterioles during

cardiovascular stress and exercise.
Hypothesis

We hypothesize that during acute cardiovascular stress or

strenuous exercise, enhanced production of NO by vascular

endothelial cells raises nitrite concentrations in near-wall layers

of flowing blood resulting in cumulative NO concentrations

sufficient for vasodilation.
Explanation of hypothesis

Following the onset of acute autonomic stress or exercise,

changes in arterial hemodynamics increase NO release by

endothelial cells. Half of endogenous NO diffuses into the

vascular smooth muscle, resulting in local vasodilation, while half

diffuses into the cell-free plasma layer of flowing blood (2). Here

NO, with a half-life ∼2.0 msec (21), is predominantly oxidized to

nitrite, with a half-life of approximately ∼40 min (15), indicating

that deactivation by cell-free or red cell oxygenated hemoglobin

(oxyHb) occurs later in the NO-nitrite-nitrate lifecycle (6).

Antegrade blood flow carries nitrite downstream and raises near-

wall nitrite levels in arteriolar resistance vessels. Nitrite

accumulation in these vessels reach vasodilator-active levels

during the first pass of blood flow, promoting increased cardiac

output, performance, and survival in mammals during

cardiovascular arousal. Figure 1 summarizes key components of

the hypothesis related to intravascular NO homeostasis.
Support for the hypothesis

• Nitrite is a potent vasodilator at near-physiological

concentrations (>1.0 µM) in mammals. It functions as an

endocrine reservoir of NO, producing remote vasodilation

during first-pass perfusion of the contralateral limb following

nitrite infusion (15). Furthermore, there is evidence that

nitrite formation at the surface of endothelial cells serves to

preserve endogenous NO (6, 10), and formation of vasoactive

plasma nitrosothiols induce vasodilation in distal

microvasculature in felines (22). This supports the assumption

that endogenous NO is preserved as nitrite upon entering the

bloodstream and regenerates NO in distal vasculature.

• Lauer et al. demonstrated nitrate levels are unaffected during

acute stimulation with acetylcholine while nitrite levels

increase significantly (6); in a later study, the authors

concluded that 70% of plasma nitrite is derived from eNOS

after demonstrating NOS-inhibition is accompanied by an

80% decrease in plasma nitrite concentrations (10). Obversely,

there is a large 20 μM increase in nitrite/nitrate levels during

high-intensity, dynamic exercise (5). Hon et al. revealed
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exercise in healthy humans is associated with enhanced nitrite

consumption, leading to lower arterial pressure and increased

cardiac output (CO) (11). Taken together, these results

highlight the importance of nitrite during cardiovascular

arousal.

• It follows that nitrite infusion enhances blood flow to

metabolically active tissues such as the brain or skeletal

muscle. Rifkind et al. found nitrite infusion to NG-L-nitro-

arginine methyl ester (L-NAME) inhibited rats to decrease

mean arterial pressure by 96% and increase cerebral blood

flow by 13% (23). Cannon et al. later demonstrated that

inhalation of NO raises arterial nitrite levels by 11% and

eNOS inhibition during exercise reduces local blood flow by

∼25% (24). It is thought that nitrite offers a passive system of

maintaining circulatory function at rest and during

cardiovascular arousal, supported by arteriovenous gradients

in nitrite (25).

• In addition, there is evidence of cumulative transport of

nitrogen oxides in vivo. Local suppression of NO production

in large arterioles with diameter over 500–1,000 μm reduced

NO concentration by nearly 40%; moreover, Bohlen et al.

suggested as much as 60% of wall NO in small arteries was

from blood transport (14). In earlier work, Bohlen identified a

∼50 nM increase in perivascular NO in venules above

proximal arterioles (26). The inverse relationship between

perivascular NO and vessel caliber was later confirmed with

microelectrode microcirculatory mapping (27).

Evidence against the hypothesis

• Rassaf et al. demonstrated infusion of NO into the brachial

artery increased plasma nitrite by 30-fold but lacked intrinsic

vasodilator action (28); however, intraarterial infusion of

nitrite raised plasma levels to only 0.5 μM in their study,

which is beneath the first-pass concentration of 1.0 μM

identified by Dejam et al. (15).

• Nitrite reductase activity, and subsequent NO regeneration by

red blood cells (RBCs), the major intravascular storage sites of

nitrite (9), is maximized at 50% oxygen saturation (8); of

note, distribution of oxygen tension in the pial

microvasculature of rats suggested oxygen saturation remains

above 90% in branches greater than 26 μm in diameter at

normoxia (29). As reaction with oxyHb outcompetes

molecular oxygen by an order of magnitude (6), it is unlikely

that nitrite reductase activity associated with deoxygenated

hemoglobin (deoxyHb) occurs in upstream resistance arteries.

However, compartmentalization of Hb in RBCs reduces the

rate of NO inactivation by ∼1,000-fold (15).

• Exercise, and especially footstrike during running, is associated

with significant increases in cell-free Hb due to hemolysis (30,

31). Minneci et al. revealed plasma nitrite inhibits hemolysis-

derived vasoconstriction and potentiates vasodilation at

plasma Hb concentrations less than 25 μM (32). It is plausible

that increased NO release associated with acute cardiovascular

stress (4, 5) serves to reduce the mass transfer between the
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vessel wall and bloodstream, elevating abluminal NO

concentration as proposed by Bohlen et al. (14). Their

hypothesis supports the notion that plasma NO/nitrite

augments vasodilation via limiting diffusion from the

endothelium to flowing blood.

Evaluation of the hypothesis

The following section, accompanied by Figure 2, details our

multiscale model of nitrite transport in bifurcating arteries,

developed to determine if intravascular transport of nitrite from

upstream endothelium could result in physiologically active levels

of nitrite in downstream resistance vessels.
Method

We built a sequential multiscale model for twenty-orders of

idealized bifurcating arteries (proximal inlet diameter − 4.0 mm;

distal outlet diameter − 0.04 mm) following Murray’s law for

area ratio and a length ratio of 1.26, in agreement with in vivo

branching patterns (33, 36). Branches were symmetrical with a

bifurcation angle of 45°. The inlet velocities for rest and exercise

conditions were set as 0.1 and 0.4 m/s, respectively, following in

vivo measurement of femoral artery blood velocity at the onset of

exercise (37, 38). Outflow was evenly distributed across the

bifurcating branches. Due to computational limitations, we

simulated six-orders of branches at a time and passed velocity

information to the next smallest set of branches. Therefore, the

initial model was scaled by factors of 0.315, 0.099, and 0.031 to

generate a series of smaller scale models representing distal

vasculature.

Computation of the generation and movement of NOx species

was performed with the finite-volume solver ANSYS Fluent v18.1

(Ansys Inc., PA, United States). The heat-mass transfer analogy

was used to facilitate our computational fluid dynamics (CFD)

simulations (39). The heat-mass transfer analogy refers to the

similarities between the linearized Fick’s law of diffusion for

molecular mass transfer and Fourier’s law of heat conduction.

Under identical flow conditions with matching of the

nondimensional Schmidt number (the ratio of momentum and

mass diffusivity) and Prandtl number (the ratio of momentum

and heat diffusivity), the advection-diffusion solution is

analogous to the mass-heat transfer solution. An unstructured

tetrahedral mesh with a refined boundary layer was generated in

HyperMesh 2021 (Altair Engineering Inc., MI, United States)

with a target edge length of 100 μm leading to a total of 3.51

million elements. Mesh independence was verified as less than

5% deviation in wall nitrite concentration predicted on a refined

mesh with a 50 μm edge length. Arterial flow was assumed to be

steady and laminar, with blood modeled as an incompressible

Newtonian fluid with density (ρ) of 1,060 kg/m3 and viscosity (µ)

of 4.5 mPa·s. The diffusion coefficient of nitrite in whole blood

was assumed to be 3.30 × 10−9 m2/sec (40, 41). We assumed all

NO entering the bloodstream is immediately converted to nitrite
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FIGURE 2

Nitrite transport in twenty-orders of bifurcating vasculature during (A) rest and (B) exercise. Two-dimensional cross-sections show luminal nitrite
concentration changes above 1 nM. Insets, below and to the right of smaller branches detail how nitrite levels fluctuate at bifurcations in three-
dimensions, demonstrate the impact of bifurcations on near-wall nitrite levels. 1.0× scale models simulated arteries between 1.26–4.0 mm in
diameter, 0.315× between 0.40–1.26 mm, 0.099× between 0.13–0.40 mm, and 0.031× between 0.04–0.13 mm, respectively. Following in vivo
branching patterns (33–35), the diameters of symmetrical daughter branches are 0.79 times the diameter of the parent vessel, according to Murray’s
law. Bifurcations facilitate local mixing of the concentration boundary layers with core flow, resulting in a 10%–38% reduction in near-wall nitrite in
arteries greater than 0.20 mm in diameter. During exercise, increased velocity is associated with additional mixing in large arteries, reducing wall
nitrite concentration by 20%–50% in arteries greater than 0.20 mm in diameter. In small arterioles less than 0.16 mm in diameter, the ratio of
concentration boundary layer thickness to vessel diameter is increased, thus augmenting relative nitrite levels in core flow.
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with a resting and exercised rate of NO release taken as 0.00015

and 0.0068 nmol/cm2/sec, respectively (2, 42). Thickness of the

concentration boundary layer was estimated using dimensional

analysis as the square root of nitrite diffusion coefficient

multiplied by vessel length divided by average velocity. We

calculated mean nitrite concentration at the vessel wall, halfway

along each daughter branch.
Results

In muscular arteries greater than 0.3 mm in diameter, the

Reynolds number (Re), defining the ratio of inertial and viscous

forces in the flow, increased with local diameter (Rerest = 1–94;

Reexerise = 4–377); in resistance arteries less than 0.3 mm in

diameter, Re was less than 2 across both modeled cardiovascular

states. Furthermore, the Peclet number (Pe), defining the ratio of

diffusion to advection characteristic times, was consistently

greater than 1 (Perest = 12–1.21 × 105; Peexercise = 48–4.85 × 105),

indicating cardiovascular nitrite transport is advection dominated
Frontiers in Cardiovascular Medicine 04
(43). Pe was less than 1,000 in arterioles smaller than 0.4 mm in

diameter at rest and smaller than 0.2 mm in diameter during

exercise. Under resting conditions, the concentration boundary

layer is estimated to be 0.02–0.03 mm thick in all branches.

During exercise, this thickness decreased to 0.01 mm due to

increased blood velocity.

Due to mixing with core flow, wall nitrite concentrations at the

cruxes of branch points at bifurcations decrease 29%–38% at rest

and by 38%–50% during exercise in arteries greater than 1.26 mm

in diameter. For both simulated cardiovascular states, mixing with

core flow diminishes along the arterial tree and was minimal in

arterioles smaller than 0.2 mm; with no noticeable mixing in

arterioles less than 0.2 mm, as shown in Figure 2A. Relative

change in nitrite, defined as the difference in concentration halfway

along each parent and daughter branch, indicated successive wall

nitrite levels decrease down to 30 nM in arteries greater than

0.5 mm during exercise. As demonstrated in Figure 3, nitrite levels

are not sufficient for vasodilation (dashed horizontal line) in all

modeled vasculature scales during rest. However, due to increased

rate of NO/nitrite release during exercise, simulations indicate
frontiersin.org
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FIGURE 3

Cumulative wall nitrite concentration as a function of inverse vessel
diameter. The results for rest and exercise are displayed in black
squares and red cross marks, respectively. First-pass vasodilator-active
concentration of 1,000 nM identified by Dejam et al. (15) is
represented by the dashed line. At rest cumulative axial nitrite levels
fail to reach first-pass vasodilator-active levels (represented by the
horizontal dashed line); however, during exercise, near-wall
concentration reaches vasoactive levels in arterioles less than 0.2 mm
in diameter. Mixing associated with large arteries is reduced here,
resulting in a linear increase in wall nitrite concentration in resistance
arteries and arterioles.
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cumulative nitrite levels do attain vasoactive levels in arterioles less

than 0.2 mm in diameter (see Figure 4). Nitrite concentrations at

the vessel wall are inversely related to vessel diameter in smaller

arteries and arterioles (see Figure 3).
Further testing of the hypothesis

The quantitative hypothesis developed here, in concert with

preliminary CFD results, suggests further experimental studies

are necessary to quantify the rate of endothelial-derived NO

release at rest and during cardiovascular stress or exercise. To

confirm or refute the hypothesis, it is crucial to address the

orders of magnitude variation in mammalian NO production

rates indicated in literature, e.g., species, culture methodology,

and cell harvest location along the arterial tree modulate rate of

NO production (44–46). Utilizing recent advancements in artery-

on-a-chip technology (47), future studies could quantify

magnitude of variation in the rate of NO release potential along

the arterial tree. Compact microfluidic platforms closely resemble

in vivo conditions and enable comparison across mammalian

species in a highly replicable manner. Furthermore, these systems

would allow for controlled assessment of eNOS expression in

intact blood vessels exposed to resting and aroused levels of WSS.

In addition, it is plausible that bloodstream nitrite contributes

to the nitrodilator-activatable intracellular NO store (NANOS)

within vascular smooth muscle cells, potentiating function and

contraction properties independent of local endothelial activity

(48). However, how circulating nitrite stimulates release of NO
Frontiers in Cardiovascular Medicine 05
from the NANOS, and the chemical nature of the NANOS,

remain unknown. Again, artery-on-a-chip technology seems well

suited to investigating the endogenous nitrite-NANOS lifecycle.

Future studies, despite ambiguity about the rates of NO release,

could confirm the presence of additive near-wall nitrite transport

(see Figure 2) through targeted disruption of NO metabolism via

local eNOS inhibition in resistance arterioles (0.01–0.3 mm in

diameter), as CFD results suggest nitrite accumulation is

sufficient for vasodilation at this arterial scale. For example,

transfer of nitrogen oxides from upstream femoral

microvasculature of canines promotes vasodilation in vivo (13).

Increased NO accumulation at these locations (as shown in

Figure 3) is expected to decrease downstream vascular resistance

and increase regional blood flow.
Discussion

The present hypothesis considers NO release into the

bloodstream (and subsequent equilibration with nitrite) as an

evolutionary mechanism for local regulation of downstream

vascular resistance during acute cardiovascular stress. Increases in

heart rate and pulse pressures associated with exercise are

accompanied by increases in the oscillatory shear index and

magnitude of WSS (49), which is associated with a 14-fold

increase in NO release (50). Under fully developed laminar flow

conditions, much of the released NO/nitrite remains concentrated

in near-wall fluid laminae, in which nitrite levels can accumulate

to vasoactive concentrations in downstream resistance vessels

during cardiovascular stress. This local synthesis and delivery

minimize waste of endogenous NO. The resulting vasodilation

lowers regional vascular resistance and, in turn, increases regional

blood flow as well as WSS in the parent branches, creating a

positive feedback effect that causes further arterial NO release.

Across a variety of species and tissues, precapillary vessels 0.01–

0.3 mm in diameter account for the arteriovenous pressure drop in

mammals (51). These “resistance vessels” modulate peripheral

vascular resistance and regional cardiac output and, of interest, are

the location where we found that nitrite accumulation first

achieved vasodilator-active levels under stressed conditions (see

Figure 3). These results support the hypothetical mechanism

where local accumulation of bloodstream nitrite enhances

perfusion of metabolically active tissues during arousal.

A confirmation of the hypothesis has implications in exercise

physiology, atherosclerotic disease, and the survival benefit of a

complete circle of Willis (52). Endothelium-derived, NO-mediated

vasodilation is rate-sensitive with dependency on both frequency

and amplitude of the shear stimulus (53–56). Of interest, the

“beat” phenomenon due to cardiolocomotor synchrony in healthy

runners brings about wide pressure pulse oscillations that give rise

to negative arterial pressures (−20 mmHg diastolic pressure) (57).

As cardiolocomotor synchrony significantly reduces run-time by

35 s on average over three miles (58) and periodic acceleration

increases plasma nitrite levels over 5.7-fold (59), we speculate

systemic nitrite formation is significantly elevated due to the

correspondingly greater oscillatory WSS. Further, when negative
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FIGURE 4

Nitrite transport in twenty-orders of bifurcating vasculature at (A) rest and (B) exercise. Cross-sections are not shown to scale for visual clarity and
represent nitrite concentration halfway along each branch. Resistance vessels, 0.01–0.3 mm in diameter, are highlighted for each state of
cardiovascular stress. Arteries with diameters between 1.0–4.0 mm, 0.20–0.80 mm, and 0.04–0.16 mm are shown in the left, middle, and right
columns, respectively. The simulations indicate that luminal nitrite concentration can reach vasodilator-active levels during exercise.
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arterial pressure swings occur, it is expected that monophasic

antegrade flow in resistance vasculature will reverse, further

stimulating the endothelium of vascular beds to release NO into

the bloodstream and allowing a second pass effect, in which the

same near wall fluid can receive two doses of endothelial NO, one

prior to flow reversal and the other during and after flow reversal.

Peripheral artery occlusive disease due to atherosclerosis causes

intermittent claudication with symptomatic pain in 5% of the

population over 50 years of age (60). Upstream atherosclerotic

plaques cause a pressure drop, subsequently reducing blood flow

and, therefore, WSS-mediated nitrite formation and mixing with

core flow (61), potentially reducing exercise tolerance in these

patients. Intermittent claudication or crampy leg pain in response

to walking may in part be mediated by disruption of nitrite

concentration boundary layers and nitrite formation by disturbed

flow distal to stenotic regions. Interestingly, Böger et al.

demonstrated restoration of NO formation by L-arginine infusion

improved pain-free walking distance by 230% and absolute

walking distance by 155% (62). Allen et al. later hypothesized

peripheral artery disease induces a reduction in plasma nitrite
Frontiers in Cardiovascular Medicine 06
which is coupled to distal tissue ischemia and claudication pain

following acute exercise stress; the authors demonstrated that

improved “plasma nitrite flux” resulted in improved exercise

performance, peak walking time, and maximal oxygen uptake

(60). Taken together, these reports suggest intermittent

claudication pain as an indicator of reduced nitrite bioavailability.

The circle of Willis allows blood to be redistributed throughout

the brain during local ischemia; however, we and others have

argued that the anatomic persistence of the circle of Willis across

animal species is unlikely to be driven by natural selection of

individuals with resistance to cerebrovascular disease typically

occurring in elderly human populations (52, 63). Our previous

work exploring the effect of anatomy and changes in frequency

content of the pulse waveform (i.e., during fear and aerobic

exercise) revealed a complete circle of Willis augments

vertebrobasilar blood velocity acceleration 82%–134% (52). As

noted above, NO-mediated vasodilation is highly rate-sensitive.

Therefore, a confirmation of the present hypothesis would

provide evidence that local hemodynamic changes induced by a

complete circle of Willis are capable of enhancing vascular bed
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perfusion in the cerebellum and brainstem reticular activating

system, which are critically important in survival scenarios (64).

A potential limitation of our computational models is the

assumption of a rigid wall. Due to the compliant nature of large

muscular arteries, radial expansion will reduce near-wall nitrite

accumulation due to mixing with core flow. However, our

validated reduced-order model of the systemic circulation (52)

indicates femoral artery diameter amplitude (systolic minus

diastolic diameter) changes less than 8.5% or less than 0.065 cm

during moderate aerobic exercise. Therefore, the rigid wall

assumption could be considered reasonable in the present

context. The present results are representative of time-averaged

steady state nitrite concentration expected to be delivered over

the entire duration of exercise.
Conclusion

We hypothesize that during acute cardiovascular stress or

strenuous exercise, plasma nitrite levels accumulate in near-wall

laminae to achieve vasodilator-active concentrations. Previous

studies have indicated that plasma nitrite participates in

maintaining vascular homeostasis during exercise, while

disruption of nitrite bioavailability leads to clinical manifestations

of ischemia. Herein we provided quantitative evidence for nitrite

transport in twenty-orders of bifurcating vasculature under time-

averaged flow conditions for the femoral artery. Nitrite

accumulation in these vessels can reach vasodilator-active levels

during the first pass of blood flow, which are expected to

promote increased regional blood flow, cardiac output,

performance, and even survival in mammals during

cardiovascular stress and exercise.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Frontiers in Cardiovascular Medicine 07
Author contributions

JM, CB and VR: conceived and designed research. JM and VR:

performed experiments. JM: analyzed data. JM, CB, CG and VR:

interpreted results of experiments. JM, CB, CG and VR: prepared

figures. JM: drafted manuscript. JM, CB, CG and VR: edited and

revised manuscript. JM, CB, CG and VR: approved final version

of manuscript. All authors contributed to the article and

approved the submitted version.
Funding

Research reported in this publication was supported in part by

the National Institutes of Health under award number R01

HL115267. The content is solely the responsibility of the authors

and does not necessarily represent the official views of the

National Institutes of Health.
Conflict of interest

The authors declare that the research was conducted

in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.
References
1. Critchley HD, Corfield DR, Chandler MP, Mathias CJ, Dolan RJ. Cerebral
correlates of autonomic cardiovascular arousal: a functional neuroimaging
investigation in humans. J Physiol. (2000) 523:259–70. doi: 10.1111/j.1469-7793.
2000.t01-1-00259.x

2. Vaughn MW, Kuo L, Liao JC. Estimation of nitric oxide production and
reactionrates in tissue by use of a mathematical model. Am J Physiol Circ Physiol.
(1998) 274:H2163–76. doi: 10.1152/ajpheart.1998.274.6.H2163

3. Lundberg JO, Weitzberg E, Gladwin MT. The nitrate–nitrite–nitric oxide pathway
in physiology and therapeutics. Nat Rev Drug Discov. (2008) 7:156–67. doi: 10.1038/
nrd2466

4. Cuzzolin L, Lussignoli S, Crivellente F, Adami A, Schena F, Bellavite P, et al.
Influence of an acute exercise on neutrophil and platelet adhesion, nitric oxide
plasma metabolites in inactive and active subjects. Int J Sports Med. (2000)
21:289–93. doi: 10.1055/s-2000-13308

5. Node K, Kitakaze M, Sato H, Koretsune Y, Katsube Y, Karita M, et al. Effect of
acute dynamic exercise on circulating plasma nitric oxide level and correlation to
norepinephrine release in normal subjects. Am J Cardiol. (1997) 79:526–8. doi: 10.
1016/S0002-9149(96)00804-1
6. Lauer T, Preik M, Rassaf T, Strauer BE, Deussen A, Feelisch M, et al. Plasma
nitrite rather than nitrate reflects regional endothelial nitric oxide synthase activity
but lacks intrinsic vasodilator action. Proc Natl Acad Sci. (2001) 98:12814–9.
doi: 10.1073/pnas.221381098

7. Shepherd AI, Costello JT, Bailey SJ, Bishop N, Wadley AJ, Young-Min S, et al.
“Beet” the cold: beetroot juice supplementation improves peripheral blood flow,
endothelial function, and anti-inflammatory status in individuals with Raynaud’s
phenomenon. J Appl Physiol. (2019) 127:1478–90. doi: 10.1152/japplphysiol.00292.
2019

8. Gladwin MT, Kim-Shapiro DB. The functional nitrite reductase activity of
the heme-globins. Blood. (2008) 112:2636–47. doi: 10.1182/blood-2008-01-
115261

9. Dejam A. Erythrocytes are the major intravascular storage sites of
nitrite in human blood. Blood. (2005) 106:734–9. doi: 10.1182/blood-2005-02-
0567

10. Kleinbongard P, Dejam A, Lauer T, Rassaf T, Schindler A, Picker O, et al. Plasma
nitrite reflects constitutive nitric oxide synthase activity in mammals. Free Radic Biol
Med. (2003) 35:790–6. doi: 10.1016/S0891-5849(03)00406-4
frontiersin.org

https://doi.org/10.1111/j.1469-7793.2000.t01-1-00259.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00259.x
https://doi.org/10.1152/ajpheart.1998.274.6.H2163
https://doi.org/10.1038/nrd2466
https://doi.org/10.1038/nrd2466
https://doi.org/10.1055/s-2000-13308
https://doi.org/10.1016/S0002-9149(96)00804-1
https://doi.org/10.1016/S0002-9149(96)00804-1
https://doi.org/10.1073/pnas.221381098
https://doi.org/10.1152/japplphysiol.00292.2019
https://doi.org/10.1152/japplphysiol.00292.2019
https://doi.org/10.1182/blood-2008-01-115261
https://doi.org/10.1182/blood-2008-01-115261
https://doi.org/10.1182/blood-2005-02-0567
https://doi.org/10.1182/blood-2005-02-0567
https://doi.org/10.1016/S0891-5849(03)00406-4
https://doi.org/10.3389/fcvm.2023.1146717
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Muskat et al. 10.3389/fcvm.2023.1146717
11. Hon YY, Lin EE, Tian X, Yang Y, Sun H, Swenson ER, et al. Increased
consumption and vasodilatory effect of nitrite during exercise. Am J Physiol Cell
Mol Physiol. (2016) 310:L354–64. doi: 10.1152/ajplung.00081.2015

12. Ohta M, Nanri H, Matsushima Y, Sato Y, Ikeda M. Blood pressure-lowering
effects of lifestyle modification: possible involvement of nitric oxide bioavailability.
Hypertens Res. (2005) 28:779–86. doi: 10.1291/hypres.28.779

13. Gerová M, Mesaros S, Kristek F, Kittová M, Malinski T. NO concentration in the
periendothelial area of the femoral artery of the dog measured in vivo. Physiol Res.
(1998) 47:169–75. PMID: 9803481.

14. Bohlen HG, Zhou X, Unthank JL, Miller SJ, Bills R. Transfer of nitric oxide by
blood from upstream to downstream resistance vessels causes microvascular dilation.
Am J Physiol Circ Physiol. (2009) 297:H1337–46. doi: 10.1152/ajpheart.00171.2009

15. Dejam A, Hunter CJ, Tremonti C, Pluta RM, Hon YY, Grimes G, et al. Nitrite
infusion in humans and nonhuman primates. Circulation. (2007) 116:1821–31.
doi: 10.1161/CIRCULATIONAHA.107.712133

16. Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr S, et al. Nitrite
reduction to nitric oxide by deoxyhemoglobin vasodilates the human circulation. Nat
Med. (2003) 9:1498–505. doi: 10.1038/nm954

17. Gladwin MT. Evidence mounts that nitrite contributes to hypoxic vasodilation
in the human circulation. Circulation. (2008) 117:594–7. doi: 10.1161/
CIRCULATIONAHA.107.753897

18. Dautov RF, Stafford I, Liu S, Cullen H, Madhani M, Chirkov YY, et al. Hypoxic
potentiation of nitrite effects in human vessels and platelets. Nitric Oxide. (2014)
40:36–44. doi: 10.1016/j.niox.2014.05.005

19. van Faassen EE, Bahrami S, Feelisch M, Hogg N, Kelm M, Kim-Shapiro DB,
et al. Nitrite as regulator of hypoxic signaling in mammalian physiology. Med Res
Rev. (2009) 29:683–741. doi: 10.1002/med.20151

20. Vleeming W, Van De Kuil A, te Biesebeek JD, Meulenbelt J, Boink ABTJ. Effect
of nitrite on blood pressure in anaesthetized and free-moving rats. Food Chem Toxicol.
(1997) 35:615–9. doi: 10.1016/S0278-6915(97)00015-X

21. Liu X, Miller MJS, Joshi MS, Sadowska-Krowicka H, Clark DA, Lancaster JR.
Diffusion-limited reaction of free nitric oxide with erythrocytes. J Biol Chem. (1998)
273:18709–13. doi: 10.1074/jbc.273.30.18709

22. Fox-Robichaud A, Payne D, Kubes P. Inhaled NO reaches distal vasculatures to
inhibit endothelium- but not leukocyte-dependent cell adhesion. Am J Physiol Cell
Mol Physiol. (1999) 277:L1224–31. doi: 10.1152/ajplung.1999.277.6.L1224

23. Rifkind JM, Nagababu E, Barbiro-Michaely E, Ramasamy S, Pluta RM,
Mayevsky A. Nitrite infusion increases cerebral blood flow and decreases mean
arterial blood pressure in rats: a role for red cell NO. Nitric Oxide. (2007)
16:448–56. doi: 10.1016/j.niox.2007.04.002

24. Cannon RO, Schechter AN, Panza JA, Ognibene FP, Pease-Fye ME, Waclawiw
MA, et al. Effects of inhaled nitric oxide on regional blood flow are consistent with
intravascular nitric oxidedelivery. J Clin Invest. (2001) 108:279–87. doi: 10.1172/
JCI200112761

25. Gladwin MT, Shelhamer JH, Schechter AN, Pease-Fye ME, Waclawiw MA,
Panza JA, et al. Role of circulating nitrite and S-nitrosohemoglobin in the
regulation of regional blood flow in humans. Proc Natl Acad Sci. (2000)
97:11482–7. doi: 10.1073/pnas.97.21.11482

26. Bohlen HG. Mechanism of increased vessel wall nitric oxide concentrations
during intestinal absorption. Am J Physiol Circ Physiol. (1998) 275:H542–50.
doi: 10.1152/ajpheart.1998.275.2.H542

27. Buerk DG, Barbee KA, Jaron D. Nitric oxide signaling in the microcirculation.
Crit Rev Biomed Eng. (2011) 39:397–433. doi: 10.1615/CritRevBiomedEng.v39.i5.40

28. Rassaf T, Preik M, Kleinbongard P, Lauer T, Heiß C, Strauer B-E, et al. Evidence
for in vivo transport of bioactive nitric oxide in human plasma. J Clin Invest. (2002)
109:1241–8. doi: 10.1172/JCI0214995

29. Vovenko E. Distribution of oxygen tension on the surface of arterioles,
capillaries and venules of brain cortex and in tissue in normoxia: an experimental
study on rats. Pflügers Arch Eur J Physiol. (1999) 437:617–23. doi: 10.1007/
s004240050825

30. Telford RD, Sly GJ, Hahn AG, Cunningham RB, Bryant C, Smith JA. Footstrike
is the major cause of hemolysis during running. J Appl Physiol. (2003) 94:38–42.
doi: 10.1152/japplphysiol.00631.2001

31. Lippi G, Sanchis-Gomar F. Epidemiological, biological and clinical update on
exercise-induced hemolysis. Ann Transl Med. (2019) 7:270. doi: 10.21037/atm.2019.
05.41

32. Minneci PC, Deans KJ, Shiva S, Zhi H, Banks SM, Kern S, et al. Nitrite reductase
activity of hemoglobin as a systemic nitric oxide generator mechanism to detoxify
plasma hemoglobin produced during hemolysis. Am J Physiol Circ Physiol. (2008)
295:H743–54. doi: 10.1152/ajpheart.00151.2008

33. Mayrovitz HN, Roy J. Microvascular blood flow: evidence indicating a cubic
dependence on arteriolar diameter. Am J Physiol Circ Physiol. (1983) 245:H1031–8.
doi: 10.1152/ajpheart.1983.245.6.H1031

34. Sherman TF. On connecting large vessels to small. The meaning of Murray’s law.
J Gen Physiol. (1981) 78:431–53. doi: 10.1085/jgp.78.4.431
Frontiers in Cardiovascular Medicine 08
35. Kondiboyina A, Smolich JJ, Cheung MMH, Westerhof BE, Mynard JP. Conduit
arterial wave reflection promotes pressure transmission but impedes hydraulic energy
transmission to the microvasculature. Am J Physiol Circ Physiol. (2020) 319:H66–75.
doi: 10.1152/ajpheart.00733.2019

36. Zhou Y, Kassab GS, Molloi S. On the design of the coronary arterial tree: a
generalization of Murray’s law. Phys Med Biol. (1999) 44:2929–45. doi: 10.1088/
0031-9155/44/12/306

37. Shoemaker JK, Phillips SM, Green HJ, Hughson RL. Faster femoral artery blood
velocity kinetics at the onset of exercise following short-term training. Cardiovasc Res.
(1996) 31:278–86. doi: 10.1016/S0008-6363(95)00199-9

38. MacDonald MJ, Shoemaker JK, Tschakovsky ME, Hughson RL. Alveolar
oxygen uptake and femoral artery blood flow dynamics in upright and
supine leg exercise in humans. J Appl Physiol. (1998) 85:1622–8. doi: 10.
1152/jappl.1998.85.5.1622

39. Maani N, Diorio TC, Hetts SW, Rayz VL. Computational modeling of drug
transport and mixing in the chemofilter device: enhancing the removal of
chemotherapeutics from circulation. Biomech Model Mechanobiol. (2020)
19:1865–77. doi: 10.1007/s10237-020-01313-8

40. Zacharia IG, Deen WM. Diffusivity and solubility of nitric oxide in water and
saline. Ann Biomed Eng. (2005) 33:214–22. doi: 10.1007/s10439-005-8980-9

41. Borland C, Moggridge G, Patel R, Patel S, Zhu Q, Vuylsteke A. Permeability and
diffusivity of nitric oxide in human plasma and red cells. Nitric Oxide. (2018) 78:51–9.
doi: 10.1016/j.niox.2018.05.006

42. Florian JA, Kosky JR, Ainslie K, Pang Z, Dull RO, Tarbell JM. Heparan sulfate
proteoglycan is a mechanosensor on endothelial cells. Circ Res. (2003) 93:e136–42.
doi: 10.1161/01.RES.0000101744.47866.D5

43. Ethier CR. Computational modeling of mass transfer and links to
atherosclerosis. Ann Biomed Eng. (2002) 30:461–71. doi: 10.1114/1.1468890

44. Ando H, Kubin T, Schaper W, Schaper J. Cardiac microvascular endothelial cells
express α-smooth muscle actin and show low NOS III activity. Am J Physiol Circ
Physiol. (1999) 276:H1755–68. doi: 10.1152/ajpheart.1999.276.5.H1755

45. Guo X, Kassab GS. Role of shear stress on nitrite and NOS protein content in
different size conduit arteries of swine. Acta Physiol. (2009) 197:99–106. doi: 10.
1111/j.1748-1716.2009.01999.x

46. Heaps CL, Bray JF, McIntosh AL, Schroeder F. Endothelial nitric oxide
synthase protein distribution and nitric oxide production in endothelial cells
along the coronary vascular tree. Microvasc Res. (2019) 122:34–40. doi: 10.
1016/j.mvr.2018.11.004

47. Yasotharan S, Pinto S, Sled JG, Bolz S-S, Günther A. Artery-on-a-chip platform
for automated, multimodal assessment of cerebral blood vessel structure and function.
Lab Chip. (2015) 15:2660–9. doi: 10.1039/C5LC00021A

48. Liu T, Schroeder H, Power GG, Blood AB. A physiologically relevant role for NO
stored in vascular smooth muscle cells: a novel theory of vascular NO signaling. Redox
Biol. (2022) 53:102327. doi: 10.1016/j.redox.2022.102327

49. Muskat JC, Babbs CF, Goergen CJ, Rayz VL. Method for estimating pulsatile wall
shear stress from one-dimensional velocity waveforms. Physiol Rep. (2023) 11:e15628.
doi: 10.14814/phy2.15628

50. Hillsley MV, Tarbell JM. Oscillatory shear alters endothelial hydraulic
conductivity and nitric oxide levels. Biochem Biophys Res Commun. (2002)
293:1466–71. doi: 10.1016/S0006-291X(02)00410-2

51. Levy BI, Ambrosio G, Pries AR, Struijker-Boudier HAJ. Microcirculation in
hypertension. Circulation. (2001) 104:735–40. doi: 10.1161/hc3101.091158

52. Muskat JC, Rayz VL, Goergen CJ, Babbs CF. Hemodynamic modeling of
the circle of Willis reveals unanticipated functions during cardiovascular stress.
J Appl Physiol. (2021) 131:1020–34. doi: 10.1152/japplphysiol.00198.2021

53. Hutcheson IR, Griffith TM. Release of endothelium-derived relaxing factor is
modulated both by frequency and amplitude of pulsatile flow. Am J Physiol Circ
Physiol. (1991) 261:H257–62. doi: 10.1152/ajpheart.1991.261.1.H257

54. Noris M, Morigi M, Donadelli R, Aiello S, Foppolo M, Todeschini M, et al.
Nitric oxide synthesis by cultured endothelial cells is modulated by flow conditions.
Circ Res. (1995) 76:536–43. doi: 10.1161/01.RES.76.4.536

55. Butler PJ, Weinbaum S, Chien S, Lemons DE. Endothelium-dependent, shear-
induced vasodilation is rate-sensitive. Microcirculation. (2000) 7:53–65. doi: 10.
1111/j.1549-8719.2000.tb00742.x

56. Qiu Y, Tarbell J. Interaction between wall shear stress and circumferential strain
affects endothelial cell biochemical production. J Vasc Res. (2000) 37:147–57. doi: 10.
1159/000025726

57. Palatini P, Mos L, Mormino P, Di Marco A, Munari L, Fazio G, et al. Blood
pressure changes during running in humans: the “beat” phenomenon. J Appl
Physiol. (1989) 67:52–9. doi: 10.1152/jappl.1989.67.1.52

58. Phillips B, Jin Y. Effect of adaptive paced cardiolocomotor synchronization during
running: a preliminary study. J Sports Sci Med. (2013) 12:381–7. PMID: 24149141.

59. Adams JA, Bassuk J, Wu D, Grana M, Kurlansky P, Sackner MA. Periodic
acceleration: effects on vasoactive, fibrinolytic, and coagulation factors. J Appl
Physiol. (2005) 98:1083–90. doi: 10.1152/japplphysiol.00662.2004
frontiersin.org

https://doi.org/10.1152/ajplung.00081.2015
https://doi.org/10.1291/hypres.28.779
https://pubmed.ncbi.nlm.nih.gov/PMID: 9803481
https://doi.org/10.1152/ajpheart.00171.2009
https://doi.org/10.1161/CIRCULATIONAHA.107.712133
https://doi.org/10.1038/nm954
https://doi.org/10.1161/CIRCULATIONAHA.107.753897
https://doi.org/10.1161/CIRCULATIONAHA.107.753897
https://doi.org/10.1016/j.niox.2014.05.005
https://doi.org/10.1002/med.20151
https://doi.org/10.1016/S0278-6915(97)00015-X
https://doi.org/10.1074/jbc.273.30.18709
https://doi.org/10.1152/ajplung.1999.277.6.L1224
https://doi.org/10.1016/j.niox.2007.04.002
https://doi.org/10.1172/JCI200112761
https://doi.org/10.1172/JCI200112761
https://doi.org/10.1073/pnas.97.21.11482
https://doi.org/10.1152/ajpheart.1998.275.2.H542
https://doi.org/10.1615/CritRevBiomedEng.v39.i5.40
https://doi.org/10.1172/JCI0214995
https://doi.org/10.1007/s004240050825
https://doi.org/10.1007/s004240050825
https://doi.org/10.1152/japplphysiol.00631.2001
https://doi.org/10.21037/atm.2019.05.41
https://doi.org/10.21037/atm.2019.05.41
https://doi.org/10.1152/ajpheart.00151.2008
https://doi.org/10.1152/ajpheart.1983.245.6.H1031
https://doi.org/10.1085/jgp.78.4.431
https://doi.org/10.1152/ajpheart.00733.2019
https://doi.org/10.1088/0031-9155/44/12/306
https://doi.org/10.1088/0031-9155/44/12/306
https://doi.org/10.1016/S0008-6363(95)00199-9
https://doi.org/10.1152/jappl.1998.85.5.1622
https://doi.org/10.1152/jappl.1998.85.5.1622
https://doi.org/10.1007/s10237-020-01313-8
https://doi.org/10.1007/s10439-005-8980-9
https://doi.org/10.1016/j.niox.2018.05.006
https://doi.org/10.1161/01.RES.0000101744.47866.D5
https://doi.org/10.1114/1.1468890
https://doi.org/10.1152/ajpheart.1999.276.5.H1755
https://doi.org/10.1111/j.1748-1716.2009.01999.x
https://doi.org/10.1111/j.1748-1716.2009.01999.x
https://doi.org/10.1016/j.mvr.2018.11.004
https://doi.org/10.1016/j.mvr.2018.11.004
https://doi.org/10.1039/C5LC00021A
https://doi.org/10.1016/j.redox.2022.102327
https://doi.org/10.14814/phy2.15628
https://doi.org/10.1016/S0006-291X(02)00410-2
https://doi.org/10.1161/hc3101.091158
https://doi.org/10.1152/japplphysiol.00198.2021
https://doi.org/10.1152/ajpheart.1991.261.1.H257
https://doi.org/10.1161/01.RES.76.4.536
https://doi.org/10.1111/j.1549-8719.2000.tb00742.x
https://doi.org/10.1111/j.1549-8719.2000.tb00742.x
https://doi.org/10.1159/000025726
https://doi.org/10.1159/000025726
https://doi.org/10.1152/jappl.1989.67.1.52
https://pubmed.ncbi.nlm.nih.gov/PMID: 24149141
https://doi.org/10.1152/japplphysiol.00662.2004
https://doi.org/10.3389/fcvm.2023.1146717
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Muskat et al. 10.3389/fcvm.2023.1146717
60. Allen JD, Stabler T, Kenjale A, Ham K, Robbins JL, Duscha BD, et al. Plasma
nitrite flux predicts exercise performance in peripheral arterial disease following 3
months. Free Radic Biol Med. (2010) 49:1138–44. doi: 10.1016/j.freeradbiomed.2010.
06.033.PLASMA

61. Varghese SS, Frankel SH. Numerical modeling of pulsatile turbulent flow in
stenotic vessels. J Biomech Eng. (2003) 125:445–60. doi: 10.1115/1.1589774

62. Böger RH, Bode-Böger SM, Thiele W, Creutzig A, Alexander K, Frölich JC.
Restoring vascular nitric oxide formation by L-arginine improves the symptoms
Frontiers in Cardiovascular Medicine 09
of intermittent claudication in patients with peripheral arterial occlusive
disease. J Am Coll Cardiol. (1998) 32:1336–44. doi: 10.1016/S0735-1097(98)
00375-1

63. Vrselja Z, Brkic H, Mrdenovic S, Radic R, Curic G. Function of circle of Willis.
J Cereb Blood Flow Metab. (2014) 34:578–84. doi: 10.1038/jcbfm.2014.7

64. Dietrich A, Audiffren M. The reticular-activating hypofrontality (RAH) model
of acute exercise. Neurosci Biobehav Rev. (2011) 35:1305–25. doi: 10.1016/j.
neubiorev.2011.02.001
frontiersin.org

https://doi.org/10.1016/j.freeradbiomed.2010.06.033.PLASMA
https://doi.org/10.1016/j.freeradbiomed.2010.06.033.PLASMA
https://doi.org/10.1115/1.1589774
https://doi.org/10.1016/S0735-1097(98)00375-1
https://doi.org/10.1016/S0735-1097(98)00375-1
https://doi.org/10.1038/jcbfm.2014.7
https://doi.org/10.1016/j.neubiorev.2011.02.001
https://doi.org/10.1016/j.neubiorev.2011.02.001
https://doi.org/10.3389/fcvm.2023.1146717
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Transport of nitrite from large arteries modulates regional blood flow during stress and exercise
	Introduction
	Hypothesis
	Explanation of hypothesis

	Support for the hypothesis
	Evidence against the hypothesis
	Evaluation of the hypothesis
	Method
	Results

	Further testing of the hypothesis
	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


