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Abstract

Background: Diabetic foot ulcers, although associated with macrovascular disease and neuropathy, have a microvascular
disease causing ischemia not amenable to surgical intervention. Nitrite selectively releases nitric oxide in ischemic tissues, and
diabetes subjects have low nitrite levels that do not increase with exercise. This study explores the safety and pharmacoki-
netics of a single dose of sodium nitrite in subjects with diabetic foot ulcers.
Subjects and Methods: Using a blinded, randomized crossover study design, 12 subjects with diabetes mellitus and active or
healed foot ulcers received a single dose of sodium nitrite on two occasions 7–28 days apart, once with an immediate release
(IR) formulation and once with an enteric-coated (EC) formulation for delayed release. Serum nitrite, nitrate, methemoglobin,
sulfhemoglobin, blood pressure, pulse rate, complete blood count, chemistry panel, electrocardiogram, and adverse events
were followed for up to 6 h after each dose. The IR and EC nitrite levels were analyzed by one-way analysis of variance and
by pharmacokinetic modeling.
Results: The IR formulation elevated nitrite levels between 0.25 and 0.75 h (P < 0.05). The EC formulation did not elevate
nitrite levels significantly, but both formulations gave plasma nitrite levels previously suggested to be therapeutic (ap-
proximately 2–5 lM). The IR formulation gave an asymptomatic blood pressure drop of 10/6 mm Hg (P < 0.003), and two
subjects experienced mild flushing. There was no elevation of methemoglobin or other safety concerns. Pharmacokinetic
modeling of plama nitrite levels gave r2 values of 0.81 and 0.97 for the fits for IR and EC formulations, respectively.
Conclusions: Oral sodium nitrite administration is well tolerated in diabetes patients.

Background

Diabetes represents an extremely large problem in to-
day’s society, affecting approximately 25 million people.

Although the incidence of the disease increases with age, 0.2%
of the population under the age of 20 years are afflicted, with
the incidence rate rising. There are a large number of com-
plications associated with diabetes, including increased heart
disease and stroke caused by the narrowing of blood vessels
due to fat deposits, leading to restricted blood flow. In addi-
tion, diabetes can often lead to diabetic foot ulcers, which,
although associated with macrovascular disease and neuro-
pathy, have a microvascular disease causing ischemia that
is not amenable to surgical intervention. Thus, nonsurgical

revascularization of the ischemic foot could represent an im-
portant means of treating diabetic foot ulcers. Modulation of
ischemic tissue blood flow and survival is significantly
influenced by nitric oxide (NO) bioavailability that can be
governed by both NO synthases and nonenzymatic sources
such as nitrite anion reduction.1–3 Moreover, sodium nitrite
has been shown to selectively lead to revascularization of is-
chemic limbs,4 likely through its ability to act as a NO prodrug
that is preferentially released in ischemic tissues.5 NO has
been reported to be a beneficial adjuvant for both early and
late phases of wound healing,6 with beneficial effects being
manifold, including increasing extracellular matrix produc-
tion, immune response modulation, and stimulation of cell
proliferation (keratinocyte and endothelial cells).7,8
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Although sodium nitrite is an inorganic salt that has been
used as a preservative in meats, it can also be derived from
dietary nitrate.9 Indeed, it has been suggested that nitrate and
nitrite content of Mediterranean diets is involved in cardio-
protection.10 Nitrates consumed in food are concentrated in
the saliva and converted to nitrite by commensal bacteria in
the mouth.11 Recent studies have shown that consumption of
nitrate-rich foods, such as beetroot juice, can increase plasma
nitrite levels through bioconversion involving the nitrate/
nitrite enterosalivary conversion pathway12 that can lower
blood pressure.13,14 Although this pathway can increase
plasma nitrite from ingested nitrate, it is also subject to several
variables such as the presence and type of oral flora as well as
gastric pH, all of which can vary between individuals.11,15–17

Another important consideration is the fact that previous
studies examining experimental therapeutic effects of nitrite
and nitrate during pathophysiological conditions only found
that sodium nitrite confers protection against ischemia-
mediated tissue injury in either acute or chronic settings.4,18

Collectively, these facts indicate that sodium nitrite therapy
may be quite efficacious in conferring tissue cytoprotection
under ischemic conditions.

Although the above studies demonstrate nitrite’s potential
as a therapeutic, promoting tissue repair responses and an-
giogenesis, and suggest that it may be an effective treatment
of diabetic foot ulcers, physiological data from human sub-
jects also demonstrate the likely clinical efficacy of nitrite
therapy. When risk factors associated with cardiovascular
disease were correlated to circulating levels of nitrite in a
patient’s plasma, an inverse correlation was noted.19 Specifi-
cally, this study revealed a significantly lower level of circu-
lating nitrite in patients with increased cardiovascular risk
factors. In another study published earlier this year, circulat-
ing levels of nitrite were compared in normal volunteers, di-
abetes patients, patients with peripheral artery disease, and
diabetes patients with peripheral artery disease.20 This study
found that circulating nitrite levels in subjects with diabetes,
peripheral artery disease, or both were lower than levels in
normal subjects. An unexpected but potentially significant
finding in this article was that, although nitrite levels in-
creased in normal subjects following exercise, there was a
significant decrease in nitrite plasma levels in the patients
with peripheral artery disease and diabetes following exer-
cise, which was below the already reduced levels found in
these patient groups at baseline.

Reports in patients and animal models reveal that increases
in plasma nitrite levels in the low micromolar range (1–10 lM)
elicit various responses such as vasodilation and tissue cyto-
protection during acute ischemia/reperfusion injury.18,21,22

Likewise, low plasma nitrite concentrations also stimulate
angiogenic activity during chronic tissue ischemia.4 Given
the deficits of circulating nitrite found in diabetes and car-
diovascular patients,19,20 the ability of nitrite to stimulate
vascular growth and tissue cytoprotection at low concen-
trations, the potential safety profile of sodium nitrite at the
doses likely to be therapeutic (low micromolar from experi-
mental studies), and the straightforward bioavailability of
nitrite versus nitrate, sodium nitrite may represent a novel
treatment of diabetes and its associated vascular and cardio-
vascular problems. This study examines the safety and single-
dose pharmacokinetics of oral sodium nitrite in an immediate
release (IR) form and an enteric-coated (EC) form designed to

be released in the intestine as an initial step in the develop-
ment of oral nitrite as a treatment for peripheral tissue is-
chemic conditions.

Subjects and Methods

Preparation of sodium nitrite capsules

The capsules were prepared by compounding (Prescription
Compounds, Baton Rouge, LA) USP-grade sodium nitrite that
was purchased from Spectrum Chemicals (Gardena, CA). In
brief, a trace amount of blue food color was added, the nitrite
was triturated, and microcrystalline cellulose was added
using geometric dilutions and then mixed well. The mixture
was sifted and encapsulated in #1 white capsules, such that
each capsule contained 80 mg of sodium nitrite. For EC cap-
sules, the capsules were coated with a 10% (wt/vol) solution
consisting of cellacefate + triacetin + ethyl alcohol/acetone.

Potency/strength

Multiple small lots of capsules were compounded during
the course of the study. All lots were tested for potency/
strength prior to administration to study subjects and, in or-
der to verify stability during the dosing interval, after all ad-
ministration of a particular lot had been accomplished.
Interim stability assessments were also done for several lots.

Testing for potency and capsule strength was done using
the barbituric acid assay.

Dissolution and stability testing

Lots of non-EC capsules were tested for dissolution char-
acteristics in a SOTAX (Horsham, PA) AT7 smart dissolution
apparatus as in USP < 711 > (Dissolution) at various different
time points. Five capsules were placed in sinkers and dropped
at timed intervals into vessels each containing 1 L of 0.1 N
HCl. Specimen samples were collected, replaced back in the
0.1 N HCl vessel at 10-, 30-, and 60-min intervals, and assayed
at each sampling interval for the concentration of sodium
nitrite. Because the potency/strength assay described above is
linear over at least 2 logs, a modification of that assay was
used for testing. Following a 3-min centrifugation at 3,500 g at
room temperature, 1,100 lL of each collected sample was as-
sayed. Standards for the standard curve were prepared from
sodium nitrite in 0.1 N HCl. Three hundred microliters of a
16.67 mg/mL solution of barbituric acid in water (heated to
60–65�C to dissolve) was added to each standard or sample
tube. Tubes were then vortex-mixed and incubated at room
temperature for 30 min. Two hundred forty microliters of 2 N
sodium acetate (pH 5.5) was then added to each tube. Tubes
were vortex-mixed and incubated for 90 min at room tem-
perature. Tube contents were then transferred to disposable
plastic cuvettes, and the visible absorbance was read at
530 nm in a Beckman (Palo Alto, CA) DU800 spectropho-
tometer minus a baseline correction at 750 nm.

Bioburden

Production lots of non-EC capsules were tested for bio-
burden after compounding and at each stability point. Testing
was conducted by Accugen Laboratories (Willowbrook,
IL) and utilized USP < 61 > (Microbial Enumeration Tests)
and USP < 62 > (Tests for Specified Microorganisms) for
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Escherichia coli. USP < 61 > allows quantitative enumeration
of mesophilic bacteria and fungi that grow under aerobic
conditions in nonsterile products. Because the lots were small
( < 100 capsules each), one capsule of each lot was added to
10 mL of phosphate buffer with Tween 80. Further dilutions
were made as appropriate.

Measurement of plasma nitrite and nitrate

Blood was collected into either acid citrate dextrose- or
K2EDTA-containing Vacutainer� tubes (BD, Fairlawn, NJ)
and centrifuged (1,000 g, 5 min, 5�C). Two aliquots of plasma
(300–500 lL) were obtained from the blood tube, with one
immediately processed by methanol extraction (1:1 ratio) and
another immediately snap-frozen in liquid nitrogen. Samples
were transported overnight on dry ice to both the University
of Alabama at Birmingham (methanol extraction specimen)
and Emory University (Atlanta, GA) (frozen plasma) for
separate independent analysis. After methanol processing,
samples were centrifuged (10,000 g, 10 min, 5�C) to clarify,
and the supernatant was removed and saved. Nitrite and
nitrate were measured from 10 lL of the supernatant using the
Griess reaction coupled to high-performance liquid chroma-
tography separation with the ENO-20 analyzer (Eicom,
Kyoto, Japan). Nitrite/nitrate levels were calculated by com-
parison with a standard curve of sodium nitrite (Sigma-Al-
drich, St. Louis, MO). Randomly selected samples from each
volunteer were also spiked with known amounts of nitrite
and nitrate immediately upon sample collection to allow for
extraction efficiency determination.

Clinical design

This open-label phase I single-dose study enrolled 12 pa-
tients with diabetes mellitus and active or healed foot ulcers
(Table 1). All subjects gave written informed consent, and the
study was approved by the Institutional Review Board of the
Pennington Biomedical Research Center (IRB protocol num-
ber 10012). Subjects were given sodium nitrite (80 mg) on two
occasions approximately 1 week apart, once in an IR form and
on the other occasion in an EC form, followed by 14 blood
draws over a 6-h period to define the pharmacokinetics.

The 12 subjects participating in this study were between the
ages of 18 and 85 years of age and had type 1 or type 2 diabetes
mellitus with an active or healed foot ulcer. They agreed not to
consume phosphodiesterase-5 inhibitor drugs during the

study, and women with childbearing potential agreed to use a
reliable form of contraception. Subjects who were pregnant,
were nursing a baby, had a systolic blood pressure of < 90 or
> 160 mm Hg, or had osteomyelitis, cardiovascular disease
causing dyspnea at rest, anemia, a hemoglobin variant, glu-
cose-6-phosphate dehydrogenase deficiency, or a history of
substance abuse were excluded. Subjects taking medications
for migraine like sumatriptan, allopurinol, tricyclic antide-
pressants, antihistamines, nitrates, meperidine, or related
sedative medications were also excluded. Table 2 provides a
list of medications taken by the subjects.

Subjects attended a screening visit, fasting for at least 10 h
beforehand, where they signed an informed consent, had
height, weight, and vital signs measured and blood was
drawn for complete blood count (CBC) (hemoglobin, hemato-
crit, mean cell volume, platelet count, white blood cell count,
granulocyte number, neutrophil number, eosinophil number,
and basophil number), chemistry panel (glucose, blood urea
nitrogen [BUN], creatinine, potassium, uric acid, albumin,
calcium, magnesium, creatine phosphokinase, alanine-leucine
transaminase, alkaline phosphatase, iron, cholesterol, triglyc-
erides, high-density lipoprotein cholesterol, and low-density
lipoprotein cholesterol), urinalysis, hemoglobin electrophoresis,
and glucose-6-phosphate dehydrogenase screen. Subjects re-
turned for a second screening visit at which the lab work was

Table 1. Subject Demographics

Screen Visit 1 Visit 2

Age (years) 51.8 – 9.1
Height (cm) 179.1 – 5.9
Body mass index

(kg/m2)
35.2 – 6.9

Male/female 9/3
African American/

white
4/8

Weight (kg) 112.7 – 19.2 112.4 – 19.2 112.5 – 20.0
Blood pressure

(mm Hg)
Systolic 126.3 – 17.6 121.3 – 20.0 129.0 – 16.7
Diastolic 80.5 – 7.8 76.3 – 8.4 81.0 – 8.1

Table 2. Medications Taken by the Subjects

and the Number of Subjects Taking Them

Medication Number

Metformin 9
Insulin 5
Amlodipine 3
Exenatide 3
Hydrochlorothiazide 3
Aspirin 2
Fenofibrate 2
Glipizide 2
Quinipril 2
Rosuvastatin 2
Simvastatin 2
Atenolol 1
Bupropion 1
Carvedilol 1
Citalopram 1
Conjugated estrogen 1
Escitalopram 1
Fluoxetine 1
Furosemide 1
Gemfibrozil 1
Hydroxychloroquine 1
Ibuprofen 1
Latanoprost drops 1
Lisinopril 1
Lorazapam 1
Methotrexate 1
Olmesartin 1
x-3-Acid ethyl esters 1
Omeprazole 1
Pravastatin 1
Sitagliptin 1
Testosterone 1
Thyroxine 1
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reviewed, a medical history was taken, and a physical exami-
nation was performed. Subjects showing abnormalities in the
various chemistries above were not eligible for participation in
the study.

Subjects passing screening came to the first study visit at
7 a.m. after fasting from midnight the prior day, except for
water. The subjects were given a 2,000 kcal/day diet consis-
tent with American Diabetes Association guidelines with less
than 8 ounces of meat and no nitrates. An electrocardiogram
was obtained, weight and vital signs were measured, and
an intravenous line was inserted into the arm for blood
drawing and attached to normal saline. Women of child-
bearing potential had a pregnancy test, and results were re-
turned prior to any test medication. Subjects were asked about
any medications they were taking. Blood was drawn for a
CBC, chemistry panel, nitrite, nitrate, methemoglobin, partial
thromboplastin time, and prothrombin time. After the base-
line labs, including a chemistry panel with BUN, creatinine,
and CBC, were drawn, the subjects were give a capsule con-
taining 80 mg of sodium nitrite in either IR or EC form, and
blood was drawn for nitrite and nitrate measurement at 0.25,
0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6 h.
Blood was drawn for clinical methemoglobin and sulfhe-
moglobin measurement at baseline and 1, 2, 3, 4, 5, and 6 h
after dosing, as methemoglobinemia is a potential adverse
event associated with nitrite administration. Blood pressure
and pulse rate were measured with each blood draw because
nitrite is a vasodilator. Subjects were questioned about any
adverse events with each blood draw, and an electrocardio-
gram was performed at 3 and 6 h. After the 6-h specimen was
drawn, which included a chemistry panel with BUN, creati-
nine, and CBC, the subjects were released and given an ap-
pointment to return in 7–28 days to repeat the test day with
the form of nitrite that they did not receive on the first test day.

The demographic data were presented using descriptive
statistics and compared using a t test. The adverse events
were compared by v2 statistics, and the laboratory tests were
compared using the general linear model and SAS software
(SAS Institute Inc., Cary, NC). Nitrite, nitrate, methemoglo-
bin, sulfhemoglobin, pulse rate, and blood pressure were
analyzed using one-way analysis of variance with a correction
for multiple comparisons. Pharmacokinetic modeling was
also performed for the IR and EC formulations.

Results

Release and stability testing

The barbituric acid assay for determination of sodium ni-
trite concentration was very sensitive and linear over at least 2
logs. It was therefore suitable for both the potency/strength
assay and dissolution testing. The non-EC capsules (IR) were
stable over a 8-month period at 25�C and 40% relative hu-
midity (Fig. 1).

EC capsules were stored at room temperature. The content
of the EC capsules was stable over at least 37 days. However,
after that time the capsule coating began to yellow and show
spots. EC capsules were therefore made at several time points
during the study in order to maintain a more consistent
appearance and contents.

Because the IR capsules were used for a longer time period,
each lot was tested for bioburden and the presence of E. coli.
The lots passed testing (total aerobic count, < 10 colony-

forming units/mL; yeast and mold, < 10 colony-forming
units/mL; absent E. coli).

Clinical

Table 1 reports study subject demographics. No statistical
difference was observed for weight, blood pressure, or pulse
rate from baseline compared with visits 1 and 2. Only one
subject was taking a proton pump inhibitor (omeprazole, 40 mg
once a day), which was taken in the evenings. Eight of the
subjects took antihypertensive medications, and five of these
took the medication on test days 2 h after dosing of nitrite. Two
subjects took their antihypertensive medication 2 h after dosing
on test day 1 but not test day 2 because they ran out of their
medication and did not get the prescription filled, and their
antihypertensive medication was not in stock at the study site.
One subject routinely took the antihypertensive medication in
the evening and did not take it during the test on either test day.
Table 2 lists other medications taken by participants.

Nitrite

The IR formulation caused a significant elevation of aver-
age plasma nitrite levels at 15, 30, and 45 min (P < 0.05) com-
pared with baseline, but there was no significant increase
in nitrite above baseline with the EC formulation at any time
point. Results of the second assay done without methanol
extraction confirmed these findings. Although the differences
in nitrite levels in the two formulations were significant only
with the IR formulation, there was a different shape to the two
curves (Fig. 1). To further analyze the plasma profiles of nitrite
after administration of the two formulations, corrections were
applied to the plasma nitrite data for each subject. The first
correction was for the initial nitrite plasma level that was
determined from the initial baseline lab analysis for each
subject. The initial nitrite level was subtracted from all later
determined plasma nitrite levels for each subject. This plasma
nitrite correction averaged 1.25 lM (range, 0.0–6.8 lM) for
the IR formulation, whereas for the EC formulation the cor-
rection averaged 0.74 lM (range, 0.29–1.68 lM). The second

FIG. 1. Plasma nitrite levels from different oral formula-
tions of sodium nitrite. The immediate release (IR) formula-
tion gave significant elevations of plasma nitrate compared
with baseline at 0.25, 1.0, and 0.75 h, but there was no sig-
nificant increase in nitrite above baseline with the enteric-
coated (EC) formulation at any time point. Data are mean –
SEM values. *P < 0.05 versus baseline. Color graphics avail-
able online at www.liebertonline.com/dia

SODIUM NITRITE PHARMACOKINETICS IN DIABETES 555



correction was for the apparent delay in absorption (i.e., lag
time) before plasma nitrite levels began to rise. For the IR
formulation the average lag time was 0.17 h (range, 0–0.5 h),
whereas the EC formulation had an average lag time of 2.1 h
(range, 0.5–3.5 h). Additionally, some subjects exhibited sec-
ond peaks in plasma nitrite levels well after sodium nitrite
from either formulation could be still absorbed—these nitrite
levels were not included in the pharmacokinetic analysis.
After applying these corrections to each subject’s data, the
nitrite levels were averaged at each time, as was done for
Figure 1, and the results are shown in Figures 2 and 3 for IR
and EC formulations, respectively. The plasma profiles ap-

pear somewhat different for the IR formulation, showing a
rapid rise to a peak plasma level at 0.5 h, whereas for the
EC formulation the peak appeared at 1.0 h. These data were
then fit by a one-compartment pharmacokinetic model with
first-order absorption as shown below:

C¼ FDka

Vd(ka� ke)
½exp(� ket)� exp(� kat)�

where ke is the elimination rate constant, ka is the absorption
rate constant, Vd is the volume of distribution, D is the dose,
F is the fraction of nitrite absorbed, and t is time.

FIG. 2. Corrected immediate release (IR) formulation plasma nitrite curve. Plasma nitrite levels at various time points after the
IR formulation were ingested, averaged, and used to obtain a corrected pharmacokinetic profile analysis (smooth curve). Data
are mean – SEM values. Color graphics available online at www.liebertonline.com/dia

FIG. 3. Corrected enteric-coated (EC) formulation plasma nitrite curve. Plasma nitrite levels at various time points after the
EC formulation were ingested, averaged, and used to obtain a corrected pharmacokinetic profile analysis (smooth curve).
Data are mean – SEM values. Color graphics available online at www.liebertonline.com/dia
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Fitting the above equation to the average IR plasma data in
Figure 2 gave a ke = 1.37 – 0.09 h - 1 and ka = 4.5 – 2.0 h - 1. The
uncertainty in ka is large because the time to reach the peak
plasma level is 0.5 h, which means there are only three plasma
nitrite values that determine this constant. Thus, ka is viewed
to be uncertain. From the data of Hunault et al.23 a value
of ka = 3 or 20 h - 1 was obtained from the two oral doses of
sodium nitrite given in solution to normal subjects. The ke

ranged from 0.95 to 1.89 h - 1, which agrees with the values in
this study. The smooth curve in Figure 2 is the fit of the
pharmacokinetic model to the IR data, with r2 = 0.81. For the
EC formulation, the fit of the above equation to the plasma
data gave a value of ke = 1.38 – 0.01 h - 1 and ka = 1.55 – 0.01 h - 1

with r2 = 0.97. The values for ke agree quite well between
the two formulations, and the EC formulation has a lower ka

because it may release nitrite more slowly in the intestine than
the IR formulation. The smooth curve in Figure 3 is the fit of
the pharmacokinetic model to the EC data.

Nitrate

The IR formulation gave significant elevations of plasma
nitrate compared with baseline at 0.25, 0.5, and 0.75 h
(P < 0.05), but there was no significant increase in nitrate
above baseline with the EC formulation at any time point.
Although the differences in nitrate levels in the two formu-
lations were significant only with the IR formulation, there
was again a different shape to the two curves (Fig. 4).

Methemoglobin and sulfhemoglobin

There was no significant increase in the methemoglobin
levels with either the IR or the EC formulation (Fig. 5). Sulf-
hemoglobin was not detectable at any time point.

Heart rate

There was no significant change in heart rate with either the
IR or EC formulations (Fig. 6).

Blood pressure

There was a significant drop in systolic blood pressure in
the IR formulation at 1.0 and 1.25 h (P < 0.001) and in diastolic
blood pressure at 1 h (P < 0.003). There was no significant
change in systolic or diastolic blood pressure at any time point
with the EC formulation (Fig. 7). Although the drop in blood
pressure was statistically significant in the IR group, the drop
was from 125/78 to 115/72 mm Hg and was asymptomatic,
and values returned to basal levels by 2 h.

Adverse events

Adverse events are identified in Table 3. The only adverse
event that seemed potentially related to the study intervention
was headache and flushing in the IR group. None of the differ-
ences in adverse events, however, were statistically significant.

Laboratory tests

The results of laboratory tests before and after test days with
the IR and EC formulations were not statistically different. IR
formulation pretreatment and post-treatment creatinine val-
ues were 0.85 – 0.33 and 0.83 – 0.27 mg/dL, respectively.
Likewise, IR formulation pretreatment and post-treatment
BUN values were 17.7 – 6.7 and 16.3 – 5.8 mg/dL, respectively.
EC formulation pretreatment and post-treatment creatinine
values were 0.88 – 0.37 and 0.79 – 0.29 mg/dL, respectively.
EC formulation pretreatment and post-treatment BUN values
were 17.9 – 5.2 and 16.1 – 4.4 mg/dL, respectively. There was
no statistical change between pre- and post-treatment values,
although the numbers were in the direction of improvement.

Physical examinations and electrocardiograms

The physical examinations were unchanged as were the
interpretations of the electrocardiograms.

Discussion

Studies over the past decade have revealed that the nitrite
anion may undergo selective reduction back to NO through a

FIG. 4. Plasma nitrate levels from different oral formula-
tions of sodium nitrite. The immediate release (IR) formula-
tion gave significant elevations of plasma nitrate compared
with baseline at 0.75, 1.0, 1.5, and 2 h, but there was no sig-
nificant increase in nitrate above baseline with the enteric-
coated (EC) formulation at any time point. Data are mean –
SEM values. *P < 0.05 versus baseline. Color graphics avail-
able online at www.liebertonline.com/dia

FIG. 5. Methemoglobin (MetHb) levels with different so-
dium nitrite oral formulations. Blood was collected every
hour during the study to measure changes in percentage
MetHb. Neither the immediate release (IR) or enteric-coated
(EC) sodium nitrite formulation significantly altered blood
MetHb levels. Data are mean – SEM values. Color graphics
available online at www.liebertonline.com/dia
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variety of mechanisms including, but not limited to, acidic
disproportionation, deoxyhemoglobin and deoxymyoglobin,
xanthine oxidoreductase, mitochondrial enzymes, and others.24

As such, use of sodium nitrite as an NO prodrug for the
treatment of various pathophysiological conditions involving
decreased NO bioavailability has become increasingly attrac-
tive.25 Oral sodium nitrite pharmacokinetics have been studied
in healthy volunteers,23 but such similar studies have not been
reported for diabetes patients.

Our study demonstrates that oral sodium nitrite therapy
significantly increases plasma levels of nitrite in the IR for-
mulation within 0.25–0.75 h after dosing. This correlated with
a statistically significant rise in nitrate 0.25–0.75 h after dosing,
along with a statistically significant fall in blood pressure
1.0–1.25 h after dosing. Although there was no statistically
significant change in the levels of nitrite, nitrate, or blood
pressure after dosing with the EC formulation, there was
a difference in the shape of the curve suggesting that

FIG. 6. Effects of different sodium nitrite formulations on heart rate. Subject heart rate was monitored over time after
administration of either immediate release (IR) or enteric-coated (EC) sodium nitrite. No significant change in heart rate was
observed with either formulation. Data are mean – SEM values. bpm, beats per minute; NS, not significant.

FIG. 7. Effects of different sodium nitrite formulations on blood pressure. Systolic and diastolic blood pressure was mea-
sured over time after administration of different sodium nitrite formulations. (A and B) Effect of immediate release (IR)
sodium nitrite formulation on systolic and diastolic blood pressure, respectively. Systolic blood pressure significantly
dropped with the IR formulation at 1.0 and 1.25 h (P < 0.001), and diastolic blood pressure significantly dropped at 1.0 h
(P < 0.003). (C and D) Effect of enteric-coated (EC) sodium nitrite formulation on systolic and diastolic blood pressure,
respectively. No significant change in systolic or diastolic blood pressure was observed at any time point for EC sodium
nitrite formulation. Data are mean – SEM values. NS, not significant.
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statistically significant changes in nitrite might be expected
between 1.5 and 4.5 h at a larger dose. There were no signifi-
cant changes in methemoglobin, sulfhemoglobin, pulse rate,
laboratory tests, or other safety parameters with the possible
exception of headache and a hot flush feeling after taking the
IR formulation in two of the 12 subjects (17%).

A recent study by Kenjale et al.26 demonstrates the im-
portance of developing sodium nitrite as a potential treatment
for lower-extremity ischemia. Eight subjects with stable
claudication on walking were given 500 mL of beet juice
containing 9,090 lmol of nitrate and 36 nmol of nitrite or a
500 mL orange juice control in a crossover fashion 1–2 weeks
apart. Subjects given beet juice walked a significant 18%
longer than in the control condition (P < 0.01) prior to the onset
of claudication. During the beet juice condition, the nitrite
level rose significantly between hours 2 and 3 with a nitrite
peak of 0.943 lmol/L. The peak nitrite level in our study was
4 lmol/L at 0.25–0.5 h after subjects took the 80 mg of IR so-
dium nitrite and 2 lmol/L at 2.5 h after they took the 80 mg of
EC sodium nitrite. Our findings are similar to that of oral
sodium nitrite dosing in healthy subjects,23 with the difference
that peak plasma levels achieved in oral administration to
diabetes subjects are somewhat less than what would be an-
ticipated through oral or intravenous administration. None-
theless, the levels of nitrite achieved in our study would be
expected to extend walking time in patients with peripheral
vascular disease and claudication. Subjects in the study of
Kenjale et al.26 had an average drop of 6/6 mm Hg in blood
pressure and no change in pulse rate, whereas subjects in our
study had an average drop of 10/6 mm Hg with our IR for-
mulation and no change in pulse rate.

It is interesting that diabetes subjects given the IR formu-
lation demonstrated a large increase in plasma nitrate levels
above what would be expected from the approximately 4 lM
plasma nitrite level. We do not currently know the reason for
this sustained increase in plasma nitrate following oral ad-
ministration of 80 mg of sodium nitrite. However, possible
renal insufficiency or nitrate contamination are unlikely as
patient BUN and creatinine levels do not indicate renal ab-
normalities and USP grade sodium nitrite was con-
firmed > 97% pure. Clearly, additional studies will be needed
to better understand this finding.

In summary, the IR formulation of sodium nitrite gave a
statistically significant increase in serum nitrite and nitrate
levels and an asymptomatic reduction in systolic and dia-
stolic blood pressure. The only potential adverse event was
mild flushing in 17% of those taking the IR formulation. Al-
though there was no statistically significant elevation in blood
levels of nitrite or nitrate with the EC formulation, the shape
of the curve suggested a delayed release that would likely

reach significance at a higher dose, and the levels with
both release forms gave higher nitrite levels than a study
giving beet juice,26 in which walking time was significantly
extended in patients with peripheral vascular disease and
stable claudication.
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