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Abstract

Nitrite infusion into the bloodstream has been shown to elicit vasodilation and protect against
ischemia-reperfusion injury through nitric oxide (NO) release in hypoxic conditions. However, the
mechanism by which nitrite-derived NO escapes scavenging by hemoglobin in the erythrocyte has
not been fully elucidated, owing in part to the difficulty in measuring the reactions and transport
on NO /n vivo. We developed a mathematical model for an arteriole and surrounding tissue to
examine the hypothesis that dinitrogen trioxide (N»O3) acts as a stable intermediate for preserving
NO. Our simulations predict that with hypoxia and moderate nitrite concentrations, the N,O3
pathway can significantly preserve the NO produced by hemoglobin nitrite reductase in the
erythrocyte and elevate NO reaching the smooth muscle cells. Nitrite retains its ability to increase
NO bioavailability even at varying flow conditions, but there is minimal effect under normoxia or
very low nitrite concentrations. Our model demonstrates a viable pathway for reconciling
experimental findings of potentially beneficial effects of nitrite infusions despite previous models
showing negligible NO elevation associated with hemoglobin nitrite reductase. Our results suggest
that additional mechanisms may be needed to explain the efficacy of nitrite-induced vasodilation at
low infusion concentrations.
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1. Introduction

Hypoxic vasodilation is a homeostatic mechanism providing increased blood flow and
oxygen delivery to meet tissue metabolic demand [1]. The production of nitric oxide (NO) —
a powerful paracrine vasodilator — by the nitrite reductase activity of deoxygenated
hemoglobin (deoxyHb) has been recently proposed as a major mechanism in hypoxic
vasodilation [2,3]. It is hypothesized that as NO production by oxygen-dependent
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endothelial nitric oxide synthase (eNOS) falls during hypoxia, deoxyHb nitrite reductase
activity acts as a compensatory pathway to release NO from nitrite [4,5].

Nitrite has been shown to be a vascular storage pool for NO that is relatively nonproductive
at normoxia, but provides graded generation of NO as oxygen tension decreases [6,7].
Nitrite reduction has been shown in blood and tissue mechanisms such as xanthine/aldehyde
oxidase, NO synthase, components of the mitochondrial electron transport chain, and
nonenzymatic acidic disproportionation [8,9]. These mechanisms require relatively extreme
levels of acidosis and/or hypoxia and are not readily active under physiological hypoxia [7].
In contrast, infusions of nitrite into the bloodstream in animal and human experiments have
been shown to cause vasodilation, protect from ischemia-reperfusion injury, and reduce
hypertension through long-term therapy [10]. DeoxyHb acts as an allosteric nitrite reductase
whose activity peaks at around the Pgg of Hb due to a conformation balance between a high-
activity relaxed () state and a low-activity tense (7) state [11].

A major challenge to the hypothesis that nitrite reduction by deoxyHb provides a mechanism
for the vasodilatory effects of nitrite reduction is how NO escapes the highly effective trap
environment of the erythrocyte after nitrite reduction [8]. We and others have previously
shown through mathematical models that without mechanisms to limit Hb scavenging, only
picomolar levels of NO would be produced outside a red blood cell (RBC) at steady state
[12-14]. It has been recently proposed that an intermediate species, dinitrogen trioxide
(N20O3), is generated during the nitrite-hemoglobin reaction which is stable enough to diffuse
away from the RBC and release NO in tissue [15,16]. N,O3 could be a viable candidate for
conserving NO since (i) it is a nitrosating species that generates S-nitrosothiols, seen during
nitrite-Hb mediated vasodilation, (ii) it is small, uncharged, and relatively nonreactive with
Hb, allowing it to diffuse out of the bloodstream, and (iii) it can homolyze to NO and NO; in
tissue, providing a mechanism for NO release [10,17]. Others have argued that N,Os is
energetically unfavorable [18] or is too short-lived to have a substantial role during the Hb
nitrite reduction pathway, although their experimental methods may have been inadequate to
detect it [19,20].

Previous mathematical models have considered the possibility of an intermediate such as
N,O3 extending the diffusivity and lifetime of RBC NO, but have not explicitly modeled the
pathway itself [14]. There have been several recent studies that elucidate parts of the
complex nitrite reductase and anhydrase functions of hemoglobin through chemical bond
modeling [16,21] and /n vitro reactions [22—-24]. Therefore, there is a need for mathematical
simulations of this new theory to reconcile the experimental effectiveness of Hb nitrite
reductase and previous theoretical simulations that predict ineffective NO conservation. The
goal of this study was to determine how the inclusion of the N,O3 pathway protects Hb
nitrite reductase-derived NO from erythrocyte scavenging. For this purpose, we developed a
mathematical model for an arteriole and surrounding tissue to investigate the potential effect
of the N,O3 pathway on blood nitrite-derived NO.
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2. Methods

2.1. Description of mathematical model

Coupled nonlinear partial differential equations (PDESs) for a simple arteriole with
surrounding tissue model (Fig. 1) were written in cylindrical coordinates and solved for
steady-state conditions by finite element numerical methods using the software COMSOL
v5.1 (COMSOL, Inc., Burlington, MA). The concentric layers are (i) red blood cell (RBC)
core, (ii) a RBC-free plasma layer, (iii) endothelium, (iv) vascular wall, and (v) perivascular
tissue. All layers were assumed to have homogenous properties and uniform species
reactions within them.

All simulations were performed at steady-state, and concentration gradients were assumed to
be axisymmetric. The diffusive component of axial gradients was assumed to be negligible.
Blood flow was assumed to be well-developed laminar flow. The governing general mass
transport equation therefore simplifies to Eq. (1):

1 0 oC; oC;
0=D; {F or (7 or )} RGP £ R )

where 7 corresponds to species NO, Oy, NoO3, and MetHb-NO,™ <> Hb-NO,. Each species
has reactions in layers 1-5 as detailed below. Table 1 lists the dimensions and physical
constants used.

2.2. Nitric oxide

Mass transport models for NO transport have been constructed and reviewed previously
[25,26], and the approach here is similar to theirs. NO production (Ryo) was assumed to be
uniform and confined to endothelial NOS (layer 3). NO production by eNOS was assumed
to follow both linear shear stress dependence (at low shear) and O,-dependent Michaelis-
Menten kinetics (Eq. 2) with all other substrates and co-factors present in abundance.

R, =R _Fo, (Tw )
NO NOmax P02 + Km Tref ( 2)

where K, is the Michaelis-Menten constant, and zf is the reference value used by Chen et

al. [26]. Ry, . was chosen so that at baseline flow, Ryo matches the purely Op-dependent
Michaelis-Menten values used by Buerk [25]. Shear stress was calculated using the laminar
pipe flow wall shear stress Eq. (3):

2Umax

T'vessel (3)

Tw=HMHb

where 4 — the dynamic viscosity of blood — was calculated using the modified microvessel
viscosity equation by Pries et al. [27]. In the RBC-rich layer 1, NO is scavenged by
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hemoglobin with first order rate Ay, and is produced by nitrite reductase where it participates
as a substrate in the production of N,Os. In layers 4 and 5, NO is released by N,O3
homolysis (see below) and reacts with a first order scavenging rates A; with soluble guanylyl
cyclase (sGC).

2.3. Oxygen

Blood (layer 1) was assumed to provide uniform, constant O, delivery which was
independently varied between 10-80 Torr. This range of blood oxygen levels covers typical
normoxia and physiological hypoxia levels where deoxyHb nitrite reductase has been
experimentally effective, and does not cover more extreme pathologically hypoxic or anoxic
conditions where tissue reductases are active [6,8]. This range includes the Psg of the
oxyhemoglobin dissociation curve as well as the maximum nitrite reductase rate &y, which
has been reported to peak between 40 — 60% of Hb saturation. The oxyhemoglobin
saturation curve was characterized using a Hill equation with standard human hemoglobin
alpha (HbA) values in Table 1. The amount of O, consumed in the endothelium is twice that
of NO produced. O, consumption in the vascular wall and tissue by sGC was reversibly
inhibited by NO as modeled by Buerk [25] in a modified Michaelis-Menten equation
described in Egs. (4) and (5):

R o—p P
04 O2max P02 +APme (4)

CNO >
27nM ) (5)

AppK,, =K, (H-

where g *is assumed to be 1 Torr for these simulations.

m

2.4. Nitrite and nitrite reductase

We limited our simulation conditions to range from low infusions defined as 290 nM (about
the level of basal blood nitrite) up to moderate levels (250 uM), which were assumed to be
uniform and constant within the vessel lumen (layers 1 and 2). All other sources and sinks of
nitrite were assumed negligible for these simulations. DeoxyHb reduces blood nitrite to form
NO and methemoglobin (MetHb) in Eq. (6):

k
NOj +deoxyHb —+ NO+MetHb (6)

where the nitrite reductase bimolecular rate constant Ay was characterized as a function of
blood PO, using a modified Monod-Wyman-Changeux (MWC) model of allostery [30]:
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where kg =17 M~1s71 and 47=0.31 M~1s71 were estimated from experimental data as the
nitrite reductase activities of Rand 7 state deoxyHb, respectively [30]. The MWC model

and Hb parameters were estimated based on average values for human hemoglobin alpha

(HbA), summarized in Table 1.

2.5. N,O3 pathway

N,O3 was produced from NO and the nitrite-methemoglobin compound catalyzed by the
nitrous anhydrase activity of deoxyHb. MetHb was assumed to be produced solely by the
infused nitrite and have a basal level of zero. MetHb then rapidly reacts with nitrite to form
an equilibrium compound that oscillates between N-bound and O-bound nitrite states:
MetHb-NO,™ <> Hb-NO, [15]. The diffusivity of the equilibrium compound was also
assumed to be equal to that of MetHb, as MetHb is a large molecule compared with nitrite
[29]. This compound then reacts with NO to generate N,Os. This reaction was assumed to
occur solely in layer 1 as a result of blood nitrite as described in Egs. (8) and (9):

[MetHb — NO, ¢» Hb— NO5] <% MetHb+NO; (g

ky 203

[MetHb — NOy <+ Hb — NO3]+NO —— N2 Os+deoxyHb  (qg)

where Kj is the dissociation constant for the MetHb-nitrite compound, and %, was
assumed to be equal to the direct reaction rate between NO and NO, to form N,Os. In tissue
layers 3-5, N,O3 was assumed to then irreversibly homolyze into NO and NO, with rate
constant A [34], shown in Eq. (10):

N>Og g NO+NO> (10)

To simplify the various proposed methods of N,O3 formation and transport away from the
RBC core, homolysis is assumed to be present only in layers 3-5. Hydrolysis of N,O3 in the
bloodstream is assumed to be negligible [34], and other reactions for N,O3 such as
nitrosation are assumed to be negligible [36,37].

2.6. Boundary conditions

For all species, zero mass fluxes were assumed at the center of the vessel (r=0), and at the
outer boundary of the tissue layer (75), Eq. (11):
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oc;
DiﬁdetrfO,rg) (1)

The mass flux of any species moving out of one layer is assumed to be equal to the mass
flux entering the adjacent layer. For example, at the lumen boundary (7>), species behave as
Eq. (12):

oC; 0C;

7DZ'— =D;,—
Or lumen or endothelium (12)

2.7. Numerical methods

The coupled sets of PDEs were solved in COMSOL 5.1 to steady state with a relative
accuracy of 1 x 1076 to predict concentration profiles and concentrations averaged across the
SMC region (15 < r< 25 pM), and at the center of the RBC (r= 0) at the arteriole midline (2
=150 um). Simulations were performed for constant blood nitrite infusions ranging from
low near-physiological levels (290 nM) to moderate levels (250 pM) at various blood PO,
and blood flow rates to determine the effectiveness of the N,O3 pathway in conserving
nitrite-derived NO.

3. Results

The oxyhemoglobin dissociation Hill equation (dashed line) and nitrite reductase rate Ay,
(solid line) curves are plotted as a function of blood PO, in Fig. 2 (Eq. 7). These equations
were parameterized using average adult human values for HbA in Table 1 for these
simulations. The maximum Ay of 0.3929 M1 s71 occurs where the slope of the
oxyhemoglobin dissociation curve (dS/dPO,) is maximal at PO, = 27.24 Torr, slightly below
the Pgg = 27.37 Torr.

NO bioavailability drops across the entire domain as blood PO, levels decrease (Fig. 3). The
average NO in the SMC region (15 < r< 25 pm) drops non-linearly (Fig. 3 inset) from 41.98
nM to 29.49 nM (29.8%) as blood PO, drops from normal to low hypoxia levels (80 to 10
Torr), respectively.

The effect of 250 uM blood nitrite infusions on SMC NO at the boundary point without the
N,O3 pathway — i.e. only Eq. 6 for nitrite-derived NO — for blood PO, = 10 Torr (solid
line) and 27.24 Torr (dashed line) was compared with baseline, no nitrite infusion NO (Fig.
4). 250 UM nitrite infusion with blood PO, = 10 Torr was predicted to elevate the average
SMC NO by 0.232 nM above the baseline; the same infusion with blood PO, = 27.24 Torr
resulted in 0.154 nM elevation.

When the N,O3 pathway was simulated, a 250 uM nitrite infusion produced a significant
increase in NO concentration at all radial positions in the vessel wall and surrounding tissue
(Fig. 5). The effect was more pronounced at low blood PO, levels of 10 Torr (Fig. 5A)
compared to 27.24 Torr (Fig. 5B). A 100 UM nitrite infusion produced a much smaller
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response. Fig. 6 shows the predicted values for the average SMC NO (15 < r< 25 um, Fig.
6A) and RBC center (r=0 um, Fig. 6B). Increasing nitrite infusions leads to increased SMC
NO, but reduces RBC NO. N,O3 is generated in the RBC layer and diffuses to the
endothelium where it rapidly homolyzes to NO and NO, (Eq. 10). N,O3 homolyzes to 1%
of its RBC value approximately 3 um outward from the RBC-plasma boundary for a nitrite
infusion of 250 pM at blood PO, = 10 Torr (hot shown). At blood PO, = 27.24 Torr,
increasing nitrite infusions from 1 to 250 UM results in RBC N,O3 values from 1 to 80 nM
and endothelium N»Og values from 0.1 to 5 nM. Table 2 summarizes the predicted changes
in NO in Fig. 6.

NO production by the endothelium was shear stress dependent (Eq. 2), and thus the relative
effect of nitrite on NO concentration may depend on the flow rate. Blood flow was varied by
+ 20% from a baseline centerline velocity of 1000 pm s~1, and the effect of these changes on
the baseline NO profile was simulated for the hypoxic condition when the blood PO, = 10
Torr (Fig. 7). Low flow is defined as 800 um s~1 (dashed line), baseline as 1000 ym s~1
(solid line), and high flow as 1200 um s~ (dotted line). Decreasing flow decreases NO
availability across the radius, and increased flow increases NO availability.

The effect of 250 UM nitrite infusion (solid lines) was compared to baseline NO (dotted
lines) at flow rates: low and high (circles and crosses, respectively) at various blood PO,
levels (Fig. 8). Table 3 shows SMC NO elevations at 250 UM nitrite infusion for low and
high blood flow rates. Nitrite shows consistent ability to elevate SMC NO at low and high
flow conditions (within 5% of the baseline flow values), but the relative elevation compared
to baseline NO is more impactful with lower flow rates.

A sensitivity analysis for the model parameters was performed using small variations (+ 5%)
in eight key parameters to examine the resulting change in: SMC-endothelium boundary NO
(r=15pm) in Fig. 9A, and RBC NO (r= 0 pm) in Fig. 9B. For the boundary SMC NO, the
sensitivity was very low for all of the parameters except for blood viscosity /4, which had a
positive correlation due to the shear-dependent eNOS production term in the model (Eq. 2).

For RBC NO, the two significant parameters are the N,O3 formation rate %y, with a
negative correlation, and the MetHb-NO ~, <> Hb-NO, dissociation constant Ky with a
positive correlation.

4.1 Discussion

Our computational model is the first attempt to simulate the proposed N,O3 mechanism for
preserving NO generated from nitrite infusions into the bloodstream. Our predicted value of
0.3929 M1 571 for the maximum global bimolecular Hb nitrite reduction rate constant Ay is
similar to experimentally reported values of 0.35 [4], 0.47 [11], and 1.0 M1 s71 [38]. Rong
et al. normalized these and other experimental findings accounting for different values of
hemoglobin, nitrite, and oxygen and concluded that all previous experiments had maximum
ki around 0.4 M1 s71 [30,39]. Using experimentally reported values of Rand 7-state
hemoglobin reductase (kg and A, respectively), our modified nitrite reductase model
predicts maximum &y values in a narrow range from 0.3929 to 0.4036 M1 s~1. Our model
demonstrates that without the NoO3 pathway, even moderate levels of nitrite infusion and
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low blood oxygen tensions have little effect on NO elevation in the SMC layer. As Fig. 3
shows, decreasing blood oxygen tension significantly decreases the bioavailability of NO in
SMC across the arteriole wall. At the blood PO, (10 Torr) where nitrite reduction produces
the most NO, the elevation with 250 pM nitrite is very small, <0.5 nM all across the arteriole
wall (Fig. 4). This prediction is in agreement with previous models showing negligible
contribution from Hb nitrite reductase at hypoxia when there is no N,Os3 intermediate
pathway [12-14].

With the inclusion of the N,O3 pathway, our simulations predict that with moderate infusion
levels, nitrite reductase can produce a significant elevation in vascular wall NO under
moderate to severe hypoxic conditions (Fig. 5). 250 uM nitrite elevates the boundary SMC
NO by 7.97 and 10.33 nM at blood PO, levels = 27.24 and 10 Torr, respectively (Fig. 6).
This is significant since experimental evidence has shown that changes in NO on the
nanomolar scale (~5 nM) can cause vasodilation [1,6]. A decrease in blood PO, from 80 to
10 Torr can result a 12.5 nM decrease in the average SMC NO, and moderate levels of nitrite
can largely compensate for this lost NO. Nitrite infusions of approx. >175 uM are capable of
raising the boundary SMC NO by >5 nM beginning at hypoxic levels around the maximum
nitrite reductase rate (blood PO, = 27.24 Torr). The model predicts that both conditions are
necessary to significantly elevate SMC NO; high levels of nitrite infusion with normoxia or
low levels at hypoxia are not sufficient. Nitrite reduction is negligible with normoxia
because nitrite reductase activity is lower for 7 state Hb, and there is less deoxyHb available
as a substrate (Eq. 6).

As nitrite infusions and SMC NO increase (Fig. 6A), RBC NO decreases (Fig. 6B). A nitrite
infusion of 250 pM at 10 Torr decreases RBC NO by —-1.39 nM, with a corresponding SMC
elevation of 10.33 nM (Table 2), indicating that the released NO from N,Os is able to diffuse
into the SMC and perivascular tissue regions. The decrease of NO in the RBC region despite
infusion of nitrite raising SMC NO is consistent with our understanding of the preservation
role of N,Os. In layer 1, NO is consumed faster by the N,O3 generation reaction (Eq. 9)
than it is generated by the reaction of nitrite with deoxyHb (Eqg. 6). This N»,O3 then diffuses
from the RBCs and to the endothelium and tissue, where it rapidly homolyzes to raise NO.
This NO then diffuses to and significantly elevates SMC NO. This mechanism could explain
the paradoxical effectiveness of nitrite-derived NO in blood reaching the SMC despite
erythrocyte scavenging.

These results are in partial agreement with experimental studies on vasodilatory effects /n
vivo by nitrite infusions. NoO3 and other nitroso species are difficult to trap and measure,
and it was only recently demonstrated that the MetHb-NO, ~ <> Hb-NO, compound is a
plausible and energetically favorable species that was invisible to electron paramagnetic
resonance spectroscopy in the past [15,16]. Because of this experimental difficulty, we are
only able to evaluate our model prediction using experimental data on the oxygen and
concentration conditions where it has been established that blood nitrite has a physiological
effect. Potent vasodilation has been shown to be linked directly to NO release in mice, rats,
sheep, dogs, primates, and humans [33]. Forearm brachial artery infusions of nitrite have
been shown to increase forearm blood flow both during and before physiological hypoxia
induced by exercise [33]. Nitrite infusions as low as near physiological (hundreds of nM)
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and moderate levels (hundreds of M) have been shown to cause arteriolar vasodilation /n
vivo, and under exercise stress they act as quickly as 15 seconds to several minutes post
infusion [11,40]. Our results are consistent with experimental evidence that vasodilation
through moderate levels of nitrite infusion into the bloodstream increases in effectiveness as
hypoxia increases [4,6,33]. Some studies have shown that low levels of nitrite and mild
hypoxia or normoxia are sufficient to cause vasodilation, which is not fully explained by our
model [11,33]. These results could be explained by the presence of other active nitrite
reduction mechanisms [6,7].

We incorporated a shear stress dependence into eNOS NO production (Eq. 2) as in our
previous model [26] in order to determine if the NO response to nitrite infusion changed
with different flow rates. Blood flow changes of 20% to the baseline centerline velocity of
1000 pm s~1 significantly changes SMC NO from shear-dependent eNOS (Fig. 7). For
example, for blood PO, = 10 Torr: low, normal, and high flow simulations predict baseline
average SMC NO of 23.6, 29.5, and 35.4 nM NO, respectively. Increased flow can
compensate for reduced NO production at low blood oxygen levels. Nitrite infusions
consistently elevate SMC NO under hypoxia even at different flow rates, but the relative
elevation is higher at low flow rates due to the lower baseline NO from less shear-dependent
production. At low flow, nitrite infusion can actually elevate SMC NO above the normoxic,
no nitrite NO values across the whole range of blood PO,. 250 UM nitrite infusion at blood
PO, =10 Torr results in 10.15, 10.33, and 10.40 nM SMC NO elevation (43.0, 35.0, and
29.4%, respectively) at low, normal, and high blood flow rates, respectively (Fig. 8). There is
also a range of blood oxygen levels, approx. 20-30 Torr, where 250 UM nitrite can raise the
SMC NO above the normoxic levels, showing that nitrite infusions can fully recover NO
shortage in hypoxia (Fig. 8).

4.2 Model Limitations

The disparity between our results showing high levels of nitrite needed and experimental
evidence showing lower effective concentration could be explained by several possible
limitations of our model. We have assumed that NoOs irreversibly forms in the RBC and
participates only in the homolysis reaction in tissue layers 3-5 once it escapes the RBCs, but
we have not modeled a mechanism besides diffusion that could affect its movement away
from the blood. Hypotheses for additional barriers and facilitators of NoOg transport include
compartmentalization within the RBC allowing for enhanced N,03 formation, diffusion
across hydrophobic membranes such as aquaporin or Rhesus channels, or nitrosation of
membrane proteins or L-cysteine followed by transportation through the linker-for-activation
of T cells (LAT) membrane transporter [10,15]. More detailed assessment of these
mechanisms is needed to evaluate the transport of N,O3 once it is formed inside the RBC
layer. There is also controversy regarding the exact values of rate constants involved in the
N,O3 pathway, due to experimental difficulty in measuring species /n vivo[15,34]. The

sensitivity analysis showed that these parameters — &y, and, indirectly, Kj of the nitrite-
methemoglobin compound) — have a strong influence on the NO concentration. As indicated
previously, NoOs is rapidly homolyzed and penetrates only a few microns into the
endothelium and SMC layer, reaching a concentration of ~5 nM at the endothelium for a 250
UM nitrite infusion at blood PO, = 27.24 Torr. It has also been suggested that N,O3 would
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lead to an increase in reactive oxygen or nitrogen species, such as peroxynitrite, which could
have adverse effects in this region, but it is not clear what concentrations are toxic [9,41].
Furthermore, N>O3 has been hypothesized to be involved in the nitrosation of thiols, one of
the most important being glutathione (GSH), but this hypothesis has been challenged by
recent experiments showing NO» as the more significant contributor [37]. Despite this, S-
nitrosothiols such as GSNO and other nitrosated products such as SNO-Hb have been shown
to increase during nitrite infusion experiments [15,17]. This suggests the nitrite-
methemoglobin interaction at least in part participates in redox cycling and nitrosylation
reactions that can generate additional nitrite and NO, not just N,O3 [10]. Stamler, Rifkind
and colleagues have proposed a major role for SNO-Hb in preserving blood NO [42,43], but
this has been challenged by multiple laboratory groups [2,44,45]. Others have hypothesized
that thiols, N,O3 isomers, and other nitroso species could also play a role in allowing NO to
survive the RBC trap environment [6,20]. These alternative pathways and their effect on NO
released from infused nitrite are not fully understood, and modeling them is an area of
potential future study.

A more complete assessment of these different pathways and their effects on the spatial
gradients of all related species will require more detailed modeling of NO transport.
Interactions between N»O3 and reactive oxygen and nitrogen species are also important to
consider for the nitrite reductase activity of hemoglobin. We [28,46] and others [47,48] have
modeled reactive oxygen and nitrogen species in blood and tissue, and the role of N,Os3 in
these complex reactions is another area of potential future study. The model can also be
expanded to consider additional oxygen ranges and sources of nitrite reduction. There are
multiple other mechanisms that are active under deeper hypoxia and anoxia, and it is
possible that the /7 vivo human studies on nitrite reduction involve some of them. These
pathways are mainly enzymatic mechanisms such as xanthine oxidase, myoglobin, and
aldehyde oxidase that reduce perivascular tissue nitrite [6,49], which are outside the scope of
this study but are a subject of potential future study.

4.3 Conclusions

Our model demonstrates that under certain conditions, the N,O3 pathway can significantly
preserve the NO produced by blood infusions of nitrite and elevate the vascular wall NO.
This effect increases as hypoxia increases, reaches a maximum at the lowest PO, value, and
increases nonlinearly with increasing nitrite concentration. The model predicts minimal
effects at normoxia or for lower nitrite concentrations. This model does not fully explain
how low levels of nitrite can still elicit vasodilation as observed /n vivo, and more detailed
modeling of secondary N,O3 pathways and their role in nitrite-NO interactions are required
for future studies. Nevertheless, these results provide insight into the mechanisms by which
nitrite infusion can cause vasodilation despite the NO-scavenging environment of RBC
hemoglobin.
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Highlights

. The N,O3 pathway enhances NO availability from hemoglobin nitrite
reductase.

. Hypoxia and moderate levels of nitrite are required to produce significant
nitric oxide.

. This nitric oxide enhancing mechanism is consistent at different blood flow
rates.

. This model does not fully explain how low nitrite levels can cause
vasodilation.
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Figure 1.

Schematic diagram of a radially concentric cylindrical model of a small arteriole and

perivascular tissue.
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Figure 2.

Oxyhemaoglobin saturation curve (dashed line) and nitrite reductase rate (solid line). The
saturation curve is characterized by the Hill equation using approximated values for HbA: /
= 2.84 and Psq = 27.37 Torr. The maximum Ay of 0.3929 M~1 s71 occurs at blood PO, =

27.24 Torr (circle).
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Figure 3.
NO concentration profiles across the computational domain for various blood PO,

concentrations. (Inset) Average NO concentration in the smooth muscle cell region between
the endothelium and the perivascular tissue (15 < r< 25 um) for the same blood O,
concentrations. The vertical dashed lines mark boundaries between the five radial model
layers labeled above the graph.
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Figure 4.
Effect of blood nitrite infusions on baseline NO (Fig. 3) without the N,O3 pathway, only

direct nitrite reduction by Hb. A moderate level of 250 uM nitrite is used. Case 1 (solid line)
represents infusions at blood PO, = 27.24 Torr for which the &y, value is maximum. Case 2
(dashed line) represents infusions at the lowest oxygen level used for this study (blood PO,
=10 Torr). The vertical dashed lines mark boundaries between the five radial model layers
labeled above the graph.
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Effect of blood nitrite infusions on NO profiles with the hypothesized N,O3 pathway. Nitrite
is varied from 290 nM (solid black line) to 100 uM (solid grey line) to 250 uM (dashed
black line) and compared against baseline (no nitrite, overlapping with solid black line) at
blood PO, values of (A) 10 Torr and (B) 27.24 Torr. The vertical dashed lines mark
boundaries between the five radial layers labeled above the graphs. Note that the baseline
NO profile (no nitrite, solid black line) is indistinguishable from the low nitrite infusion

prediction (290 nM).
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Effect of blood nitrite infusions with the proposed N,O3 pathway on (A) average SMC NO
(15 <r< 25 pm) and (B) RBC layer center (r = 0 um) NO compared with baseline NO.
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Figure 7.
Effect of blood flow changes on baseline NO profile at blood PO, = 10 Torr. Low (dashed

line), baseline (solid line), and high (dotted line) flow were defined as 800, 1000, and 1200
um s~ centerline velocities, respectively. The vertical dashed lines mark boundaries
between the five radial layers labeled above the graphs.
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Effect of flow changes and 250 pM nitrite infusion on average SMC NO concentration

compared over a range of blood oxygen levels. Circles and crosses correspond to low (800

um s~1) and high (1200 um s™1) flow, respectively. Dashed lines and solid black lines

correspond to no nitrite and 250 UM nitrite, respectively. The baseline flow values fell in

between low and high flow rates and are not shown for clarity.
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Sensitivity analysis showing the effect of minor variations (£ 5%) in model parameters
(listed at right) on relative differences in NO at (A) the endothelium-SMC boundary (r = 15

um) and (B) at the RBC center (r = 0 pm) for Fig. 5A with 250 uM nitrite infusion.
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Table 1
Physical Parameters and Rate Constants

Parameter Value (s) References
Vessel geometry

Length 300 pm [28]

Vessel Diameter 28 ym [28]

Blood (0<r<ry) 13 um [28]

Plasma (ry <r<r,) 1pum [28]

Endothelium (r, < rr3) 1pum [28]

Vascular Wall (ry <r<r, 10 ym [28]

Tissue (ry <r<rs) 105 pm [28]
Diffusion coefficients

NO 3300 pm? st [28]

0, 2800 ym?s™1 [28]

N,O3 1000 pm? 572 [2]

MetHb-NO,™ <> Hb-NO, 75 um? s [29]
Oxygen transport

Solubility coefficient 1.34 uM Torr? [28]

Hill coefficient (/) 2.84 [30]

Pso 27.37 Torr [30]
NO scavenging

Hemoglobin (A,) 3825571 [31]

Tissue (Ap) 5571 [31]
Maximum O, consumption: Qpax

Vascular wall 1uM st [31]

Tissue 20 uM st [31]
eNOS production

Maximum Rnomax 385.07 yM s71 See text

K, for O,-dependent production 4.7 Torr [28]

Shear equation term (ts) 24 dyne cm2 [26]
Blood flow

Centerline Viax 1000 pums™* [31]

Dynamic viscosity (1) 2.3243 mPass [32]
Nitrite concentration range 290nM-250uM [6,8,33]
MWC parameters

L 433,894 [30]

c 0.00805203 [30]

Kgr 0.994333 Torr [30]
N,O5 pathway

Kgq for MetHb-NO,™ <> Hb-NO, 7uMm [15]
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Parameter Value (s) References

K 1.1 x 10°M 1571 [10]
N203 for N,O3 formation

ky, for N,Og homolysis 8.1x 10%™1 [34]

Hemoglobin
Hb concentration 14.55gdL™t [35]
Molecular weight 64.5 kDa [35]
Hematocrit 45% [28]
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	4.1 DiscussionOur computational model is the first attempt to simulate the proposed N2O3 mechanism for preserving NO generated from nitrite infusions into the bloodstream. Our predicted value of 0.3929 M−1 s−1 for the maximum global bimolecular Hb nitrite reduction rate constant kN is similar to experimentally reported values of 0.35 [4], 0.47 [11], and 1.0 M−1 s−1 [38]. Rong et al. normalized these and other experimental findings accounting for different values of hemoglobin, nitrite, and oxygen and concluded that all previous experiments had maximum kN around 0.4 M−1 s−1 [30,39]. Using experimentally reported values of R and T-state hemoglobin reductase (kR and kT, respectively), our modified nitrite reductase model predicts maximum kN values in a narrow range from 0.3929 to 0.4036 M−1 s−1. Our model demonstrates that without the N2O3 pathway, even moderate levels of nitrite infusion and low blood oxygen tensions have little effect on NO elevation in the SMC layer. As Fig. 3 shows, decreasing blood oxygen tension significantly decreases the bioavailability of NO in SMC across the arteriole wall. At the blood PO2 (10 Torr) where nitrite reduction produces the most NO, the elevation with 250 μM nitrite is very small, <0.5 nM all across the arteriole wall (Fig. 4). This prediction is in agreement with previous models showing negligible contribution from Hb nitrite reductase at hypoxia when there is no N2O3 intermediate pathway [12–14].With the inclusion of the N2O3 pathway, our simulations predict that with moderate infusion levels, nitrite reductase can produce a significant elevation in vascular wall NO under moderate to severe hypoxic conditions (Fig. 5). 250 μM nitrite elevates the boundary SMC NO by 7.97 and 10.33 nM at blood PO2 levels = 27.24 and 10 Torr, respectively (Fig. 6). This is significant since experimental evidence has shown that changes in NO on the nanomolar scale (~5 nM) can cause vasodilation [1,6]. A decrease in blood PO2 from 80 to 10 Torr can result a 12.5 nM decrease in the average SMC NO, and moderate levels of nitrite can largely compensate for this lost NO. Nitrite infusions of approx. >175 μM are capable of raising the boundary SMC NO by >5 nM beginning at hypoxic levels around the maximum nitrite reductase rate (blood PO2 = 27.24 Torr). The model predicts that both conditions are necessary to significantly elevate SMC NO; high levels of nitrite infusion with normoxia or low levels at hypoxia are not sufficient. Nitrite reduction is negligible with normoxia because nitrite reductase activity is lower for T state Hb, and there is less deoxyHb available as a substrate (Eq. 6).As nitrite infusions and SMC NO increase (Fig. 6A), RBC NO decreases (Fig. 6B). A nitrite infusion of 250 μM at 10 Torr decreases RBC NO by −1.39 nM, with a corresponding SMC elevation of 10.33 nM (Table 2), indicating that the released NO from N2O3 is able to diffuse into the SMC and perivascular tissue regions. The decrease of NO in the RBC region despite infusion of nitrite raising SMC NO is consistent with our understanding of the preservation role of N2O3. In layer 1, NO is consumed faster by the N2O3 generation reaction (Eq. 9) than it is generated by the reaction of nitrite with deoxyHb (Eq. 6). This N2O3 then diffuses from the RBCs and to the endothelium and tissue, where it rapidly homolyzes to raise NO. This NO then diffuses to and significantly elevates SMC NO. This mechanism could explain the paradoxical effectiveness of nitrite-derived NO in blood reaching the SMC despite erythrocyte scavenging.These results are in partial agreement with experimental studies on vasodilatory effects in vivo by nitrite infusions. N2O3 and other nitroso species are difficult to trap and measure, and it was only recently demonstrated that the MetHb-NO2 − ↔ Hb-NO2 compound is a plausible and energetically favorable species that was invisible to electron paramagnetic resonance spectroscopy in the past [15,16]. Because of this experimental difficulty, we are only able to evaluate our model prediction using experimental data on the oxygen and concentration conditions where it has been established that blood nitrite has a physiological effect. Potent vasodilation has been shown to be linked directly to NO release in mice, rats, sheep, dogs, primates, and humans [33]. Forearm brachial artery infusions of nitrite have been shown to increase forearm blood flow both during and before physiological hypoxia induced by exercise [33]. Nitrite infusions as low as near physiological (hundreds of nM) and moderate levels (hundreds of μM) have been shown to cause arteriolar vasodilation in vivo, and under exercise stress they act as quickly as 15 seconds to several minutes post infusion [11,40]. Our results are consistent with experimental evidence that vasodilation through moderate levels of nitrite infusion into the bloodstream increases in effectiveness as hypoxia increases [4,6,33]. Some studies have shown that low levels of nitrite and mild hypoxia or normoxia are sufficient to cause vasodilation, which is not fully explained by our model [11,33]. These results could be explained by the presence of other active nitrite reduction mechanisms [6,7].We incorporated a shear stress dependence into eNOS NO production (Eq. 2) as in our previous model [26] in order to determine if the NO response to nitrite infusion changed with different flow rates. Blood flow changes of 20% to the baseline centerline velocity of 1000 μm s−1 significantly changes SMC NO from shear-dependent eNOS (Fig. 7). For example, for blood PO2 = 10 Torr: low, normal, and high flow simulations predict baseline average SMC NO of 23.6, 29.5, and 35.4 nM NO, respectively. Increased flow can compensate for reduced NO production at low blood oxygen levels. Nitrite infusions consistently elevate SMC NO under hypoxia even at different flow rates, but the relative elevation is higher at low flow rates due to the lower baseline NO from less shear-dependent production. At low flow, nitrite infusion can actually elevate SMC NO above the normoxic, no nitrite NO values across the whole range of blood PO2. 250 μM nitrite infusion at blood PO2 = 10 Torr results in 10.15, 10.33, and 10.40 nM SMC NO elevation (43.0, 35.0, and 29.4%, respectively) at low, normal, and high blood flow rates, respectively (Fig. 8). There is also a range of blood oxygen levels, approx. 20–30 Torr, where 250 μM nitrite can raise the SMC NO above the normoxic levels, showing that nitrite infusions can fully recover NO shortage in hypoxia (Fig. 8).4.2 Model LimitationsThe disparity between our results showing high levels of nitrite needed and experimental evidence showing lower effective concentration could be explained by several possible limitations of our model. We have assumed that N2O3 irreversibly forms in the RBC and participates only in the homolysis reaction in tissue layers 3–5 once it escapes the RBCs, but we have not modeled a mechanism besides diffusion that could affect its movement away from the blood. Hypotheses for additional barriers and facilitators of N2O3 transport include compartmentalization within the RBC allowing for enhanced N2O3 formation, diffusion across hydrophobic membranes such as aquaporin or Rhesus channels, or nitrosation of membrane proteins or L-cysteine followed by transportation through the linker-for-activation of T cells (LAT) membrane transporter [10,15]. More detailed assessment of these mechanisms is needed to evaluate the transport of N2O3 once it is formed inside the RBC layer. There is also controversy regarding the exact values of rate constants involved in the N2O3 pathway, due to experimental difficulty in measuring species in vivo [15,34]. The sensitivity analysis showed that these parameters –  and, indirectly, Kd of the nitrite-methemoglobin compound) – have a strong influence on the NO concentration. As indicated previously, N2O3 is rapidly homolyzed and penetrates only a few microns into the endothelium and SMC layer, reaching a concentration of ~5 nM at the endothelium for a 250 μM nitrite infusion at blood PO2 = 27.24 Torr. It has also been suggested that N2O3 would lead to an increase in reactive oxygen or nitrogen species, such as peroxynitrite, which could have adverse effects in this region, but it is not clear what concentrations are toxic [9,41]. Furthermore, N2O3 has been hypothesized to be involved in the nitrosation of thiols, one of the most important being glutathione (GSH), but this hypothesis has been challenged by recent experiments showing NO2 as the more significant contributor [37]. Despite this, S-nitrosothiols such as GSNO and other nitrosated products such as SNO-Hb have been shown to increase during nitrite infusion experiments [15,17]. This suggests the nitrite-methemoglobin interaction at least in part participates in redox cycling and nitrosylation reactions that can generate additional nitrite and NO, not just N2O3 [10]. Stamler, Rifkind and colleagues have proposed a major role for SNO-Hb in preserving blood NO [42,43], but this has been challenged by multiple laboratory groups [2,44,45]. Others have hypothesized that thiols, N2O3 isomers, and other nitroso species could also play a role in allowing NO to survive the RBC trap environment [6,20]. These alternative pathways and their effect on NO released from infused nitrite are not fully understood, and modeling them is an area of potential future study.A more complete assessment of these different pathways and their effects on the spatial gradients of all related species will require more detailed modeling of NO transport. Interactions between N2O3 and reactive oxygen and nitrogen species are also important to consider for the nitrite reductase activity of hemoglobin. We [28,46] and others [47,48] have modeled reactive oxygen and nitrogen species in blood and tissue, and the role of N2O3 in these complex reactions is another area of potential future study. The model can also be expanded to consider additional oxygen ranges and sources of nitrite reduction. There are multiple other mechanisms that are active under deeper hypoxia and anoxia, and it is possible that the in vivo human studies on nitrite reduction involve some of them. These pathways are mainly enzymatic mechanisms such as xanthine oxidase, myoglobin, and aldehyde oxidase that reduce perivascular tissue nitrite [6,49], which are outside the scope of this study but are a subject of potential future study.4.3 ConclusionsOur model demonstrates that under certain conditions, the N2O3 pathway can significantly preserve the NO produced by blood infusions of nitrite and elevate the vascular wall NO. This effect increases as hypoxia increases, reaches a maximum at the lowest PO2 value, and increases nonlinearly with increasing nitrite concentration. The model predicts minimal effects at normoxia or for lower nitrite concentrations. This model does not fully explain how low levels of nitrite can still elicit vasodilation as observed in vivo, and more detailed modeling of secondary N2O3 pathways and their role in nitrite-NO interactions are required for future studies. Nevertheless, these results provide insight into the mechanisms by which nitrite infusion can cause vasodilation despite the NO-scavenging environment of RBC hemoglobin.
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