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Abstract

The nitrate-nitrite-nitric oxide pathway regulates NO synthase-independent vasodilation and NO
signaling. Ingestion of inorganic nitrite has vasodilatory and blood pressure lowering effects. Pre-
clinical studies in rodent models suggest there may be a benefit of nitrite in lowering serum
triglyceride levels and improving the metabolic syndrome. In a phase 2 study we evaluated the
safety and efficacy of chronic oral nitrite therapy in patients with hypertension and the metabolic
syndrome.

Twenty adult subjects with stage 1 or 2 hypertension and the metabolic syndrome were enrolled in
an open-label safety and efficacy study. The primary efficacy endpoint was blood pressure
reduction; secondary endpoints included insulin-dependent glucose disposal and endothelial
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function measured by flow-mediated vasodilation of the brachial artery and intima-media diameter
of the carotid artery.

Chronic oral nitrite therapy (40mg/three times daily) was well tolerated. Oral nitrite significantly
lowered systolic, diastolic, and mean arterial pressures, but tolerance was observed after 10-12
weeks of therapy. There was significant improvement in the intima-media thickness of the carotid
artery and trends toward improvements in flow-mediated vasodilation of the brachial artery and
insulin sensitivity.

Chronic oral nitrite therapy is safe in patients with hypertension and the metabolic syndrome.
Despite an apparent lack of enzymatic tolerance to nitrite, we observed tolerance after 10 weeks of
chronic therapy, which requires additional mechanistic studies and possible therapeutic dose
titration in clinical trials. Nitrite may be a safe therapy to concominantly improve multiple features
of the metabolic syndrome including hypertension, insulin resistance, and endothelial dysfunction.

Clinical Trial Registration: URL.: https://clinicaltrials.gov Unique Identifier: NCT01681810
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Summary

Oral nitrite significantly lowered systolic, diastolic, and mean arterial pressures, but tolerance was
observed after 10-12 weeks of therapy. There was a significant improvement in the intima-media
thickness of the carotid artery and trends toward improvements in flow-mediated vasodilation of
the brachial artery and insulin sensitivity.
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INTRODUCTION

NO is produced by the vascular endothelium and serves a critical function as a vasodilator,
anti-inflammatory, and anti-thrombotic signaling molecule.! Reduced NO signaling
contributes to endothelial dysfunction, inflammation, platelet activation, and smooth muscle
proliferation and migration.? Recent evidence suggests that the alternate NO-signaling
pathway, involving nitrate (NO3™) and nitrite (NO,™) reduction, also regulates blood
pressure and improves the metabolic syndrome through increased NO bioavailability.
Nitrate, present in leafy green vegetables, roots (beets for example), and fruit,3 is reduced to
nitrite by oral bacterial flora in the saliva. Nitrite, either formed from oral bacterial nitrate
reductase activity, nitric oxide (NO; from NO synthases) oxidation, or delivered as a
therapeutic infusion or oral formulation, is further reduced to nitric oxide (NO). The
reduction of nitrite to NO occurs by concerted electron-proton transfer reactions from
hemoglobin, myoglobin, neuroglobin, cytoglobin, globin X, and members of the
molybdopterin family of enzymes, which include xanthine and aldehyde oxidoreductases,
the mitochondrial amidoximine complex, and sulfite oxidase.> Nitric oxide can then
directly bind and activate soluble guanylyl cyclase (sGC), producing cGMP which further
results in vascular smooth muscle relaxation.110-12

Human studies and animal models have demonstrated the canonical vasodilatory and blood
pressure (BP) lowering effects and prevention of endothelial dysfunction with exposure to
inorganic and dietary nitrate and nitrite.13: 14 It has been proposed that nitrite reduction to
NO is responsible for vasodilation after administering low dose IV nitrite infusions into
forearm brachial arteries in healthy adults.1>16 In these studies, forearm blood flow
increased with a simultaneous rise in NO formation. Several human studies have also
demonstrated a reduction in BP in healthy adults following a single ingestion of nitrate,17:18
for up to 15 days of treatment with nitrate-rich beetroot juice,19-2! and eating a traditional
Japanese diet, known to be a rich source of dietary nitrates.22 Multiple clinical trials confirm
that various dosages of inorganic potassium nitrate,1® sodium nitrate,23 and single doses of
oral and intravenous sodium nitrite solutions?# significantly reduce BP in healthy adults.

18, 23 \We recently demonstrated that in 10 healthy adults, a single oral dose of sodium nitrite
20mg increases plasma nitrite, which is then reduced directly to NO, as detected by the
formation of iron-nitrosyl-hemoglobin.2® Significant acute vasodilatory effects of oral nitrite
were observed, with decreases in systolic, diastolic, and mean arterial pressure (MAP). In
humans, endothelial dysfunction develops in patients with hypertension and in the metabolic
syndrome,26-29 and plasma nitrite levels are lower and flow-mediated dilation (FMD) is
worse in individuals with endothelial dysfunction.30 A recent study in older adults showed
that 4 weeks of sodium nitrate supplementation improved endothelial function assessed by
FMD.3! It should be noted that the half-life of orally dosed nitrate is approximately 6 hours
and results in sustained production of nitrite for 24 hours, while nitrite has a shorter half-life
of less than one hour.2> Nitrite is rapidly reduced to NO and vasodilates acutely with an
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effect that peaks in 20-minutes and lasts only 4-6 hours.2® Both nitrate and nitrite are
inorganic salts, while nitroglycerin is an organic nitrate that is rapidly metabolized to form
NO in minutes.119 In aggregate, these clinical studies suggest that nitrate and nitrite may
improve NO bioavailability, endothelial function, and blood pressure.

Accumulating evidence also suggests that inorganic nitrate and nitrite therapy may
ameliorate key features of cardiovascular disease, type 2 diabetes, and the metabolic
syndrome (a clustering of risk factors that include abdominal obesity, hypertension,
dyslipidemia, and impaired blood glucose regulation). For example, eNOS knock-out mice
are unable to generate endothelial NO and are obese, hypertensive, insulin resistant, and
hyperlipidemic, similar to humans with metabolic syndrome.32 In these mice, 10 weeks of
dietary nitrate treatment reduced BP, fasting blood sugar, triglycerides, body weight, and
visceral fat. Similarly, collaborative studies within our research group demonstrate that in
obese mice, seven days of intravenous nitrite reduces BP and increases glucose disposal,
without differences in body weight as seen with rosiglitazone.33 Taken together, these
murine studies suggest that inorganic nitrite therapy can impact glucose regulation and other
aspects of the metabolic syndrome.

Collectively, evidence from animal models and early human studies suggest a potential
therapeutic role of supplementation with nitrite in hypertension and metabolic syndrome to
enhance NO bioavailability, relax vascular smooth muscle to lower blood pressure, and to
preserve endothelial function. The current study evaluates the safety and efficacy of a GMP
drug formulation of oral NO,™ capsules to target multiple metabolic pathways that currently
require polypharmacy to effectively treat, including blood pressure, endothelial function,
vascular smooth muscle and intima proliferation, and insulin sensitivity.

METHODS

The data that support the findings of this study are available from the corresponding author
on reasonable request.

Study overview.

This single-arm, open label phase 2 proof of concept investigational drug trial
(NCT01681810) was designed to examine the effects of 12 weeks of oral sodium nitrite at a
dose of 40mg three times daily on blood pressure, insulin sensitivity, body composition and
vascular structure (intima-medial thickness), and endothelial function (flow mediated
vasodilation) in overweight/obese adults with metabolic syndrome and uncontrolled
hypertension. Insulin stimulated glucose disposal was pre-defined as the primary endpoint.

Study population.

The study was approved by the University of Pittsburgh Institutional Review Board and the
US Food and Drug Administration for use of the investigational new drug. 387 subjects
underwent phone screening and 344 were ineligible based on stringent inclusion and
exclusion criteria summarized below (and shown in Supplemental Figure S1). 43 subjects
aged 18-60 years with metabolic syndrome (according to NCEP ATP I definition34) and
hypertension were recruited to the University of Pittsburgh Montefiore Hospital Clinical and
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Translational Research Center for a screening visit. Before performing any of the study
procedures or interventions, subjects provided written informed consent and procedures
were followed in accordance with institutional guidelines. 34 subjects consented, and 20
were eligible for study participation as they met hypertension criteria: systolic blood
pressure =130 and/or diastolic blood pressure =85 mmHg at the visit, had BMI =30 kg/m?
and waist circumference >102 cm in men or >88 cm in women. Additional metabolic
syndrome parameters assessed included fasting glucose, HDL, and triglycerides. TSH and
hemoglobin were measured and subjects were excluded if TSH was >8 mIU/mL or they
were anemic (hemoglobin <11 g/dL).

Subjects were also excluded if currently receiving =3 anti-hypertensive agents, regardless of
blood pressure control, or if they were normotensive on a single or double agent, used PDE5
inhibitors, organic nitrates, and medications affecting glucose metabolism including oral
hypoglycemics, insulin, and antipsychotics. Subjects were also excluded due to the recent
addition or change in dosing of hormonal contraception medications (oral contraceptive pills
and long-acting reversible contraceptives including intrauterine devices, DepoProvera
injections, and subdermal contraceptive implants) or if they were not planning to remain on
their current dose of medications. Exclusion criteria also included current smoking, chronic
psychiatric or medical conditions including diabetes, liver or kidney disease, or positive
urine pregnancy test or breastfeeding.

Drug formulation and dose.

The sodium nitrite drug formulation was initially developed at the Pharmacy Development
Service of the NIH Clinical Center and prepared for this study at the Investigational Drug
Pharmacy Service at the Triangle Compounding Pharmacy (Cary, NC). The University of
Pittsburgh Medical Center Investigational Drug Pharmacy Service (UPMC-IDS) dispensed
the study drug. Our study team identified a safe dosing strategy over 12 weeks of sodium
nitrite 40mg taken three times daily, based on the observed half-life of nitrite of ~40 minutes
and safety results from our phase 1 study.2> We considered the Joint Food and Agriculture
Organization/World Health Organization Expert Committee on Food Additives ADI for
sodium nitrite3®, modeling of the fruit and vegetable consumption patterns of the Dietary
Approaches to Stop Hypertension (DASH) diet,3 and observed human?* and rodent effects
of nitrite on BP and glycemia.1436

Study endpoints.

Following the screening visit, subjects returned for three baseline study visits (Supplemental
Figure S2) which were repeated at the end of 12 weeks. At the initial baseline drug dose
visit and in the week 12 drug dose and 2 hour vital sign visit, subjects fasted for 8 hours.
Blood pressures were obtained with a Dinamap DPC200X (GE Medical Systems
Information Technology, Milwaukee, WI) using an appropriately sized cuff with the subject
in the supine position with legs uncrossed and sitting upright in a hospital bed in a quiet
room throughout the study visits; for each time point three measurements were obtained and
averaged. Subjects were blinded to the values of the BP readings. Pill counts were assessed
throughout the trial and daily diary dosing cards were reviewed at bi-weekly visits and by
phone contact on interim weeks.
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Methemoglobin (MetHb) was assessed using non-invasive co-oximetry (Masimo Corp,
Irvine, CA) at times 0 (baseline or trough before study drug), 0.5, 1, and 2 hours post-drug
administration.

Four-hour hyperinsulinemic-euglycemic clamps were performed at baseline and at 12 weeks
to evaluate /n vivo insulin action in stimulating glucose disposal and inhibiting endogenous
glucose production.3” HumuLIN® R regular insulin was infused at 40 mU/m2/min. Plasma
glucose was clamped between 85-95 mg/dL with a variable infusion rate of 20% dextrose in
water. The rate of glucose infusion was adjusted based on arterialized plasma glucose
measurements obtained every 5 minutes. The rates of basal and insulin-induced glucose
metabolism were determined using a non-radioactive glucose isotope dilution method38
based on a primed, then constant infusion of the 98+% enriched stable isotope of D-glucose
[6,6-D2] (0.22 umolekg-1, 17.6 pmolekg-1 prime) and expressed per kg of lean body mass.
This was continued during the insulin infusion to determine rates of systemic glucose
utilization (peripheral insulin resistance) and to determine insulin suppression of hepatic
glucose production (hepatic insulin resistance). The deuterium labeled glucose isotope
chemical purity was provided by Isotec, Inc. and was tested for sterility and pyrogenicity by
the manufacturer before being shipped.

Pulse wave velocity (PWV) was performed in duplicate at the carotid and femoral arteries
using the SphygmoCor machine (AtCor Medical, Sydney, Australia. Model MM3. Software
version 7.1) equipped with a single tonometric transducer SPT-304.

A GE VIVID-7 ultrasound machine (GE Healthcare, Milwaukee, W1), equipped with a high
resolution 9L linear transducer was used for measurement of the intima media thickness
(IMT) of the carotid artery. Bilateral assessment of the distal common carotid artery,
approximately 2 cm proximal to bifurcation at the posterior (far) vessel wall, was performed
using longitudinal B-mode ultrasound cine-loop (5 beats). Semi-automated edge detection
software, which traces the luminal intima and hypoechoic boundary between media and
adventitia, was used to calculate the IMT.

Endothelial-dependent flow-mediated vasodilation (FMD) of the brachial artery was
obtained at baseline and the end of 12 weeks to evaluate endothelial function, at a separate
visit from the clamp. A 5 cm wide occlusive cuff (Hokanson SC 5) with rapid release
sphygmomanometer (Hokanson DS400) was attached to the upper forearm approximately 5
cm below the elbow on the arm opposite the control arm. Brachial artery diameter and flow
velocities were examined by high resolution GE VIVID-7 Duplex ultrasound (GE
Healthcare, Milwaukee, WI), equipped with a 9L high-resolution linear array transducer
preset on a specifically dedicated scanning protocol. The occlusion cuff was manually
inflated to 200 mmHg (or 50 mmHg above SBP) for 5 minutes. Images were captured at
baseline and for 3 minutes after deflation during the hyperemic period at the highest optimal
resolution with spectral velocity Doppler imaging.

Whole body dual-energy x-ray absorptiometry (Lunar iDXA, GE Healthcare) was
completed at baseline and at 12 weeks to assess body composition.
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Statistical analysis.

RESULTS

Analyses were performed using GraphPad Prism v6.0e statistical software (GraphPad
Software, San Diego, CA). Paired t-tests were used to evaluate the primary endpoint
measure of insulin sensitivity, in addition to vascular studies, laboratory tests, and body
composition measures. Repeated measures ANOVA with visit (pre-, post-treatment) as the
within-subject effect were used to evaluate response to treatment for the secondary endpoint
measures of BP, heart rate, MetHb levels, and drug compliance. Data are presented as mean
+ standard error of the mean (SEM).

Human subjects.

Twenty subjects with hypertension (25% with stage 1 and 75% with stage 2) and metabolic
syndrome were recruited and eligible for intervention (Supplemental Figure S1) with mean
age 52.4 years, BMI 40.8 kg/m2, and BP 146/87.8 mmHg, 75% were female and 60% were
Caucasian (Table 1). All subjects were obese (BMI >30 kg/m2) and hypertensive and all men
had waist circumference >102 cm and all women had waist circumference >88 cm. 12/20
(60%) had fasting glucose =100 mg/dL, 9/20 (45%) had HDL <50 mg/dL and 6/20 (30%)
had fasting TG >150 mg/dL. Subjects had normal laboratory values for kidney, liver, and
thyroid function and were not diabetic.

Drug Dosing and Adverse Events.

Biweekly drug compliance by pill counts was excellent and did not differ over time (Fig.
1F), with mean compliance ranging from 92.7-96.3% at each visit. Study and drug AEs are
summarized in Supplemental Table S1. The most frequently reported AEs (% of individuals
experiencing an event are reported in parentheses) were headache (75%, average of 3
headaches per subject across the study period), nausea (45%), dry mouth (30%), flushing
(25%), dizziness (25%), vomiting (20%), and abdominal pain (20%). All events except dry
mouth were pre-specified as anticipated and possibly or probably related to study drug. All
other AEs were mild to moderate in severity. None of the AEs required drug discontinuation
or dose reduction.

Hemodynamic Analysis and Methemoglobin Formation.

Compared to baseline, systolic (=10 mmHg), diastolic (=13 mmHg), and mean arterial
pressures (=12 mmHg) were significantly reduced during the treatment period (all p<0.01,
Fig. 1A-C) without differences in pulse pressure (Supplemental Table S2). During weeks
10-12 of the study, the blood pressure reduction effect was blunted with a diminution in
Met-Hb levels, despite directly observed nitrite dosing and blinded automatic blood
pressures obtained by subjects during outpatient bi-weekly safety visits. There was no
observed rebound tachycardia with changes in blood pressures (Fig. 1D).

Nitrite reacts with both oxy- and deoxy-hemoglobin to form methemoglobin, which was
carefully monitored for safety. The % blood methemoglobin increased significantly
compared to baseline, but remained within the normal range and <3.1% in all subjects. The
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levels of MetHb were also well below the 5% threshold which would have required dose
reduction of nitrite per protocol (Fig. 1E).

Endothelial function and vascular remodeling.

Carotid IMT decreased from 0.773+0.02 at baseline to 0.730+£0.02 mm after 12 weeks of
nitrite treatment (p<0.01, Fig. 2A). IMT was reduced 0.04 mm over 12 weeks, whereas
typical age-related progression of CCA IMT is to increase 0.0015-0.0022 mm every 12
weeks.3? Although not statistically significant, there were concordant trends towards a
reduction in arterial stiffness as measured by PWV (Fig. 2B) and improvements in
endothelial function as measured by FMD of the brachial artery (Fig. 2C). The baseline
vascular diameter also increased significantly after 12 weeks of nitrite therapy (from
0.36+0.02 mm to 0.40£0.02 mm; p=0.0009; Supplemental Table S2).

Compared to baseline values, there were no changes in body weight, BMI, DEXA measures
of lean mass, fat-free mass, bone mineral density or content, or glycemic measures including
fasting glucose, HbAlc, and basal endogenous glucose production or fasting lipids with
chronic nitrite treatment (Table 2). There was a 0.5% increase in % body fat (Table 2). This
last finding was unexpected as prior studies in rodent models have suggested that nitrate
treatment in the diet could reduce body fat and triglycerides.32 However, we recognize the
caveat that this was one of many exploratory secondary endpoints.

Insulin sensitivity.

Among the 19 of 20 subjects with complete isotope analyses, following oral nitrite treatment
for 12 weeks, there was a trend towards improvement in suppression of endogenous glucose
production (EGP) in the final hour of the clamp (p=0.078; Fig. 3A). Overall there was no
statistically significant increase in the rate of glucose infusion (GIR) required to maintain
euglycemia (Fig. 3B) and no statistically significant increase in insulin stimulated glucose
disposal (Rd) using 6,6,2 stable glucose isotope analyses during the hyperinsulinemic
euglycemic clamp (+10%; 7.3+0.7 at baseline to 8.0+0.8 mg/kg/min post, p=0.21, Fig. 3C).

DISCUSSION

In mammals, NO,™ is generated via two primary mechanisms. In the endogenous pathway,
the enzyme nitric oxide synthase (NOS) oxidizes L-Arginine to produce the free radical NO,
which is further oxidized in the blood and the tissue to form NO,~.140 A complementary
pathway of NO generation is the nitrate-nitrite-nitric oxide pathway. Dietary NO3™ is
consumed predominantly via leafy vegetables and beets.}40 However, mammals lack the
enzymes necessary to reduce exogenous nitrate, but bacteria present in the oral microbiome
reduce NO3™ into NO,™. In the acidic milleiu of the stomach, some of the NO,™ is further
reduced to NO. The remaining NO,™ is subsequently absorbed into the gastrointestinal tract
where it is ultimately further reduced to NO by the nitrite reductases hemoglobin,
myoglobin, ascorbate, polyphenols, protons, and xanthine oxidoreductase along a pH and
oxygen gradient.13 40 Nitrite, generated both through the endogenous and exogenous
pathways, therefore, serves as a circulating vascular reservoir for the potent vasodilator NO.
Previous work performed by our group demonstrated an acute reduction in systolic blood
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pressure (—12.1 mmHg, p<0.001), diastolic blood pressure (=8.1 mmHg, p=0.002) and mean
arterial pressure (-10.4 mmHg, p=0.001) after the administration of a single dose of oral
sodium nitrite in healthy adults.2> Furthermore, 6 hours after acute dosing, inhibition of
platelet activation was observed. The effect of nitrite on both blood pressure and platelets
was eliminated by the co-administration of conjugated linoleic acid.2>

The findings from this current study evaluating 12 weeks of therapy indicate that chronic
oral nitrite administration to patients with hypertension and the metabolic syndrome results
in the generation of NO, as evident by a rise in methemoglobin production (which can also
form from direct reaction of nitrite with oxy- and deoxy-hemoglobin), and yields a
statistically significant reduction in systolic blood pressure (-10 mmHg, p=0.0074), diastolic
blood pressure (=13 mmHg, p<0.0001), and mean arterial pressure (=12 mmHg, p<0.0001).
This blood pressure lowering effect was blunted at the 10-week mark with a resultant
increase in blood pressure between weeks 10-12. This effect is not attributed to adherence to
the study nitrite, as measurements were performed after directly observing the morning dose
of nitrite. This finding was unexpected and may suggest subjects developed tolerance to the
blood pressure reducing effects of sodium nitrite, but this requires further exploration. In
prior studies in primates, tolerance was not observed over 2 weeks of therapy.16

Beyond the antihypertensive properties of oral nitrite, this clinical trial demonstrated a
significant reduction in carotid IMT over the 12-week period. Carotid IMT is a measure of
carotid atherosclerosis which is linked to a dysfunction in endothelial NO production.1#
Improved endothelial function with chronic oral nitrite is further reflected in a trend towards
improved FMD. Other studies have shown that therapy with nitrate, which is metabolized by
the oral microbiome to form nitrite,! can also reduce IMT and FMD.#246 Higher vegetable
nitrate intake has been significantly and independently associated with lower mean and
maximal carotid IMT, and was associated with lower 15 year risk of cerebrovascular disease
events.*” There was no significant change in patient weight, BMI, or DEXA measures of
lean mass, fat-free mass, bone mineral density or content after chronic nitrite therapy. These
findings suggest that oral nitrite may have activity for vascular disease and atherosclerosis,
but additional larger and placebo-controlled studies are required for confirmation.

Data from the hyperinsulinemic-euglycemic clamp revealed a trend towards a decrease in
production of endogenous glucose, denoting improved hepatic insulin sensitivity, and a trend
towards improved peripheral insulin sensitivity by 10%. While less significant, this was in
line with the increase in insulin sensitivity by 31.5% observed in prior work conducted in
obese £LerPP mice administered nitrite and rosiglitazone (6mg/kg/day s.q.; an insulin
sensitizing drug positive control group) compared to similarly obese vehicle controls
(rosiglitazone 8.0 £ 0.3 ml/kg/min and nitrite 8.6 + 0.7 ml/kg/min vs. saline 6.6 + 0.5 mg/kg/
min).33 Clearly, our sample size was not sufficiently powered to detect this 10%
improvement in insulin sensitivity. We excluded patients with type 2 diabetes, who are
characterized by their marked insulin resistance, and insulin sensitivity values in our study
subjects at baseline were relatively normal. It is plausible that oral nitrite therapy would be
more efficacious in patients with type 2 diabetes or in those who are more insulin resistant,
however a placebo-controlled human study of oral beetroot juice in diabetic patients, most
receiving background metformin therapy, failed to show significant effects on insulin
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sensitivity.#849 It also remains possible that the reduced efficacy on blood pressure reduction
observed at 10-12 weeks may similarly have limited effects on insulin sensitivity. Based on
the findings from this study, chronic inorganic nitrite supplementation offers promise as an
effective antihypertensive agent and may improve vascular remodeling and insulin
sensitivity. Confirmation of these findings will require larger and blinded placebo-controlled
studies with consideration to measure vascular and insulin sensitivity endpoints at the
midpoint of chronic nitrite therapy.

The blood pressure lowering effect of chronic oral nitrite administration was unequivocal in
this clinical trial. However, this effect was abrogated after week 10 with a gradual
normalization of blood pressure during weeks 10-12. This may be a manifestation of
tolerance, cross-tolerance or pseudotolerance, phenomena initially described in 1888
secondary to chronic administration of the organic nitrate nitroglycerin. With chronic
nitroglycerin treatment, patients have developed acetylcholine-induced paradoxical
vasoconstriction with a suspected reduction in vascular NO bioavailability and NOS
dysfunction.3? Plasma expansion has been documented with the use of sodium nitrite in both
animal studies and clinical trials.>1-53 Physiologically, sodium nitrite results in a reduction in
adrenal and gonadal steroidogenesis which impairs water excretion and results in volume
expansion. Aldosterone deficiency yields sodium loss and increased renin which results in
volume expansion absent sodium retention.?1: 53. 54 The trend towards an improvement in
brachial FMD over the study period argues against increased sensitivity to receptor-
dependent vasoconstrictors, or paradoxical vasoconstriction, reduced vascular NO
bioavailability, and NOS dysfunction. Prior pre-clinical rodent studies have reported a
decrease in eNOS expression with chronic nitrate treatment.5> However, our patients did
demonstrate a reduction in serum hemoglobin from the screening visit to week 10 (14.07
g/dL +/- 0.28 to 13.11 g/dL +/- 0.30, p <0.0001), which suggests possible plasma
expansion from chronic nitrite administration, consistent with pseudotolerance. It is also
notable that the increase in MAP at week 12 is also associated with a decrease in Met-Hb
levels, suggesting that the formation of NO from nitrite may be limited starting at 10-12
weeks (Fig 1). The gradual blunting of the blood pressure lowering effect of oral nitrite
suggests, as is the case with many other oral anti-hypertensives, that drug dosing should be
increased after the initial dose and titrated to adequate blood pressure control. Alternatively,
the drug can be combined with a renin-angiotension-aldosterone inhibitor or a diuretic.

To date, nitrite has been evaluated in several disease states. Ischemia reperfusion is a state
characterized by low oxygen and a deficiency in bioavailable NO. In pre-clinical models,
nitrite therapy has demonstrated a protective effect at the level of the brain, heart, kidneys,
liver, and lungs if administered during, or shortly thereafter, the ischemia phase.1:56 The
findings have been more heterogenous in clinical trials. Work by Jones et al. failed to
demonstrate a reduction in infarct size in a cohort of patients suffering an myocardial
infarction who were treated with intracoronary nitrite.5” In a sub-group analysis in this trial,
however, intracoronary nitrite did reduce infarct volume in patients with a significantly
reduced coronary perfusion (as measured by TIMI flow score) at the time of infarct. Finally,
a follow-up analysis of major adverse cardiac event rates showed 5.2% in the nitrite
treatment group versus 25.0% with placebo at 3 years of follow up (p= 0.013), and a
reduction in non-stustained ventricular tachycardia with nitrite therapy.®8->% A second trial of
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systemic intravenous nitrite infusion for ST elevation myocardial infarction (STEMI) given
prior to reperfusion failed to show a significant reduction in infarct size.59

A number of studies have evaluated the effects of inhaled nitrite on hemodynamic responses
at baseline and to exercise in patients with HFpEF (with and without high transpulmonary
gradients) and reported decreases in left ventricular end-diastolic, pulmonary artery, and
central venous pressures with therapy.%: 62 However, a randomized, placebo-controlled trial
of inhaled nitrite failed to improve exercise performance in HFpEF patients.53 Inhaled nitrite
has recently been explored as treatment for pulmonary hypertension in patients with p-
thalassemia. Acute inhalation resulted in a 13.5% reduction in mean pulmonary artery
pressure which was transient, as the effect was lost 15 minutes after the drug was
administered.54 Ongoing studies continue to investigate the effects of oral nitrite in patients
with chronic disease states such as pulmonary hypertension secondary to heart failure with
preserved ejection fraction (PH-HFpEF) (NCT03015402).

In conclusion, this phase 2 proof of concept investigational drug trial enrolled 20 patients to
study the effect of chronic oral nitrite administration in patients with hypertension and the
metabolic syndrome. Oral nitrite lowered blood pressure and improved markers of
endothelial dysfunction (IMT with trends toward improved FMD) without a significant
effect on insulin resistance. While many of these measurements are objective, the unblinded
nature of this trial represents an intrinsic weakness. It is notable that baseline brachial artery
vascular diameter was increased significantly after 12 weeks of nitrite therapy (from
0.36£0.02 mm to 0.40+0.02 mm; p=0.0009; Supplemental Table S2), and this change could
affect measurements of IMT and FMD. Additional larger randomized and placebo-
controlled clinical trials are needed to further explore these findings.

Perspectives

This is the first study to evaluate the effects of an oral formulation of sodium nitrite over a
12-week time period on multiple measures of the metabolic syndrome and endothelial
function. Oral nitrite significantly lowered systolic, diastolic, and mean arterial pressures,
but tolerance was observed after 10-12 weeks of therapy. There was a significant
improvement in the intima-media thickness of the carotid artery and trends toward
improvements in flow-mediated vasodilation of the brachial artery and insulin sensitivity.
This safety and efficacy study suggests that future placebo-controlled trials of sodium nitrite
targeting multiple features of the metabolic syndrome including hypertension, insulin
resistance, and endothelial dysfunction may have to plan dose escalation approaches after 10
weeks of therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What |1s New?

This is the first study to evaluate the effects of an oral formulation of sodium nitrite over
a 12-week time period on multiple measures of the metabolic syndrome and endothelial
function, including blood pressure responses over 12 weeks, insulin sensitivity, flow
mediated vasodilation, intimal media thickness and pulse wave velocity. The study is also
the first to show tolerance between 10 and 12 weeks of nitrite therapy on blood pressure
responses, suggesting that future placebo-controlled trials may have to plan dose
escalation approaches after 10 weeks of therapy.

What |s Relevant?

This safety and efficacy study will inform future placebo-controlled trials of sodium
nitrite for hypertension, insulin resistance, and endothelial dysfunction.
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Hemodynamic responses and methemoglobin formation over 12 weeks of nitrite treatment.
Compared to baseline, systolic (=10 mmHg, A), diastolic (=13 mmHg, B) and mean arterial
pressures (—12 mmHg, C) were reduced significantly during the oral nitrite treatment period
(all p<0.01). There was no observed rebound tachycardia with changes in blood pressures
(D). The % blood methemoglobin increased significantly compared to baseline, but
remained within the normal range and <3.1% in all subjects (E). Biweekly drug compliance
by pill counts did not differ over time (F). Data are presented as mean + standard error of the

mean (SEM).
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Figure 2.
Endothelial function and vascular remodeling formation over 12 weeks of nitrite treatment.

Carotid IMT decreased from baseline after 12 weeks of nitrite treatment (p<0.01, A). There
were concordant trends towards a reduction in arterial stiffness as measured by PWV (B)
and improvements in endothelial function as measured by FMD of the brachial artery (C).
Data are presented as mean + standard error of the mean (SEM).
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Figure 3.
Insulin sensitivity over 12 weeks of nitrite treatment. Following 12 weeks of oral nitrite

treatment, there was a trend towards improvement in suppression of endogenous glucose
production in the final hour of the clamp (p=0.078; A). Overall there was no statistically
significant increase in the rate of glucose infusion (GIR) required to maintain euglycemia
(p=0.11; B) and no statistically significant increase in insulin-stimulated glucose disposal
(Rd) using 6,6,2 stable glucose isotope analyses during the hyperinsulinemic euglycemic
clamp (p=0.21; C). Data are presented as mean + standard error of the mean (SEM).
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Table 1.

Baseline Characteristics (Data are presented as mean + standard error of the mean (SEM).

Number of subjects 20
Age (years) 52413
Sex 15 female, 5 male
Race

Caucasian 12

African American 6

Native American 2
BMI (kg/m?) 408+ 15
Waist circumference (cm)

Males 133+£5

Females 117 £3
Creatinine (mg/dL) 0.8+0.04
AST (IU/L) 2142
ALT (IU/L) 23+3
TSH (mIU/mL) 1.93+0.3
Hemoglobin Alc (%) 57+0.1(range 4.9 - 6.3)
MetHb (%) 11+01
Heart rate (bpm) 66+ 1.6
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Metabolic Treatment Characteristics. Data are presented as mean + standard error of the mean (SEM).

Table 2.

Variables Pre-drug 12-week Post-drug P value
Body weight (kg) 1142+54  1142+55 0.99
BMI (kg/m?) 408+15  408%15 0.91
Lean mass (kg) 55929 55.2+29 0.10
Fat free mass (kg) 58.8+3.0 58.1+3.1 0.10
Body fat (%) 477+11  483+11 0.04
Bone mineral density (grams/cm?) 1.28+0.0 1.28+0.0 0.88
Bone mineral content (grams) 2878 +150 2873+ 144 0.79
Fasting glucose (mg/dL) 102.2+25 102.6 +3.1 0.87
Hemoglobin Alc (%) 57+0.1 57+0.1 0.87
Basal endogenous glucose production (mg/kg/min) 4.0+ 0.2 41+0.2 0.81
Total cholesterol (mg/dL) 187.0+7.3 188.5+6.5 0.82
LDL cholesterol (mg/dL) 112.1+6.6 117.3+5.6 0.33
HDL cholesterol (mg/dL) 50.2+2.9 48.7+ 3.6 0.45
Triglycerides (mg/dL) 1229+156 1146+9.6 0.61
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