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Nitric oxide (NO) mediates a vast array of physiological
functions in the lungs, and our understanding of these
events has improved dramatically over the past dec-
ade. Once produced enzymatically and intracellularly,
NO can diffuse as a free molecule, or undergo chemical
reactions to preserve and alter the biological activity. In
silico modeling of these non-linear, multiscale and
dynamic processes plays a crucial role in our under-
standing of, and thus our ability to manipulate, these

events to treat pulmonary disease.

Introduction

Nitric oxide (NO) is a diatomic free radical that directly
mediates or significantly influences an enormous number
of major biological functions in the lungs. Examples include
pulmonary blood pressure, bronchial smooth muscle tone
and host defense (bacteriacidal and mucocillary beat fre-
quency). NO is produced enzymatically from one of three
isoforms of nitric oxide synthase (NOS) and intracellularly by
numerous resident and transient cell types (e.g. bronchial
epithelium and macrophage). Once produced, NO can diffuse
as a free molecule to a site of action, or can react rapidly with
several substrates to preserve the biological activity. The
chemical reactions influence intracellular processes, neigh-
boring cells (paracrine functions) and whole organ functions
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(pulmonary blood pressure). As a result, NO metabolism and
transport in the lungs are dynamic, non-linear, and occur
over multiple length scales. A complete picture of NO meta-
bolism in the lungs will emerge only by combining experi-
mental (in vivo and in vitro) observations and in silico
modeling. An excellent review of fundamental NO biochem-
istry, physiological measurement of NO and early models of
NO biotransport in several organ systems appeared in 2001
[1]. The present review will focus on in silico modeling efforts
aimed at understanding NO production, consumption and
transport in the lungs at the micro-, meso- and macroscopic
levels.

Microscopic modeling

We will limit our discussion of microscopic events to those
that occur intracellularly, transmembrane or within bio-
chemical networks, and thus over length scales on the order
of microns or less. The earliest reports of the biological action
of NO were related to its role as the endothelium-derived
relaxing factor (EDRF). Thus, much of the early modeling
efforts focused on the production of NO by the vascular
endothelium and diffusion to the site of action, in this case
the vascular smooth muscle. The later models will be dis-
cussed in detail in Section ‘Mesoscopic modeling’; however,
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related to this function is the rapid reaction of NO with
hemoglobin within the erythrocyte.

The observation that NO reacts extremely fast with hemo-
globin (diffusion-limited) created a paradox in which poten-
tially a large amount of NO produced from the endothelium
would be scavenged by the large sink of hemoglobin present
in the adjacent blood. While a fraction of NO produced by the
endothelium may reach the vascular smooth muscle, it was
perplexing that NO production might so inefficient. The
relevance to pulmonary physiology was the potential link
to idiopathic pulmonary hypertension.

Several research groups hypothesized that since hemoglo-
bin is present within the red blood cell (RBC), the RBC may
present a significant barrier for diffusion of NO from the
endothelium to hemoglobin. These groups were able to
demonstrate that the presence of the RBC slowed the effective
rate of reaction of NO with hemoglobin by several orders of
magnitude, but were not able to determine whether this
experimental observation was due to an unstirred layer on
the outside of the cell (extracellular), an intrinsic resistance in
the membrane, or a resistance within the cytosol of the RBC
(intracellular) [2-4].

Vaughn et al. [5] described an elegant single cell model of
NO transport through the RBC membrane and subsequent
reaction with hemoglobin in an effort to quantify the intrin-
sic RBC resistance to NO consumption. They conserved NO in
the extracellular and intracellular space and utilized a simple
one-dimensional reaction-diffusion model assuming a pseu-
dosteady state and neglecting convective transport. They
demonstrated that either the membrane permeability or
the resistance in the cytosol was ~2100 times smaller than
the permeability of a lipid bilayer or the rate of reaction of NO
with oxyHb in free solution. While they could distinguish
between these two parameters, they speculated that the
resistance was due to a reduced membrane permeability.
Nonetheless, their model was able to quantify the magnitude
of RBC resistance to NO consumption and was used in sub-
sequent mesoscopic models of intercellular NO diffusion.

At least four groups have assimilated rate expressions into
integrated reaction networks to gain insight into the
dynamics of the production and consumption of NO and
related intermediates [6-11]. Many of the individual rate
constants that describe the chemical reactions involving
NO have been quantified. Figure 1 depicts a typical reaction
network for NO from Hu et al. [8]. A common feature of these
models is a system of coupled ordinary differential equations
describing the concentrations of chemical species as a func-
tion of time, which takes the general form,

dC
dr
where C and K represent the matrices of species concentra-
tions and reaction rate constants, respectively. In each case,

=KC (D

148 www.drugdiscoverytoday.com

Drug Discovery Today

Figure 1. Reaction network of NO as described by Hu et al. [8] with
numerous intermediates including O, (superoxide), ONOO™
(peroxynitrite), GSNO (S-nitrosoglutathione), N,O3, GSH
(glutathione) and GSSG (reduced glutathione). Thirteen reaction rate
constants, k, (I < x < 13), describe the dynamics of each reaction.
SOD: superoxide dismutase; GPX: glutathione peroxidase; cyt c:
cytochrome c. Reprinted with permission from Springer Science.

the model assumes a homogeneous cytosol, and thus does
not consider spatial gradients, molecular diffusion or com-
partmentalization of enzymes or substrates.

Condorelli and George [7] described a kinetic model for the
activation of soluble guanylyl cyclase by free NO and pre-
dicted that the concentration of NO necessary to activate sGC
was much smaller than previously thought, and that the
activation of sGC was much more rapid than the deactiva-
tion. Yang et al. [11] was also interested in the activation of
sGC by NO, but focused on the production of cGMP and its
subsequent effect on the calcium activated potassium chan-
nel in the vascular smooth muscle cell.

Ray and Kirschner [9] were interested in the activation of
macrophages and the role of NO in this process. They pre-
dicted that NO production by the macrophage negatively
regulates multiple activation pathways to achieve a balance
between quiescence and activation. Hu et al. [8] used a similar
approach to present a kinetic network model based on the
conservation of seven species: NO, O, (superoxide), ONOO™
(peroxynitrite), GSNO (S-nitrosoglutathione), N,O3;, GSH
(glutathione) and GSSG (reduced glutathione) (Fig. 1). The
resulting system of seven coupled ordinary differentials equa-
tions was solved to address the role of NO, O, and GSH
production on the level of N,O3 and hence damaging nitro-
sation. They predicted that GSH may act as a critical switch
for N,O3 concentration — a novel mechanism that may have
implications for lung function.

An earlier model by Shin and George [10] was specifically
aimed at understanding NO production, consumption and
transport in the airway epithelium as a mechanism leading to
NO in the exhaled breath. This model was the first to examine
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molecular diffusion of NO between neighboring compart-
ments (airway epithelial cell and the mucus layer), and thus
considered the physical dimensions of the compartments.

More recently, the first model to address cellular compart-
mentalization of enzymes and substrates relevant to NO
production and consumption was presented. Chen and Popel
[6] were interested in NO production and release from the
endothelial isoform of NOS from endothelial cells and con-
sidered the impact of distributing the source at the membrane
as opposed to being uniformly distributed throughout the
cytosol. They demonstrated that compartmentalization of
eNOS did not impact NO production (and hence release),
but that this result depended on the assumption that all
substrates are present in excess — an assumption that may
break down in numerous cellular states.

A major feature of the microscopic models of NO produc-
tion, consumption and transport is the characterization of
individual reaction rate constants, and how these chemical
reactions behave within a network. At this point, the rate
constants are measured experimentally in isolation of the
intracellular network and do not adequately consider the
compartmentalization of substrates and enzymes (see Out-
standing issues). Advanced experimental measurements to
determine the dynamic nature of substrate and enzyme
compartmentalization will be necessary before improved
microscopic models of NO metabolism and transport are
possible.

Mesoscopic NO modeling

While subcellular and whole organ modeling can provide
unique insights into NO biology, there are important
dynamics of NO biology that fall between these microscopic
and macroscopic views. In particular, NO has long been
thought to be produced by epithelial layers (e.g. the vascular
endothelium) and diffuse either as a free molecule or as a
stable intermediate (e.g. GSNO), to a distant cell type. The
distance separating the source and the site may be on the
order of mm.

Since accurate measurement of NO concentration in situ
is difficult to measure over this distance, the problem is
ideally suited for mathematical modeling, involving simul-
taneous production, diffusion and/or convection, and reac-
tion of NO with multiple substrates in and around the
vessel lumen. The question that initiated this modeling
is how an NO source (endothelium) located adjacent to an
NO sink (hemoglobin) can affect smooth muscle tone
via activation of soluble guanylate cyclase (sGC) and
is relevant to both the pulmonary and bronchial circula-
tions.

The earliest models of this system were introduced by
Vaughn et al. [12] and Butler et al. [13]. Fig. 2 depicts a typical
structure of a mesoscopic model to investigate NO transport
from the endothelium to the smooth muscle. Both models
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utilize a cylindrical geometry with the vessel lumen in the
center, surrounded by the endothelium and an outer ablum-
inal region containing the vascular smooth muscle. NO is
generated by the endothelium at both the luminal and
abluminal surfaces, where it can diffuse into the blood to
react with hemoglobin, or into the smooth muscle to react
with various possible substrates. The governing equation is a
standard unsteady convective-diffusion equation with che-
mical reaction,

3CNo
at

where Cyo is the concentration of NO in the tissue, v the
convective flow of NO, D the molecular diffusion coefficient
of NO in tissue and Vo is the rate of NO consumption owing
to chemical reaction. Both authors account for the physio-
logical properties of blood flow; red blood cells are located in
the center of the lumen, surrounded by an RBC-free region of
plasma. Using this relatively simple model, steady-state NO
profiles in and around the vessel lumen can be generated by
neglecting the time derivative, allowing for prediction of the
effective diffusion distance of NO into the smooth muscle
region. This distance bounds the region where NO concen-
trations are greater than K,,, (the Michelis-Menten rate con-
stant defining the concentration at which the turnover of an
enzyme is 50% of the maximum rate) of sGC. Accounting for
the RBC-free zone adds a layer of diffusive resistance
between the sites of NO production (endothelial cells) and
consumption (hemoglobin in the red blood cell), which
increases NO concentrations in the smooth muscle region.

Using these initial models as a starting point, several groups
have added various levels of complexity to further characterize
the system. Condorelli and George [14] developed a model
with a structure similar to the Butler model. However, rather
than simulate diffusion into an infinite space, this model adds
an outer boundary to represent the airway wall and airway
lumen, making the model more specific to the human pul-
monary system. Additionally, a lower value for the K, of sGC
was taken into account based on earlier work by Condorelliand
George [7]. This model is used to demonstrate that NO pro-
duced by the airway epithelium may impact bronchial smooth
muscle tone; the authors also hypothesize an optimal vessel
radius and that intermittent NO signaling may increase the
efficiency of sGC activation.

Tsoukias et al. [15] created a transient model to test the
hypothesis that burst-like release of NO could affect vascular
smooth muscle tone, as well as reduce NO scavenging by
hemoglobin. The authors include the time-derivative of NO
concentration; the governing equation becomes an unsteady
convective-diffusive equation with chemical reaction in
cylindrical coordinates (i.e. Eq. (2)). The authors conclude
that transient burst-like NO release is a more efficient method

= DVZCNO — VCN()V — VNO (2)

of sGC activation and that frequency-dependent control of
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Figure 2. Model schematics of the vascular endothelium, lumen and surrounding smooth muscle presented in 3-dimensional (A) and 2-dimensional (B)
coordinates [|3]. NO is released at the luminal and abluminal surfaces of the endothelium and diffuses into the blood or smooth muscle regions. This system
can be modeled using the convective-diffusion-reaction equation (Eq. (2)) in cylindrical coordinates. Reprinted with permission from Elsevier Science.

cGMP, a downstream product of sGC activation, is possible.
The authors hypothesize this burst-like release could be tied
to experimentally observed Ca?* oscillations.

Kavdia et al. [16] developed a model to simulate the effect of
hemoglobin-based oxygen carriers (HBOC) as a blood substi-
tute on sGC activation. The authors hypothesized that HBOC
would consume NO at a much faster rate than naturally occur-
ring hemoglobin in RBCs, causing lower amounts of NO to
reach the smooth muscle resulting in hypertension. As in
previous models, the authors simulate the RBC-free region
adjacent to the endothelium; however, they include a reaction
term to account for the HBOC circulating in the plasma. This
exogenous hemoglobinis directly adjacent to the endothelium
and is not contained within RBCs, removing two diffusive
barriers between the sites of NO production and consumption.
This results in significantly less NO diffusing away from the
lumen and a severely reduced ability to activate sGC.

To understand which diffusion barrier is most significant
in limiting NO consumption by hemoglobin, El-Ferra et al.
[17] introduced a distributed multicellular model. The diffu-
sion barriers consist of the RBC depleted zone near the
endothelium surface, the diffusion layer (unstirred layer)
surrounding each RBC, and the resistance of the RBC mem-
brane. The model structure contains an RBC-free region
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adjacent to the endothelium, as well as simulated red blood
cells within the lumen core. The number of RBCs is based on a
typical hematocrit value, and the RBC distribution is rando-
mized within the core. This modeling led the authors to the
conclusion that the RBC membrane resistance is the limiting
factor for NO consumption by hemoglobin and is consistent
with the microscopic models of the red blood cell described
earlier.

More recent advances in modeling NO in the microcircula-
tion have incorporated coupled NO/O, transport [18,19].
This work is similar to previous models, with the addition
of transport equations for oxygen. The modeling of coupled
NO/O; transport is used to show that concentration changes
of one species can have a dramatic impact on the transport of
the other species [19]. Chen et al. [18] added more complexity
by modeling the dynamics of coupled NO/O, transport with
an arteriole-venule pair, a fashion similar to Kavidia et al. [20].
These models predict that decreasing the distance between
the arteriole and venule causes a higher NO concentration in
the venular wall than the arteriole wall. They also demon-
strate that the addition of capillaries in the surrounding tissue
significantly increases NO concentration in the arteriole wall.

Buerk et al. [21] derived a model that accounts for the
competition between superoxide dismutase and NO on
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superoxide scavenging, coupled with NO transport from the nitrite and nitrate. This model is more comprehensive than
vascular endothelium. Using Eq. (2) in cylindrical coordi-  previous works, incorporating microscale reaction networks
nates, the authors add kinetic equations for NO dependence  in a mesoscale model involving transport between multiple
on oxygen, superoxide, peroxynitrite, hydrogen peroxide, tissue regions. Buerk’s model provides detailed insight into
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Figure 3. During exhalation, a steady state alveolar or peripheral concentration, Cano, enters the airway compartment whereupon additional NO is
transferred from the airway walls. The alveolar or peripheral concentration represents the acinar region of the lungs (Weibel generations |7-23, from [42],
reprinted with permission from Springer-Verlag). The airway compartment represents the oropharynx and Weibel generations 016, and considers the
increasing surface area per unit volume of the airway tree (i.e. trumpet shape). The contribution from the airways depends on the exhalation flow and is the
sum of two terms: J'awno — DawnoCro. J'awno is the maximum airway flux (pl/s). Dawpno is the airway diffusing capacity (or conductance). Cyo is the
airway compartment gas phase NO concentration which depends on axial volumetric position (V), and the airway compartment volume is Vaw (BR:
bronchus; BL: bronchiole; TBL: terminal bronchiole; RBL: respiratory bronchiole; AD alveolar duct; AS: alveolar sac).
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the biochemical pathways affecting NO transport and pro-
vides a framework for future investigations into the relative
importance of each pathway.

Mesoscopic modeling is a useful tool to gain insight into
systems that cannot easily be explored directly. While signifi-
cant advances have been made in NO modeling in the micro-
circulation, the literature lacks a mathematical analysis of how
this system changes in disease states relevant to the lungs, such
as asthma, where NO metabolism is significantly altered. In
addition, future models must continue the trend started by
Buerk et al. [21] that incorporates microscale information
into the mesoscale model (see Outstanding issues).

Macroscopic modeling

Macroscopic modeling includes the synthesis of production,
transport and consumption of NO over length scales that
represent features of the entire lung (order centimeters). This
scale is dominated by models of NO gas exchange in the
airway and alveolar regions of the lungs to understand the
dynamics of NO that appears in the exhaled breath. NO was
first detected in the exhaled breath of humans more than a
decade ago [22] and remains a promising noninvasive bio-
marker of lung inflammation [23]. Substantial evidence sug-
gests that both the airway and alveolar regions are significant
sources of exhaled NO in contrast to other respiratory gases
such as CO; that is evolved predominantly in the alveolar
compartment. This unique feature of exhaled NO generates a
significant flow-dependence [24,25], and thus, requires new
analytical techniques (i.e. models) to characterize.

NO exchange in the human lung was first described by
Hyde et al. using a simple one-compartment model to under-
stand the consumptions kinetics of inspired NO [26]; how-
ever, this model could not explain the exhaled flow
dependence of endogenously produced NO. Tsoukias and
George reported the first two-compartment model (Fig. 3)
that captured the essential experimental observations of
exhaled NO, by lumping the branching airway tree into a
single path cylinder with linearly increasing surface area per
unit airway volume and the alveoli into a flexible balloon
[25]. The governing equation is a modified version of the
convective-diffusion equation with chemical reaction shown
in Eq. (2). Several similar models followed shortly thereafter
[27-29]. In each case, the alveolar region is described with an
alveolar concentration (Cano) and the airway region is
described using two parameters, the airway diffusing capacity
(Dawno) and either the airway wall concentration (Cawyo) or
the maximum airway wall flux (J'awyo; equal to the product
DawnoCawyno). A recent review describes this model in
greater detail and the analytical methods (i.e. breathing
maneuvers combined with the mathematical model) used
to estimate the airway and alveolar parameters [30].

With the exception of the model by Tsoukias and George,
the early models neglected the trumpet shape of the airways
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and assumed a cylindrical shape, and all of the early models
neglected axial (longitudinal) diffusion of NO in the gas
phase. More recently, experimental and theoretical evidence
demonstrated that these physical and anatomical features of
NO exchange were not negligible and should be considered in
more comprehensive models of NO exchange [31-34]. In the
past 2 years, Shin et al. [35] and Condorelli et al. [36] have
presented simplified techniques that included a two-com-
partment model that considered both axial diffusion and the
trumpet shape in combination with a series of breathholds
(convective term neglected in Eq. (2)) or a series of constant
flow steady state (time derivative neglected in Eq. (2)) breath-
ing maneuvers.

Although the most recent NO exchange model has
incorporated axial diffusion and the trumpet shape of the
airway tree, a more advanced model to characterize NO
exchange in diseased airways such as asthma is necessary.
Perhaps the next most important step is to consider ventila-
tion and NO production heterogeneity (see Outstanding
issues). There is significant experimental evidence that prox-
imal and distal airways in asthma empty and fill in a hetero-
geneous pattern [37,38] and that NO production may
also vary significantly within different regions of the airways
[39-41].

Model translation to humans

The translation of the NO production, consumption and
transport models to humans is well underway at the macro-
scopic level. The use of exhaled NO concentration is rapidly
entering the clinical arena, and the analytical instrument
produced by Aerocrine, Ltd (Sweden) has received FDA
approval. Furthermore, numerous studies have applied the
two-compartment model to disease or altered physiological
states such as asthma, sarcoidosis, COPD, cystic fibrosis, lung
transplant and smoking. The next two critical steps are to (1)
align specific features of the model to features of a disease (e.g.
heterogeneous ventilation patterns in asthma) and (2) inte-
grate microscopic and mesoscopic experimental data and
models into the macroscopic model to gain a systems-level
understanding of NO metabolism in the lungs (see Outstand-
ing issues).

Conclusions

Over the past 20 years our knowledge of the physiological and
biological functions that NO mediates in the lungs has stea-
dily increased. It is clear now that NO has major roles in
vascular tone (bronchial and pulmonary circulations),
bronchomotor tone and the immune response. As such,
manipulating NO biology pharmacologically has exciting
opportunities to modulate the pathology of such prevalent
diseases as asthma and COPD. A critical step in our under-
standing has been in silico modeling of NO production,
transport and consumption at significantly different length
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scales. Further integration of micro-, meso- and macroscopic
models with experimental observations promises a more
complete understanding of NO biology in the lungs.

Outstanding issues

e Experimental data on intracellular compartmentalization of enzymes
and substrates which manipulate NO biology.

e Microscopic models which integrate enzymatic and non-enzymatic
chemical reactions of nitrogen oxide intermediates.

o Experimental data on NO production rates from specific cell types in
vitro and in vivo.

o Integration of microscopic experimental data and models into
mesoscopic and macroscopic models of NO production, transport
and consumption.

e Macroscopic models of NO metabolism which are more closely
aligned with the pathophysiology of lung diseases.
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