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ABSTRACT

The role of nitric oxide (NO) as a highly diffusible free radical gaseous vasodilator is intrinsically linked to the
control of blood flow and oxygen (O,) delivery to tissue. NO also is involved in regulating mitochondrial O,
metabolism, growth of new blood vessels, and blood oxygenation through control of respiratory ventilation.
Hemoglobin and myoglobin may help to conserve NO for subsequent release of a NO-related vasoactive species
under hypoxic conditions. NO has a major role in regulating microvascular O,, and dysfunctional NO signaling
is associated with the pathogenesis of metabolic and cardiovascular diseases. Antioxid. Redox Signal. 9, 829-843.

INTRODUCTION

IN THE PAST two decades since NO was identified as the en-
dothelium-derived relaxing factor (50, 101), it is now ac-
cepted that NO plays a key role in the regulation of vascular
tone (for a historical review, see Ref. 87). Another recognized
major role for NO is inhibition of platelet adhesion and ag-
gregation, to help maintain unimpeded blood flow through
the microcirculation. Many other biological functions for NO
and related chemical species have been established. New
roles for NO continue to emerge as the surprisingly complex
and rich biochemistry of this simple gaseous molecule with
free radical properties is revealed.

NITRIC OXIDE SYNTHASES AND OTHER
SOURCES OF NO

NO production by nitric oxide synthase (NOS) enzymes
requires the conditionally essential amino acid L-arginine, O,,
and other necessary cofactors (88, 100). Three major NOS
isoforms have been identified in many different organs
and tissues: the constitutive intracellular Ca?'/calmodulin-
dependent neuronal (nNOS) and endothelial (eNOS) isoforms,
and the inducible (iNOS) Ca?'/calmodulin-independent iso-
form (119). It has been possible to investigate the functional

importance of NOS with the development of knockout mouse
models for individual NOS isoforms (47, 48, 139), double
knockout mice (114), and recently, triple knockout mice
(132). There is a growing body of evidence for a fourth
isoform (mtNOS) located in mitochondria (see ref. 40 for
review), although there is also evidence that does not support
the existence of mtNOS (31, 64).

In addition to enzymatic sources of NO, there appear to be
substantial storage pools from which NO can be released in-
dependently from NOS activity (149). Nitrite (NO,") may be
the most significant storage pool. NO,  can be converted to
NO under ischemic or hypoxic conditions (16). Red blood
cells (RBCs) are important regulators of NO,” transport
(30, 41). NO or related reactive species can modify proteins,
forming S-nitrosothiols, S-nitrosoalbumin, and other S-
nitrosoprotein species under normal physiological conditions
(45). NO may react directly with thiols in an O,-dependent
manner (44). Other reaction pathways for NO modified thiols
and lipids have been reviewed (104). Hemoglobin (Hb) may
also serve as a storage pool for NO through formation of
S-nitrosohemoglobin (SNO-HD) (116), although there is still
some controversy on what biochemical reactions between NO
and Hb are the most physiologically relevant (55). A similar
NO storage mechanism has been proposed as NO reacts with
myoglobin (Mb) to form S-nitrosomyoglobin (SNO-Mb)
(105). Neuroglobin, a myoglobin-like hemeprotein in the
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brain and possibly other tissues may also scavenge NO, and
might also act as a sensor for the O,/NO ratio (15).

FACTORS THAT DETERMINE
NOS ACTIVITY

A simplified schematic outline for the production of NO
by NOS and many of the other associated biochemical path-
ways is shown in Fig. 1. Two molecules of O, are required for
the two-step oxidation of L-arginine (120). The intermediate
oxidation product, NS-hydroxy-L-arginine (NOHA), can in-
hibit arginase activity (21), which is competing for L-arginine
substrate. The Michaelis—-Menten constant (K ) for O, varies
with different NOS isoforms, as reviewed by Buerk (17). The
O, partial pressure (PO,) in the bloodstream near endothelial
cells is usually well above the K for O, used by eNOS
(K,, < 10 Torr) so O, availability is unlikely to be a limiting
factor for NO production by eNOS under normal conditions
in the microcirculation, even in venules. However, this may
not be the case for nNOS or iNOS, which appear to have
much higher K values for O, (see Ref. 7), and are usually
located at some distance from the bloodstream. The K for O,
has been reported to vary between 11-22 Torr for kidney,
liver, and brain mtNOS, and was found to be highest for brain
mtNOS (1).

In addition to NO, NOS also produces L-citrulline, which is
converted back to L-arginine through argininosuccinate lysate
activity in the kidneys (34). Dietary sources for L-arginine
include conversion of L-glutamine and L-glutamate to
L-citrulline in the small intestine. L-Arginine is also synthesized
in the liver (138), but is mainly catabolized in the urea cycle
through arginase (type 1) activity (102). Intracellular L-arginine
is reported to range between 0.1-2 mM (4, 10, 81), which is
far in excess of eNOS enzymatic requirements. The K for
L-arginine of the different NOS isoforms is reported to range
between 1-32 pwM, and is highest for iNOS (10, 106, 130).
Even with this high bioavailability of L-arginine, some in
vitro studies (75, 122) report that excess L-arginine causes an
increase in NO production. This unexpected effect is known
as the “L-arginine paradox” (62), although the mechanisms
for this response are not clear. One possibility is that NOS
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FIG. 1. Schematic outline for O,-dependent enzymatic
production of NO from L-arginine by NOS, competition for
L-arginine, and other downstream reactions for NO (see
text for additional description of pathways).
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activity is linked to the rate of L-arginine transport and not to
intracellular concentration. There is evidence (81, 109) for
co-localization of eNOS and the L-arginine cationic amino
acid transporter (CAAT) in caveolae (63), which may limit L-
arginine bioavailability.

In addition to O, and L-arginine, tetrahydropterin (BH,)
and nicotinamide—adenine—dinucleotide phosphate (NADPH)
are necessary cofactors for NO production by NOS. BH, is
synthesized by guanidine triphosphate cyclohydrolase
(GTPCH) and associated intermediate reaction pathways,
which require magnesium, zinc, and NADPH. Oxidized
forms of BH, are salvaged via sepiapterin and sepiapterin
reductase, by dihydrofolate reductase via folic acid (folate)
metabolism, and by dihydropterine reductase (see Ref. 86 for
review). Reduced bioavailability of BH, may occur by de-
creased expression of GTPCH due to oxidative stress (143),
or by oxidation of BH, to BH,. An increase in peroxynitrite
(ONOO") generated from the extremely rapid reaction between
NO and superoxide (O,") in competition with elimination of O,
via SOD (17) can be one mechanism for oxidizing BH, (83).

Chen and Popel (26) mathematically modeled NO produc-
tion by eNOS, using kinetic rate parameters estimated from
the literature for in vitro studies with cultured endothelial
cells and other biochemical studies. A coupled set of 15 dif-
ferential equations for the major chemical species was
solved. O,-dependent NOS activity and the kinetics for
NAPDH use were not included in the model. The model pre-
dicted that the steady-state NO production rate (Ry) for en-
dothelial cells should range between 0.01 to 0.095 M s7'.
However, the authors pointed out that this prediction falls
below most experimental Ry, values from in vitro studies, by
as much as two orders of magnitude. R, values in the 10-12
WM s7! range, depending on shear stress, have been estimated
from measurements of total nitrite (NO,") and nitrate (NO,")
generated by cultured endothelial cells (61, 78). Higher
values for Ry, ~70 uM s7!, have been used in some mathe-
matical models for NO transport, based on an analysis (136)
of in vitro experimental NO microelectrode measurements
from aortic vessel segments (79).

UNCOUPLED NOS AND ENDOTHELIAL
DYSFUNCTION

“Endothelial dysfunction” is generally identified with
either reduced biological availability of NO or less effective
vasodilation by NO. This may also be associated with an im-
balance in release of other vasoactive substances generated
by the endothelium. It is significant that triple knockout mice
lacking eNOS, nNOS, and iNOS genes have lower survival
rates compared with wild-type mice or mice with single or
double NOS gene deletions. These mice manifested multiple
symptoms of cardiovascular and metabolic disease, including
hypertension, hypertriglyceridemia, impaired glucose toler-
ance, severe insulin resistance, visceral obesity, myocardial
infarction associated with severe atherosclerotic lesions, and
nephrogenic diabetes insipidus with renal damage (132).

Reactive O, species (ROS), reactive nitrogen species
(RNS), and impaired antioxidant defenses are associated with
metabolic and cardiovascular diseases. Sources of ROS/RNS
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include the mitochondrial electron transport chain, lipoxyge-
nase, cyclooxygenase, cytochrome P, , enzymes, NADPH
oxidase, and xanthine oxidase (see Refs. 73, 96, 133 for
reviews). A computer simulation for the chemistry of RNS by
Lancaster (70) suggests that, under physiologically relevant
conditions in the presence of carbon dioxide (CO,), nitrosa-
tion and nitration are relatively minor reactions, and that
mostly oxidative reactions are predicted to occur, primarily
through the oxidizing species carbonate ion (CO;"), nitrogen
dioxide (NO,), and ONOO". Deficiencies in L-arginine or
BH, availability have been linked to increased generation of
O, by NOS (uncoupled NOS) with increased incidence of
cardiovascular diseases (see Refs. 49, 86, 92 for reviews).
Asymmetric dimethylarginine (ADMA), an analogue of L-
arginine, may directly inhibit eNOS (10, 130). Elevated
ADMA levels in blood plasma are thought to be a risk factor
in hypercholesterolemia, diabetes mellitus, hypertension,
chronic heart failure, coronary artery disease, erectile dys-
function, and other cardiovascular diseases (9, 85, 148).

L-Arginine is also required for other metabolic pathways
(89) which could compete for L-arginine and potentially limit
its availability for NO production by NOS. A major pathway
is the hydrolization of L-arginine into urea and L-ornithine by
the enzyme arginase (/eft side of Fig. 1). Steppan ef al. (117)
have found that arginase II in rat heart is confined to mito-
chondria and competes for L-arginine used by nNOS, which
produces NO to modulate cardiac contractility through ryan-
odine receptors. There is ample evidence that upregulation of
arginase contributes to the pathophysiology of vascular dis-
ease processes including aging (117), erectile dysfunction
associated with diabetes (8), hypertension (32, 51), athero-
sclerosis (84), and reactive airways disease associated with
asthma (82, 145).

There has been interest in using dietary supplementation of
L-arginine to improve cardiovascular health, and there is
some evidence for reversal of endothelial dysfunction associ-
ated with cardiovascular disease (Lerman et al. 1998, Blum
et al. 1999, Maxwell et al. 2000). Lass et al. (74) report that
L-arginine is a scavenger of O,". Therefore, excess L-arginine
might limit the amount of ONOO™ formed. However, the
major portion of excess L-arginine from dietary supplements
may be metabolized in the liver, entering the urea cycle via
arginase activity (left side of Fig. 1) and not be available to
NOS enzymes. There is also interest in supplementing BH,,
and clinicial trials are currently underway for a stable com-
pound that may have potential therapeutic benefit.

SOLUBLE GUANYLATE CYCLASE AND
OTHER NO TARGETS

Major NO targets and NO reaction pathways are indicated
at the bottom right side of Fig. 1. The catalytic heme site in
soluble guanylate cyclase (sGC) is generally recognized to be
the primary target for NO, activating the conversion of
guanosine triphosphate (GTP) to 3°,5'-cyclic guanosine
monophosphate (¢cGMP) (33), causing relaxation of vascular
smooth muscle. It was initially thought that sGC activation
was a simple “on—off” mechanism with a protein conforma-
tion change that occurred when NO was bound to the heme
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site. It was not clear how NO could compete for O,, which
would be present at much higher concentrations than NO, or
why sGC was deactivated much slower in vitro than in vivo.
Boon et al. (12) propose that the absence of a distal pocket
tyrosine near the heme site eliminates O, binding. It now ap-
pears that sGC is able to regulate two types of cGMP signals;
a tonic response to basal NO levels that is long lasting and
produces low levels of cGMP, and an acute response that can
generate a shorter lasting, large increase in cGMP synthesis
(see Ref. 25 for review). However, it is not clear what the
different NO levels are for the two types of sGC activation.

A more continuous change in activation of sGC by NO is
predicted from a model for the NO/cGMP pathway in vascu-
lar smooth muscle cells by Yang et al. (140). The model is
based on NO binding at two catalytic sites, using a negative
feedback loop with cGMP concentration as a control mecha-
nism to inhibit sGC activity. This approach results in a
Michaelis—Menten type of relationship between NO and
c¢cGMP that can be shifted towards increased sensitivity at
lower NO concentrations, depending on the amount of nega-
tive feedback gain. They also simulated how intracellular
Ca?" would vary as NO changes sCG activity, based on cGMP
activation of large conductance potassium/calcium ion chan-
nels, which in turn allowed predictions for how the relative
force generated by smooth muscle would vary as a function
of intracellular Ca?*. The authors note that there are many
other mechanisms that were not included in the model which
might also have an impact on sGC activation by NO. As
reviewed by Cary et al. (25), adenosine 5’-triphosphate
(ATP), nucleotides and purine-like molecules also affect the
sGC catalytic site. ATP inhibits sCG activity (107, 121),
which provides another link between NO and microvascular
O, through mitochondrial ATP production. An additional link
is that RBCs release ATP in response to decreased O,, more
acidic pH, and mechanical deformation (7, 37, 115), and that
NO inhibits ATP release from RBCs (94, 95).

REVERSIBLE INHIBITION OF
MITOCHONDRIAL RESPIRATION BY NO

As reviewed by Buerk (17), it has been known for some
time that NO competes with O, and reversibly inhibits
mitochondrial O, consumption by the terminal respiratory
chain enzyme cytochrome ¢ oxidase (14, 29). In that review, a
linear relationship for the increase in apparent K for O,
consumption with NO was proposed, based on experimental
results in the literature (14, 59). This relationship predicts
that the apparent K will double at a NO concentration = 27
nM compared to the K _ for O, consumption in the absence of
NO. Antunes et al. (3) developed a single catalytic site model
for inhibition of O, consumption based on purely competitive
molecular mechanisms at the heme O, binding site, which
predicts that inhibition of mitochondrial O, consumption is
greater when the O,/NO ratio is high, with a lesser effect
when tissue PO, is low. The single-site model also predicts
that NO is a weaker inhibitor when O, consumption and
enzyme turnover is low. Mason et al. (80) propose a two-site
mechanism, where an adjacent copper site can bind NO at
lower affinity with noncompetitive kinetics. NO binding was
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compared with carbon monoxide (CO) binding using either
purified cytochrome c oxidase or submitochondrial particles,
with simultaneous NO and O, electrode measurements in a
reaction chamber in the absence of light to avoid photosensi-
tive effects on CO or NO binding. It has been known for
many years that CO also inhibits O, consumption (103).
However, NO is a much more effective inhibitor, by a factor
of 1,000 to 2,000 in the study by Mason et al. (80). They re-
ported that NO inhibition of cytochrome c¢ oxidase activity
was strongly dependent on enzyme turnover, which is also
consistent with the single site competitive model by Antunes
et al. (3). However, only the two-site model was able to
describe the full range of data obtained in the study by Mason
et al. (80). At low turnover rates, they found that cytochrome
¢ oxidase activity was half-maximal when NO = 84 nM,
but at high turnover rates, half-maximal activity occurred
when NO = 1170 nM. The two-site model predicts that NO
can be a more effective inhibitor than predicted by the
single-site model, especially when O, consumption is low.
Palacios—Callender et al. (97) note that cytochrome ¢ oxidase
does not operate at full capacity, and show that the addition of
electron donors to iNOS-transfected cells results in inhibition
of respiration by NO at progressively higher O, levels. They
propose that cytochrome ¢ oxidase is able to compensate by
increasing electron transfer to maintain respiration, up to a
finite maximum rate, as NO increases. Cells with a high
demand for ATP require a higher electron transfer rate, and
would have less capacity to maintain respiration as NO
increases.

There have been relatively few attempts to incorporate in-
hibition of O, consumption by NO into mathematical models
for O, transport. The first model to include inhibition of O,
consumption by NO was described for vessels in planar
geometry by Thomas ef al. (128), based on experimental esti-
mates for NO scavenging rates in tissue. We include the re-
versible inhibition of O, metabolism in our mathematical
models for coupled NO and O, transport in cylindrical geom-
etry that is more representative of small arterioles, for a wide
range of conditions (19, 27, 28, 67-69). In general, these
models demonstrate that when the source of NO is primarily
from the endothelium, O, consumption is inhibited to a
greater extent in the region of tissue nearest the endothelium
where NO levels are higher, compared with distances further
away as NO is scavenged in the surrounding tissue and disap-
pears. However, inhibition of O, consumption in the well-
oxygenated region closest to the arteriole allows more O, to
diffuse deeper into the surrounding tissue, preventing
hypoxic conditions. This effect is even greater in models
which include additional NO production by nNOS, iNOS, or
mtNOS in the surrounding tissue (19, 68). The relatively
simple relationship that we used to represent the effect of NO
on O, consumption in these models will need to be revised to
reflect more complex mechanisms for the interaction between
NO and cytochrome c oxidase (80, 97).

The inhibition of O, consumption by NO is the most proba-
ble explanation for the differences in intravascular and ex-
travascular PO, measured by O, phosphorescence quenching
methods in the microcirculation of wild-type and eNOS-
knockout mice by Cabrales ef al. (23). From optical measure-
ments through dorsal chamber windows in conscious mice,
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they found that PO, was significantly lower in arterioles, tis-
sue, and venules in the eNOS-knockout mice compared with
wild-type mice, despite the fact that there was no statistically
significant difference in microvascular parameters such as
vessel diameter, blood velocity, volumetric flow rate, and
functional capillary density. There were some significant dif-
ferences between the mice. The eNOS-knockout mice had a
higher mean arterial blood pressure and fewer arterioles in
the window preparation than the wild-type mice. The calcu-
lated longitudinal loss of O, down the length of arterioles was
~40% higher in the eNOS knockout mice compared with
wild-type mice. Cabrales et al. (23) concluded that eNOS
knockout mice had greater tissue O, consumption than wild-
type mice, presumably due to the lack of NO inhibition of O,
consumption in the tissue surrounding the microvasculature.
However, they noted that the transmural PO, gradients mea-
sured from the centerline of blood flow in the vessel to imme-
diately outside the vessel wall were actually smaller for the
eNOS-knockout mice. This suggests that vascular wall O,
consumption did not increase as expected with the lack of
eNOS-derived NO to inhibit O, consumption, but instead was
lower compared with wild-type mice. However, the longitudi-
nal PO, gradient was significantly greater for the eNOS-
knockout mice. The effects of NO on inhibiting tissue O,
consumption in the wild-type mice probably accounts for the
differences in their microvascular PO, observations.

Shibata et al. (110-112) have conducted similar O, phos-
phorescence quenching studies of the microcirculation in the
rat cremaster muscle, and measured transmural O, gradients
as a method to evaluate changes in vascular wall O, consump-
tion under different conditions, including nonselective inhibi-
tion of NOS activity with N®-nitro-L-arginine methyl ester
(L-NAME). They concluded that there was an increase in vas-
cular wall O, consumption after inhibiting NOS (111, 112).
However, they attributed this finding to an increase in the
workload for smooth muscle in the constricted vascular wall,
and not to the loss of the inhibitory effect of NO on O, con-
sumption. They also reported that maximal vasodilation by
papaverine decreased vascular wall O, consumption, which
they attributed to a decrease in the smooth muscle workload
(110). They did not consider whether there might have been
greater NO production with an increase in shear stress as
blood flow increased during vasodilation, and did not con-
sider whether there might be effects of NO on O, consump-
tion by the surrounding skeletal muscle in their preparation.
A possible difference in vascular wall workload does not ap-
pear to explain the lower vascular wall O, consumption rate
in eNOS-knockout mice found by Cabrales et al. (23). Since
the arterial blood pressure was higher in the eNOS-knockout
mice, the mechanical strain on the vascular walls of similar
sized microvessels would be greater with a higher rate of vas-
cular wall O, consumption than for the wild-type mice.

These apparently contradictory experimental findings
might be resolved from predictive mathematical models for
coupled NO and O, transport. However, many of the essential
features and parameters for the different microcirculatory
networks are not fully known. As an example of the difficulty
in resolving this issue, Fig. 2 shows results for a computer
model for convection and diffusion (similar to Refs. 27 and 28).
The simulation is for a 30 pm internal diameter, 250 wm long
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FIG. 2. Computer simulation for a convection and diffusion model of O, transport in cylindrical coordinates, showing
predicted radial profiles for PO, in the bloodstream (A), endothelium and vascular wall (B), and tissue (C), with the longi-
tudinal PO, gradient along the centerline of the bloodstream (D) at the midpoint of the arteriole for different O, consumption

rates in the vascular wall and in tissue, with no NO present to inhibit O, consumption (R, = 0).

The highest radial and

longitudinal PO, profiles in each panel are for the baseline case with a low O, consumption rate for the vascular wall (see text for

additional details).

arteriole using other parameters described in our previous
models (19, 27, 28, 67-69). Ry, was set = 0 to eliminate
effects of NO inhibition of O, consumption in this example.
The concentric radial layers of the model (inset at top of Fig. 2)
include a RBC-rich core at the center with a diameter of 26 pm
and hematocrit of 45%, with thicknesses for the RBC-free
plasma gap = 1.5 pum, glycocalyx = 0.5 um, endothelium =1 pum,
and vascular wall = 3 wm. In this model, the glycocalyx serves
as a stagnant layer with diffusion resistance, and other impor-
tant functions, such as serving as a shear stress sensor to
regulate endothelial NO release (see Ref. 43 for review) is not
considered. The surrounding tissue receiving O, from this arte-
riole extended from 19 pm <R < 125 pwm, with no contribution
from capillaries or other sources of O, (zero mass flux at outer
boundary). Blood flow through the arteriole was assumed to be
constant at 33 nL min~! with an ideal parabolic velocity profile
having a maximum blood flow velocity (V) =1 mm s at
the centerline (R = 0). The input PO, at the entrance of the
arteriole was held constant at 60 Torr at the centerline.

The resulting computer simulation for O, transport is
shown for three cases with different vascular wall and tissue

O, consumption rates. Endothelial O, consumption was as-
sumed to be negligible for this example, since production of
NO was not included. The baseline case has a low O, con-
sumption rate for the vascular wall = 1 WM s~!and a moderate
0, consumption rate = 15 wM s! in tissue, both with K_ =1
Torr in the absence of NO (solid curves in Fig. 2A-D). Note
that the simulation predicts a substantial radial PO, gradient
in the bloodstream, shown for a cross-section located at the
middle of the arteriolar segment length (Fig. 2A), due to dif-
fusion out of the bloodstream to meet vascular wall and tissue
O, demand. A similar, although somewhat blunter intralumi-
nal radial PO, profile has been reported from high resolution
O, phosphorescence quenching measurements in arterioles
using a hamster skin fold window (13). Our convection and
diffusion model for coupled NO and O, transport shows that
the radial PO, profile becomes flatter when the velocity
profile is blunter than the ideal parabolic shape (28).
Increasing the vascular wall O, consumption to a very high
rate = 150 M s7' (10 times higher than the tissue O, con-
sumption rate) has only a small effect on the radial PO, gradient
in blood and tissue (dash—dot curves in Fig. 2A—C). The
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transmural PO, drop from the centerline to the outer vascular
wall is 22.2 Torr for the baseline case, and only 1 Torr greater
at 23.2 Torr with the considerably higher vascular wall O,
consumption rate. There is a 1.75% steeper longitudinal PO,
gradient = 2.90 Torr per 100 wm length of vessel (lowest
curve in Fig. 2D), compared with the longitudinal PO,
gradient = 2.85 Torr per 100 wm length of vessel for the base-
line case. The effect of the high wall O, consumption rate on
the amount of O, leaving the bloodstream is relatively minor
for this example, since the volume of tissue in the vascular wall
is small, only 0.7% of the volume for the surrounding tissue.

The third case (dashed curves, Fig. 2A-D) demonstrates
that a similar change in the radial PO, profile can be made
with only a 15% increase in tissue O, consumption to 18.25
wM s7! while keeping the vascular wall O, consumption low
at 1 WM s™! (dashed curves, Fig. 2A-D). The longitudinal PO,
gradient = 2.90 Torr per 100 pwm length of vessel is identical
to the high wall O, consumption case and the two curves
overlap in Fig. 2D. However, the radial PO, gradient in tissue
(dashed curve, Fig. 2C) falls to the lowest levels for this case,
and deeper regions (R > 110.5 wm) are hypoxic with tissue PO,
<1 Torr. Therefore, large variations in the vascular wall O, con-
sumption rate have a much smaller effect on the radial PO, gra-
dient, so that one would expect that smaller differences in
tissue O, consumption rates will have a much greater influence
on O, phosphorescence quenching measurements. This simula-
tion is extended below to include NO production by eNOS and
the effect of inhibition of O, consumption by NO.

ARE RBCS REALLY SUCH EFFICIENT
SCAVENGERS OF NO?

The major route for elimination of NO is the reaction with
oxygenated Hb to form MetHb and biologically inactive
NO,;". As reviewed by Buerk (17), the rapid scavenging of NO
found in studies with free Hb solutions was found to be some-
what problematic during initial efforts to mathematically
model NO transport. The uptake of NO by Hb in RBCs was
quickly recognized to be a critical parameter that had a pro-
found effect on NO bioavailability in several early NO trans-
port models (22, 71, 72, 76, 134, 135). Initially, it appeared
that only a small fraction of the NO could escape scavenging
reactions with Hb to reach the vascular wall. It was suggested
that the rate of NO scavenging by RBCs must be diffusion
limited. A similar concept had been shown from
microvascular O, transport models, showing that diffusion
barriers could limit the rate of O, release from RBCs (46).
Several mathematical models have further investigated how
diffusion barriers around the RBC and in the RBC-free
plasma gap in the bloodstream near the endothelium can limit
NO diffusion into the RBC (36, 54), including our own mod-
els that include coupled NO and O, transport (19, 27, 28,
67-69). However, it is still not clear how much NO must be
produced by the endothelium to overcome the strong scav-
enging by Hb and be able to effectively control vascular tone.

In general, NO biotransport models have used hematocrit-
dependent NO scavenging rates about 2 orders of magnitude
less than scavenging rates for free Hb. This lower rate is still
so rapid that downstream convective transport of NO can be
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neglected. For example, our simulations (19, 27, 28, 67-69)
have been based on NO uptake rates measured with intact
human RBCs by Carlsen and Comroe (24). More recently,
Azarov et al. (5) evaluated the uptake of NO by RBCs under
oxygenated and deoxygenated conditions, and report mean
values of 3.6 X 10* M's7! when negligible amounts of
methemoglobin (MetHb) are present, and 5.3 X 10* M 's™!
when significant amounts of MetHb are present to form
MetHb-NO. In these studies, the uptake of NO by intact
RBCs was slower by a factor of ~1,000 compared with free
Hb, and about 21 times slower than found by Carlsen and
Comroe (24) in their studies with intact RBCs. Azarov et al.
(5) concluded that the rate of NO uptake by RBCs was
primarily limited by diffusional barriers. They also found evi-
dence that NO uptake depends on hematocrit and oxyhemo-
globin saturation, so that deoxygenated RBCs scavenge NO
faster than oxygenated RBCs. These aspects of O,-dependent
NO scavenging by RBCs have not as yet been addressed in
mathematical models for coupled NO and O, transport in the
microcirculation.

The computer simulation for convection and diffusion in a
30 wm internal diameter, 250 wm long arteriole shown previ-
ously in Fig. 2 was extended to include NO production by
eNOS. The effects of the two different NO scavenging rates
by RBCs on the simulation was compared, as shown in Fig. 3.
The same dimensions and other parameters are used for the
baseline case in Fig. 2, with Ry, =10 pM s~ by eNOS, simi-
lar to Ry, found with cultured endothelial cells. This adds an
additional term for O, consumption by the endothelium at a
rate = 20 wM s™! (two molecules of O, for each NO molecule
produced) to the baseline case described previously, which is
33% higher than the tissue O, consumption rate used in the
simulation. A first-order NO scavenging rate = 1 s”! in endo-
thelium, vascular wall, and tissue was assumed. Radial NO
profiles with the 2 different NO scavenging rates by RBS are
shown in Fig. 3A. There is no radial NO profile for the previ-
ous baseline case since there was zero NO production. For the
value of R, used in this simulation, the peak NO value in the
endothelium (Fig. 3A) is 21 nM for the higher NO scavenging
rate by RBCs (24), and much higher at 63 nM for the lower
NO scavenging rate (5). Note that there is a substantial
amount of NO in the bloodstream for the lower NO scavenging
rate by RBCs, with the blood NO = 47 nM at the centerline,
compared with only 0.8 nM for the higher NO scavenging
rate (Fig. 3A). This suggests that NO could be transported
downstream by convection, where it would be free to diffuse
out from capillaries or venules if the endothelial NO concen-
tration is low (<47 nM for this example). Radial PO, profiles
are plotted on a logarithmic scale in Fig. 3B, along with the
previous baseline case without NO production (solid curve).
With the NO scavenging rate for RBCs based on Carlsen and
Comroe (24), O, consumption is inhibited more in the regions
where NO levels are higher (dash—dot curve), with the net re-
sult that the radial PO, gradient (dashed curve) is higher than
the baseline case (solid curve), causing higher PO, values at
the outermost boundary. The lower NO scavenging rate by
RBCs based on Azarov et al. (5) results in much higher NO
levels (dashed curve, Fig. 3A) and greater inhibition of tissue
O, consumption, causing an even greater increase in tissue
PO, (dashed curve, Fig. 3B). The minimum PO, at R = 125 um
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is 1.57 Torr for the baseline case, and increases with NO pro-
duction to 1.85 Torr with the higher NO scavenging rate for
RBCs (24), and to 2.44 Torr with the lower rate (5). It should
also be noted that a reduction in the tissue scavenging rate
used in this simulation would also raise NO levels with a sim-
ilar effect on increasing tissue PO, due to greater inhibition of
O, consumption.

CAN SNO-HB CONSERVE NO?

Once NO reacts with Hb, it appears to be impossible for
any free NO to diffuse out of the RBC. Azizi ef al. (6) use the
analogy that the RBC is a “black hole” for NO (i.e., it can
enter but cannot get out), based on their measurements of NO
dissociation rates from Hb. While NO can slowly dissociate
from Hb, it would then quickly react with the high concentra-
tion of Hb in the RBC. However, there is evidence for down-

stream transport of vasoactive species in the bloodstream that
are apparently related to NO, for example with peripheral
vasodilation following inhalation of low partial pressures of
NO. It has been proposed that RBCs might be conserving
appreciable amounts of NO by reacting with Hb to form
SNO-Hb under oxygenated conditions, for subsequent down-
stream release of vasoactive products when O, tension in the
bloodstream falls (see Ref. 113 for review). However, the
experimental conditions for some previous studies in the lit-
erature have been questioned as to their physiological rele-
vance. Angelo et al. (2) investigated NO,™ and Hb interactions
under what they felt were more physiological conditions, with
cycles of oxygenation or deoxygenation and reoxygenation,
allowing brief exposures of deoxygenated Hb or rapidly satu-
rated oxygenated Hb to limiting levels of NO,. They report
that SNO-Hb was a major product, and that the amount of
SNO-Hb produced was far greater than the amount of NO
that can be predicted using published NO, reduction rates.
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A possible chemical reaction for the formation of SNO-Hb
during the reduction of NO, by deoxyhemoglobin has been
proposed by Nagababu et al. (91). Doctor et al. (35)
developed a sensitive and specific assay method which shows
that elevated levels of SNO-Hb can be measured in venous
blood samples in septic patients with systemic inflammatory
response syndrome or with acute respiratory distress syn-
drome. Arterial blood samples from healthy volunteers were
also analyzed. SNO-Hb in intact RBCs was found to be stable
under oxygenated conditions, but declined as oxyhemoglobin
saturation decreased.

ARE RBCS AND NITRITE COUPLED
TO O, GRADIENTS IN THE
MICROCIRCULATION?

The conservation of NO by SNO-Hb has been a controver-
sial physiological mechanism and widely varying estimates
for SNO-Hb concentrations in RBCs ranging from pM levels
up to uM levels have been reported. An alternative mecha-
nism has been proposed where Hb in the RBC acts as an
allosterically regulated NO, reductase linked to O, gradients
in the bloodstream (see Refs. 41 and 55 for reviews). Craw-
ford et al. (30) reported that they were able to measure NO in
the headspace above a suspension of RBCs by chemilumines-
cence methods as blood was deoxygenated, suggesting either
that freely diffusible NO was able to escape the RBC “black
hole” for NO, or that another intermediate species left the
RBCs and was able to release NO that diffused out the fluid.
As O, levels were reduced, they found greater vascular relax-
ation at lower concentrations of NO,". They also demon-
strated inhibition of mitochondrial respiration that was
consistent with release of NO from RBCs in the presence of
NO, . In addition, they found evidence that ATP release from
RBCs was a contributing factor in their studies, which might
be regulated by NO. They report that the maximal NO,
reductase activity occurs at the P, of the oxyhemoglobin
equilibrium curve (OEC).

DOES NO ALTER THE OXYHEMOGLOBIN
EQUILIBRIUM CURVE?

Evidence that NO shifts the affinity of the OEC for O,
towards the right (increase in P) was reported a decade ago
(60). A rightwards shift in OEC affinity would improve O,
transport to tissue, since the blood PO, at a given saturation
would be higher, with a larger concentration gradient for
mass transport by diffusion. However, this has not been con-
firmed by more recent research. Zinchuk and Borisiuk (146)
found that inhibition of NO production by L-NAME in rats
caused a rightward shift in the OEC. Zinchuk and Dorokhina
(147) also reported that L-arginine or the NO donor, sodium
nitroprusside, administered intravenously to rats, shifted the
OEC affinity for O, to the left. These two observations sug-
gest that NO lowers the P, of the OEC, which would de-
crease O, delivery to tissue by lowering the blood PO, at a
given saturation. Consistent with these findings, Cabrales

BUERK

et al. (23) found that the OEC of eNOS knockout mice was
shifted to the right (P,, = 48 Torr) compared with wild-type
mice (P, = 44 Torr). However, they found decreased intravas-
cular and tissue PO, levels in the eNOS-knockout mice, most
likely related to a higher tissue O, consumption compared
with wild-type mice. This appears to have had a larger effect
than any enhancement of O, delivery from a right-shifted
OEC. More recently, Stepuro and Zinchuk (118) incubated
rabbit blood with NO donors, L-arginine, or S-nitrosocysteine
and evaluated changes in the OEC affinity for O,. In this
study, they found that S-nitrosocysteine shifted the OEC to
the left, which they speculated may have been associated with
formation of SNO-Hb. NO donors and L-arginine did not
change the O, affinity of the OEC. Mechanisms that might
cause a change in O, affinity with NO are not well character-
ized, and a precise relationship for the effect of NO on the P,
of the OEC has not yet been established.

BLOOD OXYGENATION AND CONTROL
OF RESPIRATION

Blood oxygenation by the lungs depends on pulmonary
blood flow, lung inflation volume, and the breathing rate.
Blood oxygenation is sensed by the peripheral chemorecep-
tors, which send signals to respiratory centers in the lower
brainstem to control respiration. The hypoxic ventilatory
response is augmented in nNOS-knock mice (58), but blunted
in eNOS-knockout mice (57), although it is difficult to sepa-
rate out whether the response is due to effects of NO directly
on the peripheral chemoreceptors and/or effects of NO on the
lower brainstem respiratory centers. The carotid body chemo-
receptors express both eNOS and nNOS, and NO inhibits the
carotid body chemoreceptor response to hypoxia, as briefly
reviewed by Lahiri et al. (66). Evidence that NO inhibits
carotid body O, consumption was obtained from recessed
PO, microelectrode measurements before and after inhibiting
NO production (18, 65). On the other hand, NO appears to act
as an excitatory neuromodulator of hypoxic ventilatory
responses in the lower brainstem (see Ref. 39 for review). It
has also been proposed that S-nitrosothiols carried to the
nucleus tractus solitarius by the bloodstream causes an
increase in neural activity that modulates the hypoxic ventilatory
response (77).

VASCULAR ENDOTHELIAL GROWTH
FACTOR AND ANGIOGENESIS

Adequate blood flow and O, delivery to tissue also
requires maintenance and repair of the microcirculation
through growth of new blood vessels. NO induces vascular
endothelial growth factor (VEGF) expression in concert with
reduced tissue O, levels and transcriptional activation of
hypoxia-induced factor-1 (HIF-1) (52, 56, 99, 108, 131).
Inhibition of NO production significantly reduces VEGEF-
induced angiogenesis (90, 144). Fukamura et al. (38) have
shown that eNOS has a major role in angiogenesis from
mouse cranial window studies of vascular growth in collagen
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gels containing VEGF placed over the brain in wild-type and
eNOS-knockout mice. Chronic lower limb ischemia studies
with eNOS-knockout mice show impaired angiogenesis and
pericyte recruitment that can be rescued by adenoviral gene
delivery of an active allele of eNOS (141).

A BRIEF SURVEY OF SOME RELEVANT
IN VIVO NO MEASUREMENTS

Several studies report values for perivascular NO levels in
animals using NO microsensors with tips sufficiently small
enough to obtain spatially localized measurements near the
outer walls of microvessels in the microcirculation. The re-
cessed, Nafion-coated NO microsensor developed by Buerk
et al. (20), and used for studies in the eye, has the spatial and
temporal resolution for these in vivo measurements. Perivas-
cular NO concentrations are most likely to be lower than NO
in the endothelium, based on the assumption that eNOS activ-
ity is the primary source for NO regulating microvascular
tone. However, the NO measurements could also be influ-
enced by NO produced from nNOS, mtNOS, or iNOS in the
vascular wall, or if there is any stored NO released through
alternative mechanisms, or by diffusion from adjacent
venules or capillaries. Quantitative measurement of NO in the
endothelium is not possible with NO microsensors, since the
tip size exceeds endothelial dimensions. Also, the physical
damage that would be caused by penetrating through the
vascular wall is another limiting factor.

Experimental NO microsensor measurements of in vivo
perivascular NO values are much higher than those shown for
the simulation in Fig. 3, and in general, much higher than pre-
dicted by most mathematical models for NO transport in the
literature, unless high values for R, are used. Bohlen (11)
measured in vivo perivascular NO levels using recessed NO
microsensors in a superfused rat mesentery and small intes-
tine preparation, reporting mean + SE values of 353 + 28 nM
around arterioles and 401 + 48 nM around venules, and found
that glucose absorption increased perivascular NO and
caused vasodilation. Vukosavljevic et al. (137) measured
similar NO levels in the same microcirculatory preparation,
averaging 338 + 40 nM around arterioles, with slightly lower
values of 313 £+ 48 nM around venules. In another study, Nase
et al. (93) reported higher NO values averaging 522 + 33 nM
near arterioles with diameters averaging 53.2 + 1.6 wm. Our
direct in vivo measurements of perivascular NO directly con-
firmed that excess L-arginine caused a significant increase in
NO and an increase in tissue perfusion after superfusing the
preparation for several minutes (137). We found a doubling of
perivascular NO for the conditions of our study using a con-
centration of ~100 wM for excess L-arginine in the super-
fusate. Although we found that venules had a slightly larger
increase in NO increase with excess L-arginine compared to
arterioles, we did not find any statistical significance be-
tween vessel type for either the baseline NO or the response
to L-arginine. Some of our findings are similar to an earlier
study by Bohlen (11), who measured changes in NO after
continuous topical administration of 1 mM L-arginine and re-
ported a two-fold increase in NO after L-arginine administration
from a baseline of 334 + 19 to 686 + 53 nM within 2-3 min.
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Using the amino acid L-lysine to compete with L-arginine
transport via CAAT, Zani and Bohlen (142) found decreased
NO production and blood flow in rat intestinal arterioles.
Also, L-lysine suppressed expected increases in NO and blood
flow during hypoxia and with NaCl hyperosmolarity.

Tsai et al. (129) report even higher perivascular NO values
averaging 632 + 36 nM for arterioles with average diameter
of 549 + 17.7 pm and venules with average diameter of
61.9 + 18.3 wm in the skinfold of conscious hamsters using a
bare carbon fiber tip NO microsensor coated with Nafion.
There was no appreciable difference between the perivascular
NO values for arterioles and venules. In this study, NO mea-
surements were repeated at different perivascular locations
after the animals were exchange transfused using Dextran so-
lutions with either high or low viscosity, reducing hematocrit
by about one fourth, from 45% to 11% in both cases. There
were no significant changes in arteriolar or venular diameters
after transfusion, but significant differences in microvascular
hemodynamics were found which depended on the final mi-
crovascular viscosities. RBC velocity and calculated flow
rates were significantly lower in both arterioles and venules
for the low viscosity transfusion compared to the control
state before hemodilution. The opposite result was found for
the high viscosity transfusion, with significant increases in
red blood cell velocity and calculated flow, especially for
the venules. Interestingly, NO levels were higher for both
arterioles and venules after transfusion with the high viscos-
ity solution. In contrast, a reduction in perivascular NO
levels was seen after transfusion with a low viscosity solu-
tion. The first observation is consistent with a reduction in
NO scavenging by hemoglobin, but the second observation
is not consistent with this explanation. Wall shear stresses
were calculated for the control and hemodiluted conditions,
and were higher for the high viscosity transfusion compared
with the low viscosity transfusion, but no significant statis-
tical relationship was found between shear stress and
perivascular NO levels.

In another in vivo NO microelectrode study, Palm er al.
(98) report that intravenous injections of L-arginine caused an
increase in renal tissue NO in normal rats, but a smaller NO
response in streptozotocin (STZ)-induced diabetic rats. Our
study suggests that the smaller NO response to excess
L-arginine in STZ-induced diabetic rats is likely due to a reduc-
tion in L-arginine availability, which we found to be 38%
lower compared to control rats.

Very high baseline tissue NO levels (>2 pwM) have been
measured in tumors implanted in immunodeficient mice (53),
which are related to NO production by eNOS and are higher
with increasing density of blood vessels, as illustrated in Fig. 4.
In Fig. 4A, NO profiles are shown as a recessed NO microsen-
sor (indicated by arrows in cranial window images) was slowly
moved at a constant microdrive rate from the artificial cere-
bral spinal fluid superfusing the brain surface in the open
cranial window, and advanced either into the cerebral cortex
(left panels) or into a nearby melanoma tumor with a high
metastatic potential (B16F10) that had been implanted in the
cranial window (right panels) ~1 week prior to the study.
Similar NO profiles were measured in melanoma tumors
with low metastatic potential (B16F1) implanted in cranial
windows, and in dorsal skin chambers with implanted
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FIG. 4. Recessed NO microelectrode measurements (A) in
cerebral cortex (left panels) and in a melanoma tumor (right
panels) grown in a cranial window, and (B) the nonlinear rela-
tionship between average NO and vascular density for mela-
noma tumors with high (B16F10) or low (B16F1) metastatic
potential implanted in cranial windows or dorsal skin chambers
in immunodeficient mice [data from Kashiwagi et al. (53)].
Arrows in cranial window images indicate location of the NO
microelectrode.

melanoma tumors that had either high or low metastatic
potential. The nonlinear relationship between the mean + SE
NO and vascular density is plotted in Fig. 4B from the data
in Table 1 of Kashiwagi et al. (53). The average NO levels
were higher in melanoma tumors grown in cranial windows
compared with dorsal skin windows, and in each case, NO
was higher in the melanoma tumors with higher metastatic
potential.

NO profiles were measured with recessed NO microsen-
sors across collagen gels containing VEGF implanted in cranial
windows in wild-type mice and eNOS-knockout mice (38).
Much higher NO levels were found in the studies with wild-
type mice. Growth of new vessels in the collagen gel was
slower in the eNOS-knockout mice with a lower density of
vessels compared with wild-type mice. An inhibitor of iNOS
had little effect on angiogenesis or on NO levels in either
wild-type or eNOS-knockout studies.
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In another in vivo NO microsensor study in rat brain, Thom
et al. (126) found that a two-stage exposure to low levels of
CO for 1 h, starting at 1,000 ppm for 40 min, then 3,000 pp
for 20 min, caused NO to increase by almost twofold over
baseline levels. Mean + SE baseline NO levels in the cerebral
cortex prior to CO exposure were 297 & 93 nM, based on the de-
crease in measured NO following L-NAME in four rats from
this study. The increase in NO was associated with activation
of nNOS due to the effects of CO on N-methyl-D-aspartate
(NMDA) receptors. The increase in NO with CO exposure
could be partially blocked with 7-nitroindazole, a nNOS
inhibitor, and by a NDMA receptor agonist.

Very large increases in NO from baseline have been mea-
sured with recessed NO microsensors during exposure to hy-
perbaric O, in rodent brain (123, 125), at perivascular sites in
rodents (127), and in bone marrow in mice (42, 124). While
the O,-dependent production of NO by different NOS iso-
forms may account for most of this response, we also found
evidence that oxidative stress mechanisms were involved in
activating NOS. Thom et al. (123) found that intravenous in-
fusion of the antioxidant agents SOD or N-acetylcysteine at-
tenuated the increase in NO with hyperbaric O, in the rodent
brain. Evidence for NOS activation due to an increase in heat
shock protein 90 during hyperbaric O, was also found. Stud-
ies with wild-type, eNOS-, and nNOS-knockout mice
demonstrated that the increase in NO was mainly due to an
increase in nNOS activity, which could be nearly completely
blocked with 7-nitroindazole, an inhibitor of nNOS (123).
Simultaneous PO, and NO measurements from perivascular
sites in rats demonstrated that the increase in NO during
hyperbaric O, lagged behind the increase in O, (127). The
magnitude of the increase in NO depended on the degree of
hyperbaric exposure, which was studied up to 2.8 atmos-
pheres. The NO response could be blocked with the general
NOS inhibitor L-NAME, and was also significantly reduced
with the nNOS inhibitor 7-nitroindazole. Inhibitors of iNOS
had no effect. Studies with wild-type, eNOS-knockout, and
nNOS-knockout mice were also done, showing little differ-
ence in the NO response for wild-type and eNOS-knockout
mice, but a much smaller NO response for the nNOS-knockout
mice (127).

Studies in humans and mice (42, 124) found that hyper-
baric O, lead to an increase in circulating endothelial progen-
itor cells, more so after exposure to 2.4 or 2.8 atmospheres
than for lower hyperbaric pressures below 2 atmospheres. In
both studies, large increases in NO above baseline were mea-
sured in the marrow of the femoral bone in mice during hy-
perbaric O, exposure. Studies with eNOS-knockout mice
demonstrated that there was no increase in circulating endo-
thelial progenitor cells after hyperbaric O, (124). In studies of
wound healing in mice with an ischemic hind limb created by
femoral ligation, with the unaltered opposite limb serving as
a control (42), hyperbaric O, lead to the reestablishment of
blood flow to the ischemic limb, with an increase in migra-
tion of circulating endothelial progenitor cells to the ischemic
tissue, and an accelerated rate of wound healing. The rise in
bone marrow NO could be essentially eliminated with L-
NAME. Mice that received L-NAME did not reestablish
blood flow to the ischemic limb, which developed distal gan-
grene resulting in the loss of tissue, even with hyperbaric O,
treatment.
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REGULATION OF MICROVASCULAR OXYGEN
SUMMARY

There are many factors that should be incorporated into
mathematical models for coupled NO and O, transport if
quantitative relationships can be formulated. These modifi-
cations might include the many factors that influence NOS
activity, the effects of NO binding at different catalytic sites
on activation of sGC, inclusion of other vasoactive NO-
related species that might be formed by reactions with Hb
and transported downstream in the bloodstream, more com-
plex relationships for the inhibition of O, consumption by
NO including effects at different sites on cytochrome ¢ oxi-
dase, and interactions with other oxidases that generate O,".
Of course, experimental studies would be required to
validate whether these predictive models are physiologically
relevant. However, the limited number of in vivo measure-
ments of NO in different experimental studies suggests that
NO levels are higher than has been generally believed, and
our understanding of the mechanisms for generating and
removing NO in biological systems needs to be examined in
light of these observations.
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ABBREVIATIONS

ADMA, asymmetric dimethylarginine; ATP, adenosine
5'-triphosphate; BH,, oxidized tetrahydropterin; BH,,
tetrahydropterin; Ca?*, calcium ion; CAAT, cationic amino
acid transporter; cGMP, 3’,5'-cyclic guanosine monophos-
phate; CO, carbon monoxide; CO,, carbon dioxide; CO,",
carbonate ion; COX, cyclooxygenase; DAF, diaminofluores-
cein; eNOS, endothelial isoform of NOS; GSH, glutathione;
GSNO, S-nitrosoglutathione; GTPCH, guanidine triphos-
phate cyclohydrolase; Hb, hemoglobin; HO, heme oxyge-
nase; H,S, hydrogen sulfide; HIF-1, hypoxia-inducible
factor-1; iNOS, inducible isoform of NOS; K _,
Michaelis—Menten constant; L-NAME, N®-nitro-L-arginine
methyl ester; Mb, myoglobin; MetHb, methemoglobin;
MetHb-NO, nitrosylhemoglobin; mtNOS, mitochondrial
isoform of NOS; NADPH, nicotinamide-adenine-dinu-
cleotide phosphate; NMDA , N-methyl-D-aspartate; nNOS,
neuronal isoform of NOS; NO, nitric oxide; NO,, nitrogen
dioxide; NO,, nitrite; NO,, nitrate; N,O,, nitrous anhy-
dride; NOHA, NS-hydroxy- L arginine; O,, oxygen; O, su-
peroxide; OEC, oxyhemoglobin equilibrium curve; ONOO-,
peroxynitrite; PO,, O, partial pressure; ppm, parts per
million; P, , PO, where oxyhemoglobin equilibrium curve is
50% saturated; R, radius; RBC, red blood cell; ROS, reactive
oxygen species; Ry,, NO production rate; RNS, reactive
nitrogen species; sGC, soluble guanylate cyclase; SNO-Hb,
S-nitrosohemoglobin; SOD, superoxide dismutase; STZ,
streptozotocin; VEGF, vascular endothelial growth factor;
V ., maximum blood flow velocity.
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