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ABSTRACT:

Nitrite-hemoglobin reactions have been studied extensively in
vitro, but there is a lack of information on the kinetics of nitrite and
its metabolites in humans. In this study, we developed a nine-
compartment physiological pharmacokinetic model to describe
the in vivo erythrocytic uptake and release and disposition path-
ways of nitrite, nitrate, methemoglobin, and iron-nitrosyl hemoglo-
bin in the human circulation. Our model revealed that nitrite en-
tered erythrocytes rapidly with a rate constant of 0.256 min�1 (i.e.,
half-life � 2.71 min). The formation of iron-nitrosyl hemoglobin
from nitrite, which involves the reduction of nitrite by deoxyhemo-
globin to generate nitric oxide (NO) and reaction of NO with de-

oxyhemoglobin to form iron-nitrosyl hemoglobin, occurred rapidly
as well (k � 2.02 min�1; half-life � 0.343 min � 21 s). The disposi-
tion kinetics of methemoglobin was complex. Nitrate formation
occurred primarily in erythrocytes through the nitrite-oxyhemoglo-
bin reaction and was higher when nitrite was administered intra-
arterially than intravenously. Nitrate reduction was an insignificant
metabolic pathway. This study is the first to comprehensively eval-
uate the kinetics of nitrite and its metabolites in humans and
provides unique insights into the rapid equilibrium of nitrite into
erythrocytes and conversion to NO in the red cell, which is kinet-
ically associated with vasodilation.

Introduction

Nitric oxide (NO), a key biological signaling molecule that plays a
critical role in vascular homeostasis and pathophysiology, is synthe-
sized from L-arginine and oxygen by endothelial nitric-oxide synthase
(eNOS). It undergoes oxidative and reductive reactions to produce
various NO species such as nitrite (NO2

�) (Ford et al., 1993), nitro-

sothiols (Stamler et al., 1992), nitrosoamines (Rassaf et al., 2002),
nitrated lipids (Lim et al., 2002), and iron-nitrosyl complexes and is
scavenged by reactions with hemoglobin in the red blood cells (RBCs)
to form nitrate (NO3

�), methemoglobin (HbFe3�), and iron-nitrosyl
hemoglobin (HbFe2�-NO) (Wennmalm et al., 1992).

Nitrite anion, one of these NO metabolites, has recently been suggested
to be a stabilized storage form of NO in blood (Gladwin et al., 2004). It
can be transported to deliver NO to various tissues under certain physi-
ological and pathological conditions and can potentially be used as a
therapeutic agent for various diseases such as myocardial infarction,
stroke, solid organ transplantation, sickle cell disease, drug-induced ul-
cers, pulmonary and systemic hypertension, and subarachnoid hemor-
rhage (Lundberg et al., 2008). Nitrite has been shown to increase forearm
blood flow by vasodilation in human volunteers (Cosby et al., 2003;
Dejam et al., 2007; Maher et al., 2008), exert cytoprotective effects
during ischemia-reperfusion of the heart and liver in vitro and in animals
(Webb et al., 2004; Duranski et al., 2005; Gonzalez et al., 2008), improve
hemodynamics in a canine model of acute pulmonary thromboembolism
(Dias-Junior et al., 2006), and prevent delayed cerebral vasospasm in a
primate model of subarachnoid hemorrhage (Pluta et al., 2005). In addi-
tion, the administration of inhaled nebulized nitrite elicited a sustained
reduction in hypoxic-induced pulmonary hypertension in newborn lambs
(Hunter et al., 2004).

The hypothesized mechanism underlying the vasodilatory effects of
nitrite in human circulation is the release of NO as a result of nitrite
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reduction by deoxyhemoglobin (Doyle et al., 1981). Nitrite reacts with
deoxyhemoglobin (HbFe2�) in the presence of a proton to form NO and
HbFe3�, a reaction that is allosterically regulated by pH, hemoglobin
oxygen saturation, and the R and T conformations of the hemoglobin
tetramer (Huang et al., 2005). The NO generated can then bind to a
second deoxyhemoglobin to form iron-nitrosyl hemoglobin as outlined in
eqs. 1 and 2:

NO2
� � HbFe2� � H�3 NO � HbFe3� � OH� (1)

NO � HbFe2�3 HbFe2�-NO (2)

In addition, nitrite can react with oxyhemoglobin (HbFeO2) through a
complex autocatalysis reaction to form methemoglobin and nitrate as
described in eq. 3 by Kosaka and colleagues (Kosaka et al., 1979,
1982; Kosaka and Tyuma, 1987):

4NO2
� � 4Hb(FeO2)2� � 4H�3 4NO3

� � 4HbFe3� � O2 � 2H2O

(3)

It has been shown that in a partially oxygenated environment, this
nitrite-oxyhemoglobin reaction runs in parallel and interacts with the
nitrite-deoxyhemoglobin reaction to generate an intermediate that can
oxidize iron-nitrosyl hemoglobin to release NO (Grubina et al., 2007).
In addition, a third novel nitrite-hemoglobin chemistry was proposed
by Basu et al. (2007). It has been suggested that nitrite can bind to
methemoglobin to produce a nitrite-bound methemoglobin interme-
diate, which can interconvert to a ferrous-nitrogen dioxide species that
reacts with NO to form ferrous hemoglobin and dinitrogen trioxide
(N2O3) as in eqs. 4 and 5:

NO2
� � HbFe3�3 HbFe3�-NO2

� (4)

[HbFe3�-NO2
�7 HbFe2�-NO2

� ] � NO3 HbFe2� � N2O3 (5)

By combining eqs. 1, 4, and 5, the stoichiometry of the overall
nitrite-deoxyhemoglobin reaction then becomes

2NO2
� � HbFe2� � H�3 HbFe2� � N2O3 � OH� (6)

The end product, N2O3, which is a small, uncharged, and nitrosating
molecule, is suggested to be capable of diffusing across the red cell
membrane, forming red cell S-nitrosothiols and exporting NO by homol-
ysis to NO and the NO2

� radical (Basu et al., 2007). Although all of these
complex nitrite-hemoglobin reactions are proposed on the basis of care-
fully designed in vitro experiments, the characterization and validation of
some or all of these reactions in vivo have not been reported.

We previously conducted a physiological/pharmacological study in
healthy volunteers, which was designed to examine the effect of
exogenous sodium nitrite on human forearm blood flow and to char-
acterize sodium nitrite pharmacokinetics (Dejam et al., 2007). We
measured plasma nitrite and nitrate, whole blood nitrite, methemo-
globin, and iron-nitrosyl hemoglobin concentrations at multiple time
points. We modeled the concentration changes of nitrite and the
various NO moieties during and after drug administration. The objec-
tive was to characterize the in vivo erythrocytic uptake and release
and disposition pathways of nitrite and NO species. We hypothesized
that the nitrite-hemoglobin reactions as described by eqs. 1 to 3 indeed
occur in vivo and that it would be able to characterize the kinetic
conversions of nitrite into nitrate, methemoglobin, and iron-nitrosyl
hemoglobin in human blood, based on the current knowledge of
nitrite-hemoglobin chemistry. The study resulted in a physiological
relevant pharmacokinetic model that is a powerful tool in predicting
nitrite and NO species concentrations under different dosages and

schedules and administration routes. This model further provides
insights into the mechanisms of biochemical reactions involving ni-
trite and other NO species.

Materials and Methods

Human Subjects. The human study protocol was approved by the institu-
tional review board of the National Heart, Lung, and Blood Institute, National
Institutes of Health. All participants provided written informed consent. Five
healthy volunteers, 1 male and 4 females, with median (range) age of 27
(22–36) years and weight of 70.8 � 15.3 kg participated in part A of a
previously described forearm blood flow study (Dejam et al., 2007). Subjects
were excluded if they had cardiovascular risk factors, liver disease, renal
failure, acute and chronic infections, glucose-6-phosphate dehydrogenase de-
ficiency, or cytochrome b5 deficiency. Female participants were not eligible if
they had a positive pregnancy test or were breastfeeding. The baseline char-
acteristics of the subjects are summarized in Table 1.

Study Procedures. Study procedures were performed in a quiet hospital
room and began at 7:00 AM after subjects had fasted overnight. Venous
angiocatheters were inserted into the antecubital veins of both arms for blood
collection to determine nitrite and NO species concentrations. An arterial
angiocatheter was inserted into the right brachial artery for infusions of saline
and sodium nitrite solution and for blood pressure measurements. Heart rate
was determined by electrocardiography and pulse oximetry. Methemoglobin
was determined by cooximetry at bedside. The sodium nitrite solution was
prepared in the Clinical Center Pharmacy Department Pharmaceutical Devel-
opment Section and administered under Investigational New Drug 70,411.

After line placement, saline was infused via the brachial artery at a rate of
120 ml/h while the subjects were at rest for 20 min. Baseline measurements
and blood samples from both arms were then obtained. Saline infusion was
continued for another 30 min, and physiological measurements and sample
collection were repeated 5 min before drug administration. Sodium nitrite,
along with saline to maintain a total infusion volume of 120 ml/h, was then
infused at doubling rates of 100, 200, 400, 800, and 1600 nmol/(min � kg) every
5 min for a total of 25 min. After each dose was infused (i.e., every 5 min),
blood was drawn from both veins (i.e., ipsilateral and contralateral to the
infusion site) for measurement of nitrite and NO species concentrations, and
the infusion was paused briefly to determine blood pressure and heart rate.
Cooximetry was performed with venous blood obtained from the arm con-
tralateral to the infusion site.

After the dose escalation, the sodium nitrite infusion was stopped, and saline
was infused for 180 min. Venous blood samples were collected from the arm
contralateral to the infusion site at 5, 10, 20, 30, 60, 90, 120, and 180 min after
the cessation of sodium nitrite. Methemoglobin levels at these time points were
measured as described above.

After completion of the 180-min saline infusion, nitrite was reinfused at a
rate of 400 nmol/(min � kg) for 20 min, followed by 100 nmol/(min � kg) for
100 min. Venous blood samples from the arm contralateral to the infusion site
were drawn at 5, 10, 20, 30, 60, 90, and 120 min after the reinitiation of sodium
nitrite. Methemoglobin was measured at these time points as well.

Determination of Nitrite and NO Species Concentrations. Acquisition
and processing of blood samples and measurement of whole blood nitrite,
plasma nitrite and nitrate, and iron-nitrosyl hemoglobin were described in
detail elsewhere (Pelletier et al., 2006). Erythrocyte nitrite concentrations were
calculated by eq. 7:

TABLE 1

Baseline characteristics of the subjects

Parameter Mean � S.D.

Hematocrit (%) 41.4 � 1.61
Hemoglobin (g/dl) 13.3 � 1.16
Methemoglobin (�mol/l) 13.9 � 6.92
Iron-nitrosyl hemoglobin (�mol/l) 0.135 � 0.053
Plasma nitrite (�mol/l) 0.113 � 0.052
Red blood cell nitrite (�mol/l) 0.291 � 0.133
Plasma nitrate (�mol/l) 17.7 � 5.18
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CRBC �
CWB � ��1 � Hct� � CP�

Hct
(7)

where CRBC is erythrocyte concentration, CWB is whole blood concentration,
CP is plasma concentration, and Hct is the hematocrit. Methemoglobin levels
obtained from cooximetry were converted from percent to micromoles per liter
as in eq. 8:

HbFe3���M� � Hb(g/dl) �
0.1551 mM

g/dl
�
1000 �M

mM
�
%HbFe3�

100
(8)

where Hb is hemoglobin.
Characterization of In Vivo Erythrocytic Uptake and Release and

Disposition Pathways of Nitrite and NO Species at the Administration Site
and in the Systemic Circulation. Using a base structure model obtained from
systemic nitrite pharmacokinetics (Y. Y. Hon, H. Sun, A. Dejam, and M.
Gladwin, unpublished data), a physiological pharmacokinetic model was built
to characterize the in vivo erythrocytic uptake and release and disposition
pathways of nitrite and NO species in plasma and RBCs. Mean concentrations
obtained from venous blood samples at the administration site and in the
systemic circulation were used for the modeling.

Various physiological pharmacokinetic models with microparameterization
were fitted to seven observed NO moieties simultaneously using SAAM II
(University of Washington, Seattle, WA). The species modeled included
plasma nitrite and nitrate at the administration site and in the systemic circu-
lation, and erythrocyte nitrite, methemoglobin, and iron-nitrosyl hemoglobin in
the systemic circulation. During the model-building process, goodness of fit
including residual plots, Akaike information criterion, objective function,
physiological reasoning, stability, and simplicity, as well as robustness of fit
were applied to select the best model. For NO species that have significant
baseline values (i.e., plasma nitrate and methemoglobin), the endogenous
levels were assumed to be stable and the baseline values were added to the
fitted concentrations to reflect the actual observed concentrations.

Results

In this study, two separate nitrite infusions were administered
intra-arterially with a 180-min washout in between. The first infusion
consisted of five doubling doses of sodium nitrite given consecutively,
and the second infusion was administered by a loading dose followed
by a maintenance infusion. Figure 1 depicts the mean observed and
model predicted concentrations for plasma nitrite and nitrate, eryth-
rocyte nitrite, methemoglobin, and iron-nitrosyl hemoglobin in the
systemic circulation. It was observed that the concentration versus
time curve of plasma nitrite was very similar to that of the RBCs, and
both profiles closely resembled that of the whole blood nitrite (data
not shown). Plasma and RBC nitrite concentrations gradually in-
creased for the first 5 to 10 min, probably mediated by the intra-
arterial route of delivery and low doses of nitrite during initial infu-
sions and then rapidly increased during the rest of the infusion during
dose escalation. Concentrations continued to further increase after the
infusion was stopped until peak levels were reached at approximately
10 min postdose. Thereafter, concentrations declined in a manner that
resembled monoexponential decay and reached levels close to base-
line values 180 min after the end of the infusion. When sodium nitrite
was reinitiated at 205 min (20 min loading � 100 min maintenance
infusion), concentrations increased immediately, and peak levels were
again attained 10 min later after reduction of the infusion rate. During
the maintenance infusion, nitrite concentrations decreased slowly to
maintain steady-state levels.

The changes in iron-nitrosyl hemoglobin followed closely those in
plasma and RBC nitrite. Concentration rose slowly for the first 5 to 10
min and then increased rapidly and reached the peak level at approx-
imately 10 min after the infusion was stopped. Concentrations de-
creased thereafter in a logarithmic fashion; the decline was almost
parallel to but was slightly slower than those of the nitrite curves. No

iron-nitrosyl hemoglobin measurements were available during the
reinfusion of sodium nitrite.

Plasma nitrate and methemoglobin exhibited different kinetic be-
haviors compared with those of nitrite and iron-nitrosyl hemoglobin.
An approximate 10-min time delay after the initiation of sodium
nitrite was observed before concentrations began to increase from
baselines, which were 18 and 14 �M for plasma nitrate and methe-
moglobin, respectively. Peak concentrations were reached at ap-
proximately 30 min after the end of infusion (i.e., approximately
50 min from the start of nitrite infusion), when concentrations
started to decrease. Methemoglobin declined faster than plasma
nitrate; decline rates for both were slower than those of plasma and
RBC nitrite. At the time when nitrite was reinfused, plasma nitrate
and methemoglobin had not returned to their baselines. Concen-
trations of these moieties increased immediately upon the initiation
of the second loading infusion, followed by a slower increase over
the maintenance infusion.

The inset of Fig. 1 depicts the mean observed and predicted
concentrations for venous nitrite and nitrate at the administration site
where nitrite was infused intra-arterially. Plasma nitrite and nitrate
rapidly increased during dose escalation and reached their peaks at the
end of the infusion. These peaks were in the range of 400 to 600 �M
and were an order of magnitude higher than those observed in the
systemic circulation. In addition, the nitrite peak was higher than the
nitrate peak, which was in reverse order of that found in the systemic
circulation.

The erythrocytic uptake and release and disposition pathways for
each NO moiety at the administration site and in the systemic circu-
lation were well described by a nine-compartment model (Fig. 2),
which was expanded from a two-compartment model (Y. Y. Hon, H.
Sun, A. Dejam, and M. Gladwin, unpublished data). This physiolog-
ical pharmacokinetic model consists of three separate components: the
“tissue,” “arterial,” and “blood” compartments. The tissue compart-
ment represents tissues into which nitrite distributes from the central
compartment as defined below. The arterial compartment, which
includes a plasma nitrite and a plasma nitrate compartment, de-
scribes the conversion of plasma nitrite into nitrate in venous blood
at the administration site. It is also the compartment from which
nitrite and nitrate diffuse to the systemic circulation. The term
arterial was used because we assumed that venous nitrite concen-
trations at the administration site were representative of those in
the arterial blood, conceivably due to the short transit from the
brachial artery to the antecubital vein. The blood compartment,
which represents venous blood in the systemic circulation, is
divided into plasma and RBC components with six compartments,
namely plasma nitrite and nitrate, RBC nitrite, methemoglobin,
and iron-nitrosyl hemoglobin. Plasma nitrite is the central com-
partment of the model, and it represents the parent drug observed
in the systemic circulation after intra-arterial administration and
tissue distribution of sodium nitrite. In plasma, nitrite is oxidized
directly to nitrate, which is subsequently eliminated from the
circulation. Alternatively, it undergoes transmembrane uptake by
the erythrocytes and is further biotransformed to give nitrate,
methemoglobin, and iron-nitrosyl hemoglobin. Nitrate formed in
the RBCs is in turn released to the plasma and eliminated, and
methemoglobin and iron-nitrosyl hemoglobin are further metabo-
lized to other biological species.

The definitions and estimated values for all parameters of the
physiological pharmacokinetic model are summarized in Table 2. All
distribution and disposition pathways of nitrite and various species
were well characterized by first-order kinetics. However, the kinetics
of methemoglobin during the first infusion was different from that
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during the second infusion, and two formation rate constants were
needed to describe adequately the changes in methemoglobin through-
out the entire study period. During dose escalation, methemoglobin
was formed with a higher rate constant of 0.155 min�1, compared
with 0.090 min�1 during the second infusion. The values for the
volumes of distribution were estimated to be within reasonable ranges,
with the exception that Va was fixed to 0.071 liter. The model was able
to capture the approximate 5- to 10-min slow initial increases in nitrite

concentrations during the first infusion, but the delays in nitrite peak
concentrations were not adequately described.

Discussion

Systemic plasma and RBC nitrite concentration versus time profiles
exhibited two distinctive features during intra-arterial administration
of sodium nitrite in our study. There was a 5- to 10-min slow
concentration increase during the first but not the second infusion, and

FIG. 1. The mean observed and model predicted concentration versus time profiles for plasma nitrite and nitrate, erythrocyte nitrite, methemoglobin, and iron-nitrosyl
hemoglobin in the systemic circulation. Lines represent model-predicted curves and symbols represent actual observations. The nitrate concentration versus time curve
during intravenous administration is simulated and included. Predicted profiles for nitrite, methemoglobin, and iron-nitrosyl hemoglobin during intravenous administration
are not shown because these curves are similar to those observed during intra-arterial administration. The inset depicts plasma nitrite and nitrate concentrations at the site
of administration.

1710 HON ET AL.



nitrite peaked at approximately 5 to 10 min after cessation and dosage
reduction of sodium nitrite. These delays in initial increase and in
peak levels are probably due to the intra-arterial route of delivery as
well as the low doses of nitrite during initial infusions compared to the
second infusion [100 versus 400 nmol/(kg � min)]. Apparently, nitrite
did not accumulate fast enough to result in an immediate concentra-
tion increase at doses �400 nmol/(kg � min), presumably due to the
extensive metabolism (extraction ratio 	 0.97) and short half-life (35
min) of sodium nitrite (Y. Y. Hon, H. Sun, A. Dejam, and M.
Gladwin, unpublished data).

Using a structural two-compartment model obtained from the sys-
temic circulation (Y. Y. Hon, H. Sun, A. Dejam, and M. Gladwin,
unpublished data), we integrated our current understanding of nitrite-
hemoglobin chemistry and developed a physiological pharmacoki-
netic model for nitrite, nitrate, methemoglobin, and iron-nitrosyl he-

moglobin. The overall fittings for all the moieties were excellent,
considering the complexity of the model and the simultaneous esti-
mation of all but one parameter value. These results suggest that the
model adequately characterized the kinetics of the disposition path-
ways of the NO species and provide strong support to the biological
plausibility of the previously described nitrite-hemoglobin reactions.
However, this model lost the ability to characterize the delays in
nitrite peak concentrations, which were essential features during intra-
arterial administration of sodium nitrite and were adequately charac-
terized by the base model (Y. Y. Hon, H. Sun, A. Dejam, and M.
Gladwin, unpublished data). Methemoglobin formation was faster
during the first infusion, with a rate constant almost twice as high as
that during the second infusion. The reason for this difference in
kinetic behavior is not known. Perhaps, it is related to the complex
and interacting reactions between nitrite, oxyhemoglobin, and deoxy-

TABLE 2

Parameter estimates for the physiological pharmacokinetic model of plasma nitrite and nitrate, erythrocyte nitrite, methemoglobin, and iron-nitrosyl hemoglobin

Parameter (Unit) Definition Estimate

k12 (min�1) Diffusion rate constant of plasma nitrite from the administration site to the systemic circulation 2.13
k45 (min�1) Diffusion rate constant of plasma nitrate from the administration site to the systemic circulation 0.306
k23 (min�1) Distribution rate constant from the blood to the tissue compartment 6.04
k32 (min�1) Distribution rate constant from the tissue to the blood compartment 0.467
k26 (min�1) Uptake rate constant of plasma nitrite into red blood cells 0.256
k75 (min�1) Diffusion rate constant of nitrate from red blood cells to plasma 0.013
k14 (min�1) Formation rate constant of plasma nitrate from nitrite at the administration site 0.238
k25 (min�1) Formation rate constant of nitrate from nitrite in plasma 0.016
k67 (min�) Formation rate constant of nitrate from nitrite in red blood cells 0.808
k68 (min�1) Formation rate constant of iron-nitrosyl hemoglobin 2.02
k69a (min�1) Formation rate constant of methemoglobin during the first infusion 0.155
K69b (min�1) Formation rate constant of methemoglobin during the second infusion 0.090
k50 (min�1) Elimination rate constant of plasma nitrate 0.014
k80 (min�1) Elimination rate constant of iron-nitrosyl hemoglobin 0.161
k90 (min�1) Elimination rate constant of methemoglobin 0.043
Va (liters) Volume of distribution for plasma nitrite and nitrate at the administration site 0.071a

Vp (liters) Volume of distribution for plasma nitrite and nitrate in the systemic circulation 2.76
VRBC (liters) Volume of distribution for red blood cell nitrite and methemoglobin 0.214
VNOHb (liters) Volume of distribution for iron-nitrosyl hemoglobin 6.93

a Fixed parameter value.

FIG. 2. Schematic representation of the nine-
compartment model for the in vivo erythrocytic
uptake and release and disposition pathways of
erythrocyte nitrite, plasma nitrite and nitrate,
methemoglobin, and iron-nitrosyl hemoglobin.
Shaded circles represent compartments in
which NO species were modeled. Parameter
definitions are found in Table 2.
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hemoglobin (Huang et al., 2005; Basu et al., 2007; Grubina et al.,
2007), subsequently leading to more complex disposition kinetics of
methemoglobin. Of note, the parameters (i.e., rate constants) esti-
mated by the model represent the overall rate constants describing the
distribution, formation, and elimination of each NO species by all
biological processes in the body and, hence, are not the same as those
of the individual biochemical reactions and should not be interpreted
as such.

Our model parameter values revealed the surprising finding that
despite the negative charge, nitrite entered erythrocytes quickly with
a rate constant of 0.256 min�1 (i.e., half-life 	 2.71 min), as evi-
denced by the almost identical concentration-time curves between
plasma and RBC nitrite. This erythrocytic uptake rate is approxi-
mately 4-fold higher than that reported in an in vitro study using a
nitrite concentration of 800 �M (half-life of 11 min) (May et al.,
2000). The formation of iron-nitrosyl hemoglobin from erythrocyte
nitrite, which involves the reduction of nitrite by deoxyhemoglobin to
generate NO and reaction of NO with deoxyhemoglobin to form
iron-nitrosyl hemoglobin, occurred rapidly as well (k68 	 2.02 min�1;
half-life 	 0.343 min 	 21 s). The overall consumption of iron-
nitrosyl hemoglobin was relatively quick (k80 	 0.161 min�1), com-
pared with the metabolism of methemoglobin and elimination of
plasma nitrate (k90 	 0.043 min�1 and k50 	 0.014 min�1, respec-
tively). Because elimination was a slower process than formation and
was the rate-limiting step, the apparent half-lives after nitrite admin-
istration for the three NO species followed the same order as the
elimination rate constants (i.e., iron-nitrosyl hemoglobin � methemo-
globin � nitrate; 
40 min � 105 min � 300 min). These estimates
of half-life for methemoglobin and nitrate are similar to those values
as reported previously (Wagner et al., 1983; Kirk et al., 1993).

Unlike iron-nitrosyl hemoglobin and methemoglobin, which are
formed solely inside RBCs, our model showed that systemic nitrate
can also be generated directly from the oxidation of nitrite in plasma.
However, nitrate production from this route (k25 	 0.016 min�1) was
much slower than that by the nitrite-oxyhemoglobin reaction (k67 	
0.808 min�1), consistent with the inefficiency of NO biotransforma-
tion to nitrate in human plasma compared with blood cells (Wen-
nmalm et al., 1992). In the arterial compartment where nitrite was
infused, nitrate formation from nitrite was higher with a rate constant
of 0.238 min�1. This higher rate is attributed in part to a lower median
nitrite RBC/plasma concentration ratio [1.27 (0.267–5.84) versus
0.800 (0.405–3.65), p � 0.001] (Y. Y. Hon, H. Sun, A. Dejam, and M.
Gladwin, unpublished data) and hence more plasma nitrite available
for conversion at the administration site compared with the systemic
circulation. The higher oxygenation of the arterial blood could be a
contributing factor as well. Regardless of how it is formed, nitrate
eventually enters the plasma where it is eliminated from the body via
the kidney (Wagner et al., 1983; Wennmalm et al., 1993). Previously,
nitrate reduction to nitrite has been shown to occur in vitro and in vivo
(Jansson et al., 2008); nanomolar concentrations of nitrite were gen-
erated using nitrate concentrations in the 300 to 600 �M range, which
were approximately 5- to 10-fold higher than the nitrate peak that was
observed in our subjects. We tested the contribution of nitrate reduc-
tion in our model by adding the corresponding conversion pathway.
The fittings obtained were not as good as those from the current
model, and the parameter value for the formation of plasma nitrate
from nitrate was very small. These suggest that nitrate reduction to
nitrite was a relatively insignificant metabolic pathway during short-
term intra-arterial administration of sodium nitrite, which resulted in
systemic nitrite concentrations in the low micromolar range.

With use of the current model, it is predicted that when nitrite is
administered intravenously, the nitrate concentration would increase

slowly and peak at approximately 115 min after the end of the first
infusion (Fig. 1, dashed line with no observation), as opposed to a
rapid rise and a peak at approximately 30 min after infusion during
intra-arterial administration. This results in a large area difference
between the concentration versus time curves during intra-arterial
versus intravenous administration and demonstrates that the rapid
nitrate generation at the administration site contributed significantly to
overall nitrate exposure in the systemic circulation. On the other hand,
the predicted time to peak methemoglobin level during intravenous
administration is approximately 30 min after infusion (data not
shown). This time is similar to our current observation when nitrite
was infused intra-arterially, indicating that methemoglobin concentra-
tions were not as affected by the administration route as nitrate. Our
predictions for these times to reach nitrate and methemoglobin peaks
during intravenous administration are in line with the median times to
maximal nitrate and methemoglobin concentrations of approximately
60 and 30 min after infusion, respectively, in healthy volunteers
(Hunault et al., 2009). These results suggest that the current physio-
logical pharmacokinetic model adequately described the nitrite-nitrate
and nitrite-methemoglobin metabolic pathways and is useful in pre-
dicting concentrations for these two NO species.

The major limitation of the study is the inability to validate the
current model using the limited amount of data available. Model
validation is an important process, and it is preferred especially for
models that are submitted for regulatory decision making and for
those that have clinical applications. We had attempted to validate our
model to increase the confidence in the model, even though it was
developed mainly for research purposes at this early stage. Model
validation can be performed by an external across-subject prediction
check using a data-splitting technique and an internal within-subject
prediction method. We were unable to build and validate our model by
using the data-splitting method because of the small number of
subjects participating in the study (n 	 5). In fact, our current model
was developed using the mean values obtained from the five subjects
to increase the confidence in the model. We were also unable to build
and validate the model by using the internal within-subject prediction
method by leaving out all data from a compartment, a moiety, or a
kinetic process (e.g., oxidation of plasma nitrite to nitrate) during
model building and then making a prediction for that compartment,
moiety, or kinetic process during model calibration. This internal
within-subject prediction approach increased the ratio of the number
of parameters to the number of observations, making it difficult to fit
the data. More importantly, few physiological parameter values are
currently available either from in vitro or animal studies to allow us to
further assess and validate the model using this latter approach.
Nevertheless, the current model provides unique and important in-
sights into the metabolic processes of nitrite, nitrate, methemoglobin,
and iron-nitrosyl hemoglobin in vivo. It also establishes a base for
performing simulations to further examine the influence of different
parameters or processes on the pharmacokinetic profiles of one or all
of the NO species as well as for designing future trials on human
subjects.
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