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ABSTRACT

Nitric oxide (NO), superoxide (O, ), and peroxynitrite (ONOO™) interactions in pathophysiologic conditions
such as cardiovascular disease, hypertension, and diabetes have been studied extensively in vivo and in vitro. A
reduction in bioavailability of NO is a common event that is known as the endothelial dysfunction in these
conditions. Despite intense investigation of NO biotransport and O,” and ONOO™ biochemical interactions in
vasculature, we have very little quantitative knowledge of distributions and concentrations of NO, O, ", and
ONOO™ under normal physiologic and pathophysiologic conditions. Based on fundamental principles of mass
balance, vessel geometry, and reaction kinetics, we developed a mathematical model of these free radicals trans-
port in and around an arteriole during oxidative stress. We investigated the role of O,” and ONOO™ in inacti-
vating vasoactive NO. The model predictions include (a) NO interactions with oxygen, O,", and ONOO™ have
relatively little effect on the NO level in the vascular smooth muscle under physiologic conditions; (b) super-
oxide diffuses only a few microns from its source, whereas peroxynitrite diffuses over a larger distance; and
(c) reduced superoxide dismutase levels significantly increase O,” and peroxynitrite concentrations and de-
crease NO concentration. Model results indicate that the reduced NO bioavailability and enhanced peroxyni-
trite formation may vary depending on the location of oxidative stress in the microcirculation, which occurs at
diverse vascular cell locations in diabetes, aging, and cardiovascular diseases. The results will have significant
implications for our understanding of these free radical interactions in physiologic and pathophysiologic con-
ditions resulting from endothelial dysfunction. Antioxid. Redox Signal. 8, 1103—1111.

INTRODUCTION

NITRIC OXIDE (NO), REACTIVE OXYGEN SPECIES (ROS), and
reactive nitrogen species (RNS) are involved in numer-
ous physiologic functions and pathologic conditions (9). NO
is generated via the enzymatic oxidation of L-arginine to L-
citrulline by several isoforms of NO synthase enzymes
(1). NO plays a role in an autocrine and paracrine manner in
physiologic processes such as blood pressure regulation, neu-
rotransmission, immunologic response, and inflammation
(17,31). In vivo, ROS formation is a necessary event resulting
from oxygen metabolism, and RNS are produced by interac-
tion of NO with oxygen or ROS. ROS and RNS can interact
with DNA, lipids, proteins, and other cellular components

and inflict oxidative damage. From bacteria to mammals, or-
ganisms have primary and secondary protection mechanisms,
such as antioxidants and enzyme systems, to counteract ROS
and RNS. However, an excess formation of ROS and RNS at
the levels that cannot be adequately counteracted has been
implicated in pathogenesis of many diseases, including ather-
osclerosis, diabetes, and cardiovascular disease.

Endothelial cells (ECs) form the inner lining of vascular
lumen and play an important role in the regulation of vascular
tone by responding to physical forces and humoral mediators
with the release of several relaxing and contracting factors.
Endothelial NOS (eNOS), which is primarily a membrane-
bound enzyme (13), is considered the principal source of
bioavailable vascular NO. NO produced by endothelial cell

Biomedical Engineering Program, University of Arkansas, Fayetteville, Arkansas.

1103



1104

diffuses to vascular smooth muscle and to flowing blood,
where it rapidly reacts with hemoglobin (Hb) in red blood
cells (RBCs). The endothelium-derived NO stimulates (in the
smooth muscle cells) its target hemoprotein soluble guanylate
cyclase (sGC) that catalyzes the conversion of guanosine
triphosphate (GTP) to cyclic guanosine monophosphate
(cGMP) thus relaxing smooth muscle cells and causing va-
sodilatation (17).

Under normal physiologic conditions, a small fraction of
the inspired oxygen is converted to ROS including superoxide
(O3) during oxidative phosphorylation in mitochondria. En-
zyme superoxide dismutase (SOD) catalyzes the conversion
of superoxide to hydrogen peroxide and molecular oxygen.
All vascular cells including endothelial cells, and smooth
muscle cells have enzyme systems that produce ROS. The
possible enzyme systems for vascular superoxide production
include nitric oxide synthase (45), NAD(P)H oxidases (38),
and xanthine oxidase (50). Of these enzyme systems, mem-
brane-associated NAD(P)H oxidases are a major source of
superoxide in vascular diseases, including cardiovascular dis-
ease (12,23).

NO reacts very rapidly with superoxide to form strong oxi-
dant peroxynitrite (ONOO™, an RNS) (2, 24). Once formed,
peroxynitrite contributes to cellular dysfunction indirectly by
reducing NO bioavailability and initiating a number of patho-
logic processes including lipid peroxidation, nitration of the
protein tyrosine residues, and inhibition of key metabolic en-
zymes, leading to apoptosis (35, 39). Peroxynitrite also oxi-
dizes tetrahydrobiopterin, an NOS cofactor, to dihydro-
biopterin (10, 14), resulting in reduced NO formation.

Many aspects of NO, O,”, and ONOO™ interactions in
pathophysiologic conditions, such as cardiovascular disease,
hypertension, and diabetes, have been studied extensively in
vivo and in vitro. A common event is the reduction in bioac-
tive NO availability in these pathophysiologic conditions.
This is known as endothelial dysfunction or impaired vasodi-
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lation (5). Studies have reported many hypotheses for the
cause of the endothelial dysfunction. Figure 1a shows some
of the hypotheses at the endothelial cell level including
(a) lower NO formation because of reduced availability of
NOS substrates and cofactors; (b) higher ROS formation;
(c) higher interactions among NO and ROS, leading to damag-
ing RNS or only reducing NO bioavailability; (d) alterations
in cellular signaling; and (e) inability of endogenous antioxi-
dant systems to counteract higher ROS and RNS levels.

Figure 1b shows the factors that can affect the levels of
NO, ROS, and RNS in the microcirculation. A complete un-
derstanding of NO, ROS, and RNS distribution in the micro-
circulation will require quantitative assessment of biochemi-
cal interactions and transport of these species. Mathematical
models based on fundamental principles of mass balance,
vessel geometry, and reaction kinetics have provided signifi-
cant results by analyzing the diffusion reaction of free NO in
and around an arteriolar vessel, including effects of NO on O,
transport and metabolism, NO scavenging by Hb, and sGC
activation (20, 25, 46). Recently, two models were developed
to understand the interactions of O,” and SOD with NO (4,
27) in tissue. More detailed models of NO, O,”, and ONOO~
interactions were reported to simulate macrophage-related re-
sponses (19, 32, 33).

The important results from the NO transport models in the
microcirculation include (a) the effect of luminal red blood
cell-free layer was significant in allowing a substantial
amount of NO to diffuse outward to the smooth muscle cells
despite effective scavenging by RBC hemoglobin, and (b) the
reaction rate of NO with Hb (inside RBCs) should be several
orders of magnitude lower than that of the free Hb to achieve
an abluminal NO concentration high enough to activate sGC.
NO concentration required for the half-maximal activation of
sGC is 23-100 nM (3,7).

Despite intensive investigation of NO biotransport and O,"
and ONOO™ biochemical interactions in vasculature, we have
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FIG. 1. Interactions and factors affecting NO, ROS, and
RNS levels in the microcirculation. Some of the hy-
potheses at the endothelial cell level for endothelial dys-
function or the reduction in bioactive NO availability are
shown in (a). Factors that affect the levels of NO, ROS, and
RNS in the microcirculation are shown in (b).
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very little quantitative knowledge of distribution and concen-
trations of NO, O,”, and ONOO™ in the microcirculation
under normal physiologic conditions. In addition, fundamen-
tal aspects of NO, O,”, and ONOO™ transport and biochemi-
cal interactions in the tissue remain poorly understood under
pathophysiologic conditions. In this study, we present a free
radical (viz., NO, O,”, and ONOO") transport model in the
microcirculation. The model is used to investigate the role of
O,  and ONOO™ in inactivating vasoactive NO.

METHODS

Model geometry and governing equations

We model a tissue containing an arteriolar vessel (Fig. 2).
Arteriolar blood vessel is divided into seven regions of con-
centric cylinders: a red blood cell-rich (cr) luminal region
and a red blood cell-free (cf) luminal region; an endothelium
(en); an interstitial space between the endothelial and smooth
muscle cells; a smooth muscle layer (sm); and a small non-
perfused parenchymal tissue (npt) region. A parenchymal tis-
sue (pt) region perfused by capillaries is considered beyond
the nonperfused parenchymal tissue region. The perfused par-
enchymal tissue region extends to infinity. The radius, 7,
(where i = cr, cf, en, is, sm, npt, or pt) is at the interface be-
tween the respective region and the one adjacent to it, as we
move away from the central axis of the arteriole.

The principal source of vascular NO is membrane-bound
endothelial NOS. Nitric oxide production by arteriolar endo-
thelium is incorporated as surface NO release in boundary
conditions at the luminal and abluminal interfaces of the en-
dothelium. The primary source of vascular superoxide is
membrane-associated NAD(P)H oxidases. Superoxide pro-
duction is incorporated as surface O, release in boundary
conditions at the luminal and the abluminal interfaces of the

FIG. 2. Model arteriolar geometry. The subregions include
luminal RBC-rich region (cr), and RBC-free region (cf); endo-
thelium, (en); interstitial space (is); smooth muscle (sm); and
nonperfused (npt) and perfused (pt) parenchymal tissue. Endo-
thelial cell-released NO diffuses into the lumen and to the
smooth muscle. In smooth muscle, NO can activate its target
enzyme sGC that can relax smooth muscle. NO also can react
with superoxide to form peroxynitrite at the location of oxida-
tive stress, and this biochemical interaction is focus of the pres-
ent study.
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arteriolar endothelium, and an overall O, production is con-
sidered in all other regions. Oxidative stresses are increased
in many disease conditions, resulting in enhanced O,  pro-
duction in various regions of vasculature. Therefore, other
sites of excessive O,  production also are considered (de-
scription in the Results section). No source of peroxynitrite
release exists in vasculature. Peroxynitrite production is
based on the interaction of NO and O, in all regions.

A homogeneous solution of RBCs is considered in the
RBC-rich luminal region. The capillaries and the parenchy-
mal cells are modeled as a distributed homogeneous medium
in the perfused parenchymal tissue region (22).

The convective transport of three species of interest NO,
0, and total peroxynitrite (Per) can be neglected because of
their fast reactions (4). Total peroxynitrite is the sum of
ONOO™ and peroxynitrous acid (ONOOH), which is an acid
form that is in equilibrium with ONOO™ (32). The NO pro-
files reach steady state within milliseconds (44). Thus, it is
appropriate to solve the NO, O,", and Per mass transport in
the arteriolar vessel and surrounding tissue by using the
steady-state mass-transport equation, written for the cylindri-
cal coordinate

2 —
DV’C+3R =0 (1)

where j stands for NO, O,", and Per; Cj is the concentration;
and Dj is the diffusivity. The net reaction rate, Rj'i, is the sum
of individual reaction rates and production of species j in a
region i as described later.

Boundary conditions

At the interfaces, boundary conditions of continuity of
NO, 0,7, and Per flux and concentration are imposed, except
for interfaces at (a) the outer edge of the capillary-perfused
parenchymal region where a zero-flux boundary condition is
applied, and (b) the luminal RBC-free region—endothelium
interface (Eq. 2a), and the endothelium—interstitial space (Eq.
2b) interface, where boundary conditions incorporate NO and

O, release from the endothelium

= aC/,c’f aCj,en

Q=D - p b (2a)
— ac},en acvj,is

Q=D — Dt (2a)

where j represents NO and O, ", and Qis half of the total NO
and O, released by endothelium.

Chemical reactions

The model geometry contains seven separate regions i =
cr, cf, en, is, sm, npt, and pt. The most important reactions for
our purpose include (a) consumption of NO with Hb con-
tained inside RBCs in luminal RBC-rich regions; (b) oxida-
tion of NO with O, in cf, en, is, and npt regions; (c) consump-
tion of NO by sGC in smooth muscle regions; (d)
consumption and production of NO by capillaries in paren-
chymal tissue regions, (e) reaction of NO with O, to yield
peroxynitrite in all regions; (f) consumption of O, by super-
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oxide dismutase in all regions, and (g) decomposition of per-
oxynitrite by CO, in all regions. The reaction-rate expression
for each of these reactions is presented in Table 1.

Parameter values

Model parameter values used for the simulations are pre-
sented in Table 1. Rationales for geometric parameters (e.g.,
wall thickness and radius) are described in detail in our ear-
lier publications (20,21). The r, (where i = cr, cf, en, is, sm,
npt, or pt) are 20.5, 25, 25.5, 26, 32, 62, and 200 pwm, respec-
tively. NO, O,", and Per diffusivities of 3.3 X 10-35, 2.8 X
10-5, and 2.6 X 105 cm2s—! are assumed (32, 52). Diffusivi-
ties were assumed to be the same in all regions.

The production of NO is limited to the arteriolar and capil-
lary wall. We use the half of the total NO release rate (Qy) of
2.65 X 1012 mol cm—2s~! for both the luminal and the ablu-
minal sides of the arteriolar endothelium based on experimen-
tal data by Malinski (29) in rabbit aorta. The same NO produc-
tion rate per unit surface area for the capillary is assumed.

The first-order reaction rate of NO in RBC-rich region (k)
is 1,270 per second, which is a product of the reported rate of
reaction of 1.4 X 105 M~'s-! of NO with RBC hemoglobin
(6), a heme concentration of 20.3 m in a single RBC, and a
core hematocrit of 0.45. For the capillary-perfused parenchy-
mal tissue region, we assume that NO is consumed by blood
flowing in capillaries, and NO is produced by capillary endo-
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thelial cells. For this region, Ry is equal to 7kcapCNO + Qcap,
where kCap is the effective NO reaction-rate constant for blood
flowing in capillaries in parenchymal tissue and is a function
of capillary hematocrit (H,) and fractional capillary volume.
Capillary endothelial cell-released NO (Qcap) in the perfused
tissue region is distributed uniformly over the tissue volume.
Qeap is a function of capillary radius, capillary endothelial NO
release rate, and fractional capillary volume. The estimated
QCap is 8.6 X 10-7 M/s, and kcap is 12.4 per second (20).

Superoxide production is assumed at 20% of the NO pro-
duction at 1.72 X 10-7 M/s in all regions. In the arteriolar en-
dothelium, O, production is considered at 20% of the sur-
face NO release by the endothelium, which is incorporated in
surface boundary conditions, as mentioned earlier.

Peroxynitrite formed by reaction of NO and O, is in equi-
librium with ONOOH (32). The fraction, £, is the total perox-
ynitrite in ONOO™ form, and f is equal to 1/(1 + 10PKy. .,
where K, (6.75) is the acid dissociation constant (32). We
assume a pH of 7.4 in the lumen and a pH of 7.0 in the vascu-
lar wall.

Numeric solution

A system of equations resulting from Eq. 1 for each
species of interest was solved numerically by using the Flex-
PDE 4.0 software package (PDESolutions, Inc., Antioch,
CA). FlexPDE software has an adaptive meshing algorithm

TABLE 1. MODEL PARAMETERS

Parameter Value Units Reference

Systemic hematocrit 45 % Text
Capillary hematocrit 30 % Text
Arteriole radius 25 pm Text
RBC-free—layer thickness 4.5 pm (41)
en thickness 0.5 pm (48)
is thickness 0.5 pm (22)
sm thickness 6 pm (15)
npt thickness 30 pm (20)
O, concentration 27 wM (36)
SOD concentration 1(0.1) wM 4)
CO, concentration 1.14 (0.114) mM
Half NO release rate, Q, 2.65 X 10-12 mol cm™%s~! 47)
Half O, release rate, Qog 0.2(2) X Qyq mol cm™2s~! Text
Dyo 3.3 X 10 cm?s~! (52)

0,~ 2.8 X 105 cm?s~! (32)
Doroo- 2.6 X 105 cm?s~! (32)
£ (= Conoo—/Chp,,) In tissue 0.640 Text
(= Conoo—/Cpe,) in lumen 0.817 Text
Reaction rates of NO with
0,, ky,Cyo? Co, 9.6 X 10° M 2! (26)

5 KeerlCroCon 6.7 (16) X 10° M- ls7! (16)
sGC, -k C\? 5 X 104 M-It 47)
RBC 1.4 X 105 M-lg! (6)
RBC-rich core (CR), -k Cy, 1,270 s~ Text
Capillaries, _kcap Crot Q. 124C, —8.6 X 107 st Text
Reaction rates of Oy with
SOD, -kg,,Co.Csop 1.6 X 10° M-ls7! (11)
Reaction rates of ONOO™ with
CO,, ke0,CronfChe; 5.6 X 104 M ls7! 37
NO, -kyoCrofCpe;r 9.1 X 104 M- ls7! (34)
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that generates a larger number of elements in regions with a
steep concentration gradient. For simulations, we used adap-
tive meshing with a relative accuracy of 0.001.

RESULTS

Steady-state NO, O, , and Per profiles
for an arteriolar vessel (base-case)

The model was used to calculate NO, O,", and Per con-
centrations in and around an arteriolar vessel of 50 pm di-
ameter. Figure 3 shows the simulated steady-state NO, O,
and Per concentration profiles based on parameter values
of: a luminal RBC-rich region reaction rate of 1,270 per
second; a parenchymal NO reaction rate of 12.4 X Cy, —
8.6 X 10-7 M/s; the same arteriolar and capillary endothe-
lial cell NO production; an NO and O, release-rate ratio of
0.2 in arteriolar and capillary endothelium; and an O, re-
lease rate of 0.17 wMs™!' in luminal, interstitial space,
smooth muscle, and nonparenchymal tissue regions. As
seen, the tissue concentrations of NO, O,", and Per vary in
radial direction. The maximal concentrations of these
species are in the endothelium. The maximum NO, O,", and
Per concentrations are 100.6, 1.5, and 3.8 nM, respectively.
In the luminal region, the NO and O,  concentrations re-
duce to zero in the RBC-rich region after diffusing through
luminal RBC-free region. Per concentration is 0.5 nM at the
center of a lumen. In the vascular wall, the NO, O,", and
Per concentrations reach steady-state values of 66.3, 0.1,
and 0.9 nM, respectively, within 100 wm from the center of
the vessel.

Figure 3 also shows the NO profile in the absence of O,
production without ONOO ™. For this case, the maximum NO
concentration is 108 nM in the endothelium, which is an in-
crease of 7% over the base case; the steady-state NO concen-
tration in the vascular wall is 69.4 nM.
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FIG. 3. NO, O3, and Per concentration profiles, base case.
Profiles are shown for a 50-mm-diameter arteriole with a lu-
minal RBC-rich region NO-RBC reaction rate of 1,270 per
second. Superoxide production is assumed at 20% of the NO
production.
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Effect of model parameters

We investigated the effect of model parameters including
SOD and CO, concentrations, NO and O, reaction-rate con-
stant, and no tissue superoxide production on NO, O,”, and
Per concentration profiles in the tissue. Figure 4 shows the
resulting profiles. The common features of these profiles are
that (a) the maximal concentrations of these species are in
the endothelium, and (b) NO, O,”, and peroxynitrite reach
steady state in the vascular wall. The effects of individual pa-
rameter on the NO, O,”, and peroxynitrite concentration pro-
files with comparison to the base-case profiles are described
later.

Superoxide dismutase competes with NO for superoxide
and decreases peroxynitrite formation. To evaluate the effect
of SOD availability on NO, O,”, and peroxynitrite concentra-
tions, SOD concentration was reduced to 0.1 M as compared
with 1 uM in the base case. The calculated concentration pro-
files are shown in Fig. 4 (dashed curve). The maximum con-
centrations of NO, O,", and Per are 87.9, 3.0, and 9.8 nM, re-
spectively. The reduction in SOD concentration increased the
maximum O, and Per concentrations by 100 and 160%, re-
spectively over the base case. On contrary, the maximum NO
concentration decreased by 13%. The NO, O,", and Per con-
centrations are 59.5, 0.3, and 2.9 nM, respectively, in the vas-
cular wall.

The importance of CO, in this free radical transport
model is to scavenge peroxynitrite. For the base case, a CO,
concentration of 1.14 mM was used in the lumen and in the
vascular wall. To demonstrate the effect of reduction in CO,
level on peroxynitrite concentration, we reduced CO, con-
centration to 0.114 mM. The NO, O,", and Per concentration
profiles are shown in Fig. 4 (dotted curves) for the reduced
CO, level. The NO and O, concentrations are the same as
the base-case concentrations. However, peroxynitrite con-
centration increases significantly. Peroxynitrite concentra-
tions are 15.8, 6.6, and 11.6 nM, respectively, in the endo-
thelium, in the vascular wall, and at the center of lumen,;
these levels correspond to four-, seven-, and 23-fold in-
creases over the base-case concentrations at the respective
locations.

The concentration profiles simulated by using a higher NO
and O, reaction-rate constant of 1.6 X 10'0 M~!s™! are rep-
resented by the dashed-dot-dot curves in Fig. 4. The maxi-
mum NO and O,” concentrations are 95.4 and 1.3 nM, respec-
tively, similar to the base-case concentrations. The maximum
Per concentration increases to 6.4 nM, an increase of ~70%.
The NO, O,, and Per concentrations are 64, 0.1, and 1.6 nM,
respectively in the vascular wall.

We also considered O, production only in the arteriolar
endothelium. The resulting concentration profiles are repre-
sented by the solid curves in Fig. 4. The maximum NO, O,
and Per concentrations are 104, 1.5, and 3.2 nM, re-
spectively, which is similar to the base-case concentrations.
Note that the O,” and Per concentrations decrease to zero
rapidly in the vascular wall. The O, concentration is de-
creased from 1.5 nM to <0.1 nM within 4 pm from its
source of production in the arteriolar endothelium, whereas
Per concentration is decreased to <0.1 nM over a 25-pum dis-
tance.
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Effect of location of tissue oxidative stress

We investigated the effect of enhancement of O, produc-
tion in the microcirculation. We increased the endothelium
O, to NO release ratio from 0.2 to 2, resulting in the total ar-
teriolar endothelium O, production of 10.6 X 10-!2 mol
cm~2s~! and perfused-parenchymal tissue O, production of
17.2 X 10=7M/s. In all other regions, O, production was the

same as the base case. The concentration profiles are shown
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FIG. 4. Effect of parameters on NO, O; and Per concentra-
tion profiles. Concentration profiles are shown for varying
one model parameter at a time. Model parameters varied are
SOD and CO, concentrations, NO and O} reaction-rate con-
stant, and no tissue superoxide production.
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in Fig. 5 (solid curve). The O,  and Per profiles drop in the
smooth muscle and nonperfused parenchymal regions, be-
cause the O, production in the smooth muscle and the non-
perfused parenchymal tissue regions is low in comparison to
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FIG. 5. Effect of location of excess superoxide in oxidative
stress on NO, O3, and Per concentration profiles. Depend-
ing on a disease condition, the vascular location of excessive
superoxide can be in the endothelium, the smooth muscle cell,
and the media and adventitia. Concentration profiles are shown
for systematic change in the location of excessive oxidative
stress to the arteriolar endothelium (en), the arteriolar and cap-
illary endothelium (en, pt), the smooth muscle and the nonper-
fused parenchymal tissue regions (sm, npt), and every region
except arteriolar endothelium (is, sm, npt, pt).
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the endothelium and the perfused-parenchymal regions O,
production. The maximum NO, O,", and Per concentrations
are 70, 15.6, and 24.1 nM, respectively, in the endothelium. In
the vascular wall, the NO, O,", and Per concentrations are 47,
0.9, and 6.6 nM, respectively. With the increased-endothelial
cell O, production, the NO concentrations are reduced by
30% as compared with the base-case NO concentrations in
the endothelium, smooth muscle, and perfused-parenchymal
tissue regions. Conversely, the O, and Per concentrations are
increased over nine- and sixfold, respectively, as compared
with the base-case concentrations.

We further investigated the importance of regional differ-
ences in superoxide production in the vessel wall. For this pur-
pose, we systematically changed the location of excessive ox-
idative stress to the arteriolar endothelium, to the smooth
muscle and the nonperfused parenchymal tissue regions, and to
every region except arteriolar endothelium. For O, production
in the arteriolar endothelium only, the total arteriolar endothe-
lium O, production of 10.6 X 1012 mol cm ?s~! was as-
sumed. In all other regions, O, production was the same as in
the base case. The concentration profiles are shown as the
dashed curve in Fig. 5. The maximum NO, O,”, and Per con-
centrations are 73, 15.5, and 25 nM, respectively, in the endothe-
lium. The perfused-parenchymal tissue NO, O,", and Per concen-
trations remain unchanged from the base-case concentrations.

For excessive O, production in the smooth muscle and the
nonperfused parenchymal tissue regions, the O, production of
17.2 X 107 M/s was assumed. The concentration profiles are
shown as the dotted curve in Fig. 5. The NO, O,", and Per con-
centrations are 85, 1.8, and 7.3 nM, respectively, in the endo-
thelium. The smooth muscle concentration of NO decreased by
22%, peroxynitrite increased by 150%, and O,  increased <1
nM over the respective base-case concentrations. The perfused-
parenchymal tissue NO, O,”, and Per concentrations remain
unchanged from the base case. For excessive O, production in
every region except arteriolar endothelium (dashed-dot-dot
curves in Fig. 5), the NO concentrations are reduced up to
45% of the base-case NO concentrations. Conversely, O, and
Per concentrations are increased more than nine- and sixfold,
respectively, as compared with the base-case concentrations.

DISCUSSION

The aims of the model were (a) to calculate the NO, O,
and peroxynitrite concentrations in and around an arteriolar
vessel, and (b) to understand the effects of O, production
sites and rates on NO and peroxynitrite concentration in the
vascular wall.

NO, 0,7, and peroxynitrite
predictions

Results from this and an earlier model (4) established that
the NO, O,, and peroxynitrite concentration gradients are
steep in the vascular wall. A number of techniques including
microelectrodes and fluorescent and chemiluminescent dyes
(43) have been used to measure these free radical levels in
various regions of microvessels. Even though great advances
have been made in free radical measurements, the spatial res-
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olution of the methods has not been sufficient to measure
these steep gradients.

In the base case, inclusion of O, and peroxynitrite interac-
tions with NO did not significantly affect NO levels (Fig. 3),
and the NO concentration predictions from this model are
consistent with those of other NO-transport models (20, 25,
46). The predicted NO concentrations change <13% for a sig-
nificant change in parameters values of SOD and CO, con-
centration, NO and O, reaction rate, and no superoxide pro-
duction in tissue (Fig. 3). For these parameters, the predicted
O, concentrations vary between 0 and 3 nM. Conversely, the
predicted peroxynitrite concentrations can vary significantly
between 0 and 16 nM and up to 25-fold, depending on a pa-
rameter. More experimental and theoretical studies would be
required to provide accurate levels of these free radicals in
and around an arteriolar vessel.

Effect of superoxide dismutase

Local mechanisms of O, consumption play a major role
in (a) superoxide-mediated cytotoxicity, (b) NO bioavailabil-
ity in blood vessels, and (c) peroxynitrite formation. Thus, the
local concentration of SOD can be a key determinant in O,
levels. With SOD-deficient genetically altered animals, ex-
perimental studies reported that SOD deficiency results in re-
duced NO bioavailability and increased O, and peroxynitrite
levels (8, 18, 51). When the SOD level was decreased in the
present study (Fig. 4), the model predictions of increase in
O, and Per concentrations by 100% and 160%, respectively,
and decrease in NO concentration decreased by 13% are con-
sistent with these experimental observations. Mathematical
models that incorporate detailed descriptions of several iso-
forms of SOD in vascular cells will be useful in enhancing
our understanding of the contribution of SOD in the regula-
tion of vascular function.

Pathologic conditions: implication for oxidative
stress—related reduced NO bioavailability

NO-mediated vasodilation is attenuated in diabetes, aging,
cardiovascular diseases, and hypertension, which may be a re-
sult of excessive superoxide formation (12, 40, 42). The vas-
cular location of excessive superoxide can be in the endothe-
lium, the smooth muscle cell, and the media and adventitia in
these conditions (5, 30, 49). As we changed the location of ex-
cessive superoxide in the microcirculation, the model predic-
tions of NO, O,", and peroxynitrite concentration varied sig-
nificantly (Fig. 5). Of all the locations for excessive O,
release, the excessive O, release in the endothelium results in
the maximal decrease in predicted NO concentrations but the
maximal increase in peroxynitrite concentrations. Inclusion of
excessive O, release in smooth muscle and parenchymal tis-
sue results in significantly low levels of NO and significantly
high levels of O, and peroxynitrite in these regions.

PERSPECTIVE

The predictions of the present model support the impor-
tance of O, as a local signaling molecule in the vasculature.
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Results suggest that the reduced NO bioavailability and en-
hanced peroxynitrite formation in the microcirculation may
vary depending on the location of oxidative stress. Therefore,
nitrosylation of membrane proteins and oxidization of lipids
may occur at diverse vascular cell locations in diabetes,
aging, and cardiovascular diseases. In addition to impairment
of NO-dependent vasodilation, peroxynitrite also can inhibit
key enzymes and proteins such as prostacyclin synthase (28,
53) in vascular cells. The model results emphasize the need
for careful experiments at the individual vascular-wall cell
layer for oxidative-stress studies in the vasculature.

In conclusion, we have developed a model to assess the bio-
chemical interactions of NO, O,", and peroxynitrite in the mi-
crocirculation. The model results suggest that the transport of
these free radicals is significantly affected in oxidative-stress
conditions. We predict that the tissue concentrations of NO and
peroxynitrite are affected over a larger distance from the loca-
tion of excessive superoxide formation, even though the super-
oxide concentrations are reduced to significantly low levels
within 2 mm from its production site. These results will have
significant implications for our understanding of changes in
tissue NO levels in physiologic conditions and mechanisms of
reduction in vascular NO levels in endothelial dysfunction.
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