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Abstract

To determine the efficacy of inorganic nitrite supplementation on endothelial function in humans
and mechanisms of action, we performed: 1) a randomized, placebo-controlled, parallel-group
clinical trial with sodium nitrite (80 mg/day, 12 weeks) in older adults (n=49, 68+1 yr); and 2)
reverse translation experiments in young (6 mo) and old (27 mo) c57BL/6 mice. In the clinical
trial, sodium nitrite increased plasma nitrite (p<0.05) and was well-tolerated. Brachial artery flow-
mediated dilation (endothelial function) was increased 28% vs. baseline after nitrite
supplementation (p<0.05), but unchanged with placebo. Nitrotyrosine, a marker of oxidative
stress, was reduced by 45% vs. baseline in biopsied endothelial cells after nitrite, but not placebo,
treatment. Plasma from nitrite-treated, but not placebo-treated, subjects decreased whole-cell
(CellROX) and mitochondria-specific (MitoSOX) reactive oxygen species (ROS) in cultured
human umbilical vein endothelial cells (p<0.05). Old mice (OC, n=9) had ~30% lower ex vivo
carotid artery endothelium-dependent dilation (EDD) vs. young mice (YC, n=9) due to reduced
nitric oxide (NO) bioavailability (p<0.05). Nitrite supplementation (drinking water, 50 mg/L, 8
weeks) restored EDD and NO bioavailability in old mice (ON, n=10) to YC. Mitochondrial ROS
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suppression of EDD was present in OC (increased EDD with a mitochondrial-targeted antioxidant,
p<0.05), but not in YC or ON. A mitochondrial ROS-inducer (rotenone) further impaired EDD in
OC (p<0.05); YC and ON were protected. Markers of mitochondrial health were greater in aorta
of ON vs. OC (p<0.05). Inorganic nitrite supplementation improves endothelial function with
aging by increasing NO, decreasing mitochondrial ROS/oxidative stress and increasing

mitochondrial stress resistance.
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Introduction

Aging is the main risk factor for cardiovascular diseases (CVD), which remain the leading
cause of morbidity and mortality in the developed world.1: 2 The age-associated increase in
CVD risk is largely due to the development of vascular dysfunction, a major manifestation
of which is vascular endothelial dysfunction.3-> A key mechanism contributing to
endothelial dysfunction with aging is a decline in the bioavailability of nitric oxide (NO)

secondary to increases in oxidative stress,% 6 which,

in turn, is a consequence of age-related

impairments in mitochondrial health favoring excess superoxide-associated reactive oxygen

species (ROS) production.”: 8

Inorganic nitrite is a cellular-protective molecule and the major storage form of NO in
tissues. Biochemically, as a key intermediary of the nitrate-nitrite-NO pathway, nitrite
undergoes a one-step reduction to increase NO bioavailability and signaling.® 10 Preclinical
findings from our laboratory show that oral treatment with inorganic nitrite completely
reverses age-related endothelial dysfunction in old mice by increasing NO bioavailability
with no effects in young mice.1! As a first step in translating these findings to humans, we
subsequently conducted a dose-ranging, feasibility-focused pilot study and found that 80 and
160 mg/day of oral sodium nitrite supplementation for 12 weeks improved NO-mediated
endothelial function (brachial artery flow-mediated dilation [FMD]) to a similar extent in a

small group of healthy adults 50-79 years of age.12
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NO decreases mitochondrial ROS via post-translational modification of mitochondrial
proteins and/or modulation of electron transport chain activity.13: 14 NO also augments
signaling pathways to activate mitochondrial biogenesis and antioxidant capacity, including
peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1a) and
nuclear factor-erythroid-2-related factor 2 (NRF2) signaling, and the AMP-activated protein
kinase pathway.15-18 These regulators, in turn, promote increases in mitochondrial mass and
expression of metabolic and antioxidant processes that collectively act to prevent excess
mitochondrial ROS and maintain a pool of healthy mitochondria.15-18 With aging, these
processes are dysregulated, which contributes to age-related vascular dysfunction.”: 8
However, the efficacy of inorganic nitrite and associated elevations in NO bioavailability for
reversing mitochondrial ROS-related endothelial dysfunction has not been investigated.

Accordingly, the main goal of the current study was to determine the efficacy of sodium
nitrite for improving brachial artery FMD (primary outcome) in healthy older adults by
conducting a parallel-design, randomized, placebo-controlled clinical trial with 12-week
treatment arms. In this clinical trial, we also sought to obtain novel mechanistic insight on
the role of decreased oxidative stress in mediating the beneficial effects of inorganic nitrite
by assessing oxidant modification in biopsied endothelial cells and the influence and identity
of changes in plasma “circulating factors” on total and mitochondrial-specific ROS
bioactivity using tandem “plasma exposure” experiments in human endothelial cell culture
and targeted plasma metabolomics analyses. Our secondary goal was to interrogate the role
of improvements in mitochondrial health and decreases in mitochondrial ROS as mediators
of nitrite-associated improvements in endothelial function. To accomplish this aim, we
conducted “reverse-translation” experiments in young and old mice evaluating the effects of
age and sodium nitrite treatment on mitochondrial ROS-mediated suppression of endothelial
function and accompanying signaling pathways.

The data supporting the findings of this study are available from the corresponding author
upon reasonable request.

Clinical Studies

All procedures involving human subjects were reviewed and approved by the Institutional
Review Board at the University of Colorado Boulder. The benefits, nature, and risks of the
study procedures were explained to all participants. Written informed consent was obtained
from all subjects before enrollment in the study. This study was registered on
ClinicalTrials.gov (NCT02393742). All measurements were performed at the University of
Colorado Boulder Clinical Translational Research Center (CTRC).

Participants.

One-hundred and fifty healthy men and postmenopausal women aged 60-80 years were
recruited for the study. Eighty-five of the participants screened did not meet inclusion
criteria. Fifty-six eligible participants were randomized to receive placebo (n=24) or sodium
nitrite (n=32). Enrolled participants were excluded or withdrew from the study for the
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following reasons: subject burden (n=1), change in health status (n=1), and side effects to
the intervention (n=5) (Figure S1). Additional participant details and inclusion/exclusion
criteria are provided in the Data Supplement.

Study design, randomization, and intervention.

The study design was a 12-week randomized, double-blind, placebo-controlled, parallel
design clinical trial. Randomization was performed by a member of the study team not
involved in the assessment of outcomes, and a block randomization scheme stratified for age
(60-69 and 70-79 years) and sex was used. Participants were randomized to either receive
placebo or sodium nitrite (80 mg), taken orally as 40 mg twice per day in the morning and at
night.12 This dose was selected based on its similar efficacy vs. 160 mg daily in our pilot
study.12 Additional details on the intervention, measurements!® and participant
characteristics?C are provided in the Data Supplement.

Plasma nitrite levels.

To determine the acute effects of sodium nitrite or placebo capsule ingestion on plasma
nitrite levels, plasma was collected 4 hours after ingestion of the first capsule. The timing of
this blood sample was based on pharmacokinetic data from the manufacturer for capturing
peak plasma concentrations.2! Plasma nitrite levels were also measured at week 12 of the
intervention 12-18 hours after sodium nitrite or placebo ingestion to assess the nonacute
effects of supplementation on circulating nitrite levels. Plasma nitrite levels were assayed as
described previously.22 Additional details are provided in the Data Supplement.

Vascular endothelial function.

Brachial artery FMD (using a five-minute forearm cuff occlusion) was assessed via high-
resolution ultrasonography (Toshiba Xario XG), as described previously.23 24 Measurements
are expressed as percentage and absolute change from baseline diameter.24 Additional
details are provided in the Data Supplement.

Endothelial cell biopsies, isolation and assessment of nitrotyrosine.

Endothelial cells were obtained from antecubital veins via endovascular biopsy, isolated and
assessed for abundance of nitrotyrosine, a marker of oxidative stress, as described
previously.2> All endothelial cell fluorescence data are reported as ratios to human umbilical
vein endothelial cell protein expression and normalized to pre-intervention (baseline) values.
Additional details are provided in the Data Supplement.

Plasma exposure experiments for whole-cell and mitochondrial ROS production.

Human umbilical vein endothelial cells (HUVECs) were plated in 96-well culture plates and
incubated under standard conditions (37°C, 5% CO2, humidified). After 2—4 passages, cells
were cultured for 24h in basal media supplemented with 10% plasma from a subset of
subjects (N=9 for placebo-treated and N=11 for sodium nitrite treated subjects) collected
before and after sodium nitrite and placebo (in triplicate).28: 27 Cells were incubated with the
fluorescent probes CellROX Deep Red (ThermoFisher; to detect whole-cell ROS
bioactivity), MitoSOX (ThermoFisher; to detect mitochondrial ROS [mtROS] bioactivity)
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and MitoTracker (ThermoFisher; to control for differences in mitochondrial volume) and
analyzed by quantitative fluorescence microscopy.28 All fluorescence data are normalized to
pre-intervention (baseline) values.28

Plasma Metabolomics.

A targeted metabolomics analysis focusing on 134 central carbon and nitrogen metabolites
was performed on plasma from the subjects’ blood samples (N=8 for placebo-treated and
N=10 for sodium nitrite treated subjects) that were used for the cell culture plasma exposure
experiments, as described previously28-32 (see Data Supplement for details).

Preclinical Studies

All animal protocols conformed to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee at the University of Colorado Boulder. Male ¢57BL/6 mice, an established model
of age-associated vascular endothelial dysfunction,33: 34 were purchased from the aging
colony at the National Institute on Aging at ~6 or ~25 months of age and allowed to
acclimate to our facilities for 2 weeks prior to beginning treatment. Young control mice
(n=9) continued on normal drinking water, while old mice were randomly assigned to
control (n=9, regular drinking water) or nitrite treatment (n=10), which received sodium
nitrite (50 mg/L, a dose previously reported to be efficacious!: 3%) in the drinking water for
eight weeks.

Vascular endothelial function.

Endothelium-dependent dilation (EDD) in response to increasing doses of acetylcholine
(ACh, Sigma Aldrich) and endothelium-independent dilation in response to increasing
concentrations of the exogenous NO donor sodium nitroprusside (SNP, Sigma Aldrich) were
measured in isolated carotid arteries as previously described.”- 11: 36 Fyrther details,
including all pharmacological agents used for pharmaco-dissection, are provided in the Data
Supplement. The thoracic aorta was excised, dissected free of surrounding tissue and stored
for later assessment of protein expression by standard Western blotting techniques as
described elsewhere.11. 37 Details on procedures and antibodies are provided in the Data
Supplement.

Data analysis.

Statistical analyses were performed with GraphPad Prism version 8. Data are expressed as
mean + standard error (SEM). Statistical significance was set a priori at a=0.05. Additional
descriptions of the statistical approaches are provided in the Data Supplement.

Results

Clinical Trial

Participant characteristics.—There were no differences in participant characteristics
(age, sex, body mass index and waist to hip ratio) and clinical or physiological blood
markers (cholesterol, triglycerides, glucose, C-reactive protein, oxidized LDL and
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norepinephrine) between placebo and nitrite conditions at baseline or following the
intervention (all p>0.05) (Table 1). Blood pressure did not differ between groups at baseline
or in response to treatment (p>0.05, Table 1). Inclusion of baseline blood pressure as a
covariate in our analysis did not influence the blood pressure responses to treatment
(p>0.05).

Safety and tolerability.—All treatment-emergent adverse events were expected, and the
majority were mild (Table S1). Three participants taking sodium nitrite reported dizziness or
lightheadedness, three reported fatigue, one reported anxiety and one reported nausea. One
participant on sodium nitrite had a severe allergic reaction to nitrite requiring medical
attention (serious expected adverse event); this participant was withdrawn from the study
(see Data Supplement for details).

Sodium nitrite acutely increases plasma nitrite levels.—Ingestion of sodium
nitrite, but not placebo, effectively increased plasma nitrite levels 4 hours after ingestion
(p<0.05, Figure S2). As expected based on the established pharmacokinetics of nitrite,2!
concentrations ~12 hours after the last dose were not different from baseline post-
intervention (p>0.05, Figure S2).

Sodium nitrite improves vascular endothelial function.—Brachial artery FMD was
increased by 28% with chronic sodium nitrite supplementation but unchanged with placebo
(p<0.05, Figure 1). Other brachial artery parameters were not different between conditions
(p>0.05, Table S2).

Sodium nitrite decreases endothelial cell oxidative stress.—The abundance of
nitrotyrosine, a marker of oxidative modification of proteins (i.e., oxidative stress), was
~45% lower (p<0.05) among individual biopsied endothelial cells obtained from our
subjects after sodium nitrite supplementation compared with baseline, whereas there was no
difference (p>0.05) in subjects before vs. after placebo treatment (Figure 2A). In sodium
nitrite-supplemented subjects, ex vivo treatment of cultured HUVECSs with plasma obtained
12 hours after the last dosing (i.e., when nitrite levels had returned to baseline levels)
resulted in an ~25% decrease (p<0.05) in basal whole cell ROS bioactivity (CellROX
fluorescence, Figure 2B) and an ~35% reduction in mitochondrial-specific ROS bioactivity
(MitoSOX fluorescence, Figure 2C) without altering mitochondrial abundance, as assessed
by MitoTracker fluorescence. In contrast, whole cell and mitochondrial-specific ROS
bioactivity were unchanged (p>0.05) in HUVECS exposed to plasma obtained from subjects
before vs. after placebo treatment (Figures 2B-C).

Sodium nitrite alters circulating factors related to oxidative stress and
antioxidant defense.—To identify changes in circulating molecular factors that may have
contributed to the decrease in whole-cell and mitochondrial ROS bioactivity observed in
HUVEC:s after exposure to plasma from our sodium nitrite supplemented subjects, we
performed a targeted metabolomics analysis on plasma obtained before and after sodium
nitrite (and placebo) treatment ina subset of subjects (N=8-10/group). We observed a
distinction between the change in plasma metabolite profile in sodium nitrite vs. placebo
treated subjects, as indicated by the separation of points in our partial least squares

Hypertension. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rossman et al.

Page 7

discriminant analysis (Figure 3A) and the supporting heat map of the results of our
hierarchical clustering analysis of the top 25 metabolites that were differentially altered by
the two treatment conditions (Figure 3B). Upon further analysis, we found that
deydroascorbate, the oxidized form of the superoxide-scavenging metabolite ascorbate, was
reduced in response to sodium nitrite supplementation (p<0.05 vs. placebo) (Figure 3 and
Table S2), whereas ascorbate concentrations were increased (p=0.08 vs. placebo) (Figure 3
and Table S2). To determine the relations between these changes in plasma metabolites and
corresponding changes in HUVEC ROS bioactivity, we performed linear regression analyses
on the pooled samples from both the sodium nitrite supplemented and placebo treated
subjects. The changes in plasma dehydroascorbate were positively related to the
corresponding changes in HUVEC whole-cell (R?=0.43, p=0.004) and mitochondrial
(R2=0.22, p=0.055) ROS bioactivity. There were no significant associations with changes in
ascorbate concentrations before vs. after treatment.

Preclinical Studies

Nitrite treatment reverses age-related endothelial dysfunction by increasing
NO bioavailability.—Carotid artery preconstriction to phenylephrine was not different
between groups (p>0.05). EDD in carotid arteries was lower (p<0.05) in old control
compared with young control mice (Figure 4A and B) and this impairment was mediated by
reduced NO bioavailability, as indicated by a lack of group differences in the absence of NO
after administration of the NO synthase inhibitor L-NAME (p>0.05, Figure 4A and B).
Nitrite supplementation in old mice fully restored EDD and NO bioavailability (Figure 4A
and B). There were no differences (p>0.05) among groups in the response to the NO donor
sodium nitroprusside (endothelium-independent dilation, Figure 4C and D), indicating that
the improvements in endothelial function were not related to changes in vascular smooth
muscle sensitivity to NO.

Nitrite treatment abolishes age-related mtROS-mediated suppression of
endothelial function and improves resistance to acute mtROS stress in old
mice.—Incubation of carotid arteries with the mitochondria-specific antioxidant MitoQ
completely restored EDD in old control animals but had no effect (p>0.05) in young control
animals, indicating that aging is accompanied by tonic mtROS-mediated suppression of
endothelial function (Figure 5A). In contrast, ex vivo MitoQ incubation had no effect
(p>0.05) on EDD in old nitrite-supplemented animals, demonstrating complete amelioration
of the mtROS-mediated suppression of function observed in old control mice (Figure 5A).
Acute ex vivoincubation of arteries with 0.5 uM of the mitochondrial stressor rotenone to
stimulate mtROS production”- 3840 caused further impairment (p<0.05) in EDD in arteries
of old control mice but had no effect (p>0.05) in young control mice or old nitrite-
supplemented animals (Figure 5B). Together, these results suggest that increased mtROS
contribute to the age-related decline in vascular endothelial function and that nitrite
supplementation rescues endothelial function in old mice, in part by reducing vascular
mitochondria-derived oxidative stress. Further, the data suggest that aging is associated with
diminished resistance to an acute arterial mtROS challenge and that nitrite supplementation
restores resistance to this stressor in old mice.
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Nitrite treatment increases upstream regulators of mitochondrial function and
protein markers of mitochondrial health.—Protein abundance of AMPK, a key
energy-sensing enzyme and upstream regulator of mitochondrial function, was ~50% lower
(p=0.06) in aorta of old compared to young mice (Figure 5C). Nitrite supplementation in old
mice restored total aortic AMPK to levels similar to that of young controls (Figure 5C).
Aortic protein expression of PGC-1a, NRF2, key regulators of mitochondrial biogenesis and
health, and mitochondrial cytochrome C oxidase subunit IV (COXIV), a marker of
mitochondrial mass, were not different (p>0.05) between young and old mice but were
increased (p<0.05) in old nitrite-supplemented mice (Figure 5D, E and F). Collectively,
these data suggest that nitrite supplementation may enhance mitochondrial health in the
vasculature by boosting upstream signaling pathways, as well as markers of mitochondrial
biogenesis.

Discussion

In the current study, we took the next translational step towards establishing sodium nitrite
as a therapeutic strategy for healthy vascular aging by conducting a randomized, placebo-
controlled, double-blind parallel group design clinical trial to determine the effects of
sodium nitrite on vascular endothelial function in older adults. We show that sodium nitrite
elevated plasma nitrite levels and was safe and well-tolerated over the 12-week treatment
duration. Moreover, we demonstrate that sodium nitrite supplementation in older adults
improves vascular endothelial function, which is associated with reductions in endothelial
cell oxidative stress and alterations in circulating factors that decrease endothelial ROS
bioactivity, primarily of a mitochondrial origin. To more comprehensively assess the role of
nitrite-induced changes in vascular mitochondria in these observations, we also conducted
parallel experiments in mice. Our results provide the first direct, cause and effect insight
regarding the mitochondrial mechanisms by which nitrite reverses age-related endothelial
dysfunction, which include attenuating mitochondrial ROS-related suppression of
endothelial function and enhancing resistance to acute, mitochondria-associated stress.
These latter changes were accompanied by evidence of favorable alterations in upstream
signaling pathways that regulate mitochondrial biogenesis and health.

Accumulating evidence supports the efficacy of targeting the nitrate-nitrite-NO pathway
with inorganic nitrates or nitrites in states of NO-deficiency such as aging.10-12. 41-45
Indeed, preclinical findings from our laboratory show that oral nitrite supplementation
rescues age-associated declines in endothelial function by restoring NO bioavailability.11
Based on these findings, we conducted a pilot study in small groups of older adults with
sodium nitrite and found the optimal dose for further translation (80 mg/day, as studied here)
and initial evidence that chronic administration is safe, tolerable and improves NO-mediated
endothelial function.12 In the present investigation, we extend our previous findings in a
larger cohort of adults free from clinical disease and demonstrate that 12 weeks of sodium
nitrite improves brachial artery FMD, a well-established measure of NO-mediated
endothelial function that is an independent predictor of risk of future CVD. Brachial artery
FMD was increased by 1.1% units (a 28% improvement) with sodium nitrite without
evidence of sex-specific effects. The magnitude of increase is greater than the clinically
significant margin of a 1% difference, which, in cross-sectional comparisons, is associated
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with a 13% decrease in risk of future CV events.® These data suggest that strategies that
enhance nitrite levels may hold promise for reducing CVD risk with aging.

We have previously shown in endothelial cells obtained by endovascular biopsy that
abundance of nitrotyrosine, a cellular marker of oxidative stress, is increased in older adults
and inversely related with endothelial function (brachial artery FMD).4” Here, we show that
chronic supplementation with sodium nitrite, but not placebo, reduces nitrotyrosine in
biopsied endothelial cells, consistent with the notion of decreased endothelial oxidative
stress. Indeed, a decrease in superoxide-related oxidative stress is likely necessary to observe
a sodium nitrite supplementation-associated increase in NO bioavailability and enhanced
endothelial function because of the prominent NO-scavenging effects of excess superoxide.
To gain insight into how nitrite supplementation may be modulating endothelial cell
oxidative stress, we utilized an innovative translational model involving treatment of
cultured endothelial cells with plasma taken from subjects before and after sodium nitrite or
placebo, allowing us to assess the influence of “circulating factors” in plasma on endothelial
cell ROS.26-29 |mportantly, cells were treated with plasma taken from subjects 12 hours
after sodium nitrite consumption, when plasma nitrite levels had returned to baseline
following /n vivo uptake by tissues. This approach allowed us to evaluate the effects chronic
nitrite supplementation-induced changes in the circulating milieu vs. direct effects of nitrite
as a mechanism of nitrite-related reductions in endothelial oxidative stress. We found that
plasma from nitrite-treated subjects reduced both whole-cell and mitochondrial ROS
bioactivity. These results suggest that nitrite-mediated alterations in circulating factors are a
novel mechanism of decreased total and mitochondrial oxidative stress in endothelial cells,
which may be responsible, at least in part, for the beneficial effects of sodium nitrite
supplementation on endothelial function

The broad translational scope of the present investigation precluded an exhaustive “omics”
evaluation of all possible circulating factors that may have contributed to the observed
effects of sodium nitrite supplementation on endothelial (HUVEC) ROS bioactivity.
However, to establish proof of concept that our treatment had the ability to influence at least
selective factors, we performed an exploratory targeted metabolomics analysis of 130
metabolites in subject plasma. We found evidence of an increase in the superoxide-
scavenging metabolite ascorbate, suggestive of increased plasma antioxidant capacity with
sodium nitrite compared with placebo treatment, whereas dehydroascorbate, which is
generated following ascorbate oxidation by ROS, was reduced. These findings are consistent
with a decrease in the systemic pro-oxidative environment of plasma after sodium nitrite
treatment. In line with this notion, the magnitude of decrease in dehydroascorbate with
treatment was associated with the decrease in both whole-cell and mitochondrial-specific
ROS bioactivity. Although additional omics analyses will be required to obtain a more
comprehensive understanding of the changes to the circulating milieu responsible for the
antioxidative and vascular protective effects of sodium nitrite, using a focused (targeted)
plasma metabolomics platform, these findings provide an example of the type of molecular
events that may be involved.

To extend our ex vivo observations regarding the effects of sodium nitrite supplementation
on endothelial mitochondrial ROS to /n vivo endothelial function, we conducted
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mechanistic, reverse translation studies in mice. We found that nitrite supplementation
improved vascular endothelial function in old mice by increasing NO bioavailability.11 We
also observed that the age-associated endothelial dysfunction was mediated by excess
mtROS, evidenced by a selective improvement in endothelial function in arteries of old mice
upon incubation with mitochondria-specific antioxidant MitoQ.” Endothelial dysfunction in
old mice was accompanied by a decline in vascular mitochondrial health, indicated by
reduced ability to resist an acute mtROS challenge (rotenone) in line with previous findings
in our laboratory.”: 38 48 |mportantly, we extend these observations here by showing that
nitrite supplementation in old mice reduces mtROS-mediated suppression of EDD and
improves the ability of arteries to resist an acute mtROS challenge (i.e., enhances
mitochondrial stress resistance).

AMPK, PGC-1a and NRF2 are elements of critical energy-sensing pathways that regulate
mitochondrial biogenesis, homeostasis and quality control processes.4® With aging, these
pathways become dysregulated globally and may contribute to declines in mitochondrial
health and function,3%: 51 which, in turn, drive mtROS-related vascular dysfunction and
increased arterial susceptibility to stress.”- 38 Indeed, we have shown that interventions that
modulate these pathways enhance endothelial function by suppressing mtROS and
increasing resistance to mitochondrial stressors.”: 38 Nitrite and NO can upregulate AMPK,
an important mediator of mitochondrial function and biogenesis via signaling cascades
involving PGC-1a and NRF2.51. 52 Additionally, NO can directly activate PGC-1a, thereby
promoting mitochondrial biogenesis and increases in mitochondrial mass.>3 Although we
did not have sufficient aortic lysate to confidently assess the phosphorylated AMPK to total
AMPK ratio (a commonly used marker of AMPK activation state), we observed marked
increases in total AMPK, PGC-1a, NRF2 and COX IV - a marker of mitochondrial mass - in
arteries of old mice after oral supplementation with sodium nitrite. These observations are
consistent with the notion of nitrite-mediated enhancement of mitochondrial health as an
upstream mechanism of reductions in mitochondrial ROS production and oxidative stress,
and consequent improvements in endothelial function. Enhanced mitochondrial antioxidant
capacity induced by activation of these signaling pathways also likely contributed to the
preservation of endothelial function in response to the mitochondrial ROS-related stressor
rotenone, reflecting increased endothelial stress resistance. Lastly, it is possible that
increased NO bioavailability with nitrite may have directly reduced mitochondrial ROS
production by posttranslational modification of mitochondrial proteins and/or effects on
electron transport chain activity.13: 14

Taken together, our results indicate that the beneficial effects of nitrite supplementation on
vascular mitochondrial health, including reductions in mtROS-mediated suppression of
endothelial function, increases in resistance to acute mtROS stress, upregulation of pathways
that promote mitochondrial biogenesis and homeostasis and increases in mitochondrial
mass, may at least partially explain its efficacy for improving endothelial function in aging.

Perspectives

Here, we took the next step in the clinical translation of inorganic nitrite therapy for healthy
vascular aging by showing that chronic supplementation is safe and well tolerated in older

Hypertension. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rossman et al.

Page 11

adults and improves vascular endothelial function, likely by decreasing excess mitochondria-
derived ROS. We also provide novel preclinical evidence in support of the role of an
amelioration of mitochondrial ROS-related suppression of endothelial function and
susceptibility to a mitochondrial stressor, which are associated with evidence of
improvements in markers of mitochondrial biogenesis and health. Collectively, our results
provide support for the idea that inorganic nitrite, and potentially other therapeutic strategies
acting on the nitrate-nitrite-NO pathway (e.g., inorganic nitrates), may be an effective
treatment for improving vascular function and possibly decreasing the risk of CVD and
other clinical disorders of aging, including hypertension, cognitive dysfunction and chronic
kidney disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is New?

. This trial establishes the efficacy of oral supplementation with sodium nitrite
as a strategy for improving vascular endothelial function in older adults.

. We provide the first evidence in humans that improvements in endothelial
function with sodium nitrite is related to reductions in endothelial oxidative
stress and changes in circulating factors that decrease total and mitochondrial-
specific endothelial cell reactive oxygen species bioactivity.

. We provide the first /n vivo evidence that inorganic nitrite restores age-related
endothelial dysfunction by decreasing mitochondrial reactive oxygen species
and improving resistance to a mitochondrial reactive oxygen species-related
stressor, likely via alterations in upstream mitochondrial signaling pathways
associated with biogenesis and health.

What Is Relevant?

. Older adults are at an increased risk for cardiovascular diseases in part
because of vascular endothelial dysfunction. As such, it is important to
establish evidence-based therapeutic options, and their associated
mechanisms, to improve endothelial function in this group.

. This study demonstrates that sodium nitrite improves endothelial function in
older adults with impaired baseline vascular function and establishes
reductions in endothelial cell oxidative stress and improvements in
mitochondrial health/fitness as the major mechanisms of action.

Summary

. Sodium nitrite supplementation improved vascular endothelial function in
older adults, which was associated with decreased endothelial cell oxidative
stress and total and mitochondrial reactive oxygen species bioactivity. Sodium
nitrite improved endothelial function in old mice by ameliorating the tonic
suppressive effects of excessive mitochondrial-specific reactive oxygen
species and enhancing resistance to a mitochondrial stressor linked to
improvements in mitochondrial fitness.
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Figure 1.

Brachial artery flow-mediated dilation (FMD) expressed as percent (A and C; treatment x
time p<0.05) and absolute (B and D; treatment x time p<0.05) change before and after 12
weeks of placebo (N=21) or sodium nitrite supplementation (N=26). Values are presented as
mean+SEM and as individual responses (lower panels). *p<0.05 vs. pre-intervention, within

group.
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Figure 2.
Nitrotyrosine expression in endothelial cells obtained via endovascular biopsy from study

participants before (pre) and after (post) 12 weeks of supplementation with sodium nitrite or
placebo (A, N=14-15/group; group X time p=0.28). Total reactive oxygen species (ROS)
bioactivity (CellROX signal) (B; treatment x time p<0.05) and mitochondrial ROS
bioactivity normalized for mitochondrial volume (MitoSOX relative to MitoTracker signal)
(C; treatment x time p<0.05) in cultured human umbilical vein endothelial cells treated with
plasma (plasma exposure experiments) from a subset of participants pre and post 12 weeks
of supplementation with sodium nitrite or placebo, N=9-11/group. Data are expressed
relative to pre-intervention values within group and presented as mean+SEM. *p<0.05 vs.
pre-intervention, within group.
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Figure 3.
Targeted metabolomics analysis of plasma samples taken before and after chronic

supplementation with sodium nitrite or placebo from a subset of subjects (N=8-10/group).
3-Dimensional partial least squares-discriminant analysis depicting the differential response
to treatment (expressed as a fold change from baseline within each group) in the sodium
nitrite and placebo-treated groups (A). Hierarchical clustering analysis of top 25 metabolites
differentially altered by treatment between sodium nitrite and placebo-treated groups (each
box represents a fold change from baseline for a given subject) (B).
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Figure 4.
Carotid artery endothelium-dependent dilation (EDD) to increasing doses of acetylcholine

(A) and peak EDD (B) in the absence and presence of the nitric oxide (NO) synthase
inhibitor L-NAME (NG-nitro-L-arginine methyl ester) in young (6 mo) control (YC) and old
(27 mo) control (OC) mice and old mice supplemented with sodium nitrite for 8 weeks
(ON). Carotid artery endothelium-independent dilation to increasing doses of the NO donor
sodium nitroprusside (SNP) (C) and peak dilation to SNP (D). N=9-10/group. All data are
mean+SEM. *p<0.05 vs. young control.

Hypertension. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rossman et al.

Page 20

1004 A L= 100 B o C
_ 1 1.8
X 804 < 804 1.61
8 E 1.44 p=0.06 —|_
60— (=) i = ] _—
w o 60 3 1.2 I
5 = ; 1.0
< 40 g—t’ 404 L o8
:é % < 0.6
o 20 O 204 0.41
0.21
) 0 1 0- 0.0
Mit . v r
i@ -4 -4 - 4 Roenone Ty Tg Ty Young OIld  OId
Incubation
Young Old Old Young old old Control Control Nltrlte
Control Control Nitrite Control Control Nitrite z . E
20, D 24, E *
1.8/ *
16 T 2.01 1
=2 1.4 5 1.64 5
< 2 2 <
~ .21 s -
3 1.0 1 N 12 >
O 0.8 o 1 %
g os Z 08 o
04 0.41
0.2
0.0 T v 0.0 T T . T ¥
Young Old Oid Young Old Oid Young Oid Old

- LN o [
oo i [

Control Control Nitrite Control Control Nltrlte Control Control Nitrite

cor o] ]

-1l

Figure 5.
Peak carotid artery endothelium-dependent dilation in the absence and presence of the

mitochondrial-targeted antioxidant MitoQ (A) and the absence and presence of the
mitochondrial stressor rotenone (B) in young (6 mo) control (YC) and old (27 mo) control
(OC) mice and old mice supplemented with sodium nitrite for 8 weeks (ON). Aortic protein
abundance of AMP-activated protein kinase (AMPK) (C), peroxisome proliferator-activated
receptor gamma co-activator 1-alpha (PGC-1a) (D) and nuclear factor (erythroid-derived 2)-
like 2 (NRF2) (E) and mitochondrial cytochrome C oxidase subunit 1V (COXIV) (F)
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), with representative
images from the same membrane below each panel. N=4-10/group. All data are mean
+SEM. *p<0.05 vs. young control or for comparison indicated. #p<0.05 vs. absence of
rotenone.
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Table 1.
Participant and Clinical Blood Characteristics
Placebo Nitrite
Subject Characteristics Baseline End-Intervention | Baseline End-Intervention
Age, yr 68+1 — 67+1 —
Males/females, n 12/11,23 | — 13/13,26 | —
SBP, mmHg 130+3 130+2 126+3 129+3
DBP, mmHg 752 752 742 75+2
Body mass, kg 73.8+2.6 T74.4+2.4 74.4+2.6 74.1+2.6
Body mass index, kg/m? | 26.0£0.7 26.0+0.7 25.5+0.7 25.5+0.7
Wiaist circumference, cm | 862 86+2 84+2 87+3
Waist:hip ratio, U 0.86+0.02 | 0.85+0.02 0.84+0.02 | 0.84+0.02
Total Cholesterol, mg/dl | 1757 177+7 17346 174+6
HDL Cholesterol, mg/dl 52+3 51+3 55+3 57+3
LDL Cholesterol, mg/dl | 110+6 106+6 102+6 100+6
Triglycerides, mg/dl 8718 98+8 82+7 85+8
Glucose, mg/di 82+4 83+3 88+7 88+7
C-reactive protein, mg/l 1.00+0.31 | 1.15+0.36 0.94+0.14 | 1.16+0.25
Oxidized LDL, U/l T74+4 755 65+5 66+4
Norepinephrine, pg/ml 369+20 363+32 396+23 392+25

Page 21

Data are mean+SEM; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high density lipoprotein; LDL, low density lipoprotein;
placebo n=22, nitrite n=25 for all blood values.
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