Nitric Oxide xxx (2011) xxx–xxx

Contents lists available at ScienceDirect

Nitric Oxide
journal homepage: www.elsevier.com/locate/yniox

Modeling gas phase nitric oxide release in lung epithelial cells
Jingjing Jiang a, Steven C. George a,b,c,⇑
a

Department of Biomedical Engineering, University of California, Irvine, CA 92697, United States
Department of Chemical Engineering and Material Science, University of California, Irvine, CA 92697, United States
c
Edwards Lifesciences Center for Advanced Cardiovascular Technology, University of California, Irvine, CA 92697, United States
b

a r t i c l e

i n f o

Article history:
Received 26 January 2011
Revised 21 April 2011
Available online xxxx
Keywords:
Arginase
Nitric oxide synthase
L-Arginine

a b s t r a c t
Nitric oxide (NO) is present in exhaled breath and is generally considered to be a noninvasive marker of
airway inﬂammation, and is thus of particular relevance to monitoring asthma. NO is produced when Larginine is converted to L-citrulline by NO synthase (NOS); however, L-arginine is also the substrate for
arginase and both enzymes are upregulated in asthma. Recent reports have speculated that enhanced
expression of one or both enzymes could lead to a limitation in substrate availability, and hence impact
downstream targets or markers such as exhaled NO. The non-linear nature and vastly different kinetics of
the enzymes make predictions difﬁcult, particularly over the wide range of enzyme activity between
baseline and inﬂammation. In this study, we developed a steady state model of L-arginine transmembrane transport, NO production, diffusion, and gas phase NO release from lung epithelial cells. We validated our model with experimental results of gas phase NO release and intracellular L-arginine
concentration in A549 cells, and then performed a sensitivity analysis to determine relative impact of
each enzyme on NO production. Our model predicts intracellular L-arginine and gas phase NO release
over a wide range of initial extracellular L-arginine concentrations following stimulation with cytomix
(10 ng/ml TNF-a, IL-1b, and INF-c). Relative sensitivity analysis demonstrates that enhanced arginase
activity has little impact on L-arginine bioavailability for NOS. In addition, NOS activity is the dominant
parameter which impacts gas phase NO release.
Ó 2011 Elsevier Inc. All rights reserved.

Introduction
Nitric oxide (NO) is a reactive, free radical that plays important
roles in many regulatory functions, including smooth muscle relaxation, immune response and neurotransmission. The concentration
of nitric oxide in the exhaled breath (eNO or FENO) is a potential
noninvasive biomarker of inﬂammation in asthma. Inﬂammatory
stimuli such as IL-1b, TNF-a, IFN-c, and IL-13 can induce inducible
NOS (iNOS) expression [1–3] in airway epithelial cells, which has
been proposed to be the main source of exhaled NO [4]. However,
the clinical application of exhaled NO as a biomarker remains limited as signiﬁcant intersubject variability has been reported within
clinically similar individuals [5–7].
NO is produced when L-arginine is converted to L-citrulline by
NO synthase (NOS). Interestingly, L-arginine is also the substrate
for arginase, which produces urea and L-ornithine. L-Ornithine is
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a precursor for polyamines and L-proline, which are involved in cell
proliferation and collagen synthesis, respectively. Asthma is a
disease characterized by both inﬂammation and ﬁbrosis. Not
surprisingly, recent studies have reported elevated levels of arginase in subjects with asthma [8] leading to the hypothesis that
competition for L-arginine between NOS and arginase could limit
substrate availability for one or both enzymes and thus impact
downstream pathways or markers such as eNO.
Although arginase activity has been associated with inhibition
of NO production in activated macrophages [9] and bovine pulmonary arterial endothelial cells [10], the mechanism is poorly
understood and complicated by several factors. Unfortunately,
the kinetics of NOS and arginase are non-linear (generally obeying
Michelis–Menten kinetics), and the kinetic model parameters (i.e.,
Km and Vmax) vary by orders of magnitude between enzymes and
following exposure to inﬂammatory cytokines. For example, NOS
afﬁnity for L-arginine (Km ﬃ 2–20 lM) is three orders of magnitude
higher than arginase (Km ﬃ 2–20 mM); however the total enzyme
activity (Vmax) of NOS is approximately three times smaller than
arginase [11]. Furthermore, the transmembrane uptake of extracellular L-arginine into the cell is via speciﬁc cationic amino acid
transporters (CATs) [12], which can also be described by non-linear
and saturable kinetics.
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A simple model has been previously presented to describe
the competition between arginase and iNOS and predict the
consequences of arginase inhibition in the presence of NOS on Larginine availability in macrophages [13]. According to this model,
arginase activity needs to exceed a critical threshold to regulate NO
synthesis. However, this model did not consider transmembrane Larginine transport, and the impact of variable kinetic parameters.
In addition, no model has been developed to describe NO production, diffusion and gas phase release from lung epithelial cells.
We have previously reported an in vitro airway epithelial cell
culture model for direct gas phase NO measurement [2,3]. In this
study, our aims are to (1) develop a steady state model of gas phase
NO release from lung epithelial cells; (2) validate the model results
with experimental data from A549 cells; and (3) perform a sensitivity analysis of the model parameters to determine their relative
importance in understanding gas phase release from lung epithelial cells.

Materials and methods
Cell culture
A549 cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD) and cultured as previously described
[2]. A549 cells are a model of human alveolar Type II cells and have
been used extensively to understand NO biochemistry [14,15]. In
brief, A549 cells were grown on T-75 ﬂasks (Corning, Fisher) in a
37 °C, 5% CO2/95% air incubator in F12-K medium (ATCC, Rockville,
MD) containing 10% fetal bovine serum (Mediatech, VA). When
subconﬂuent, cells were trypsinized and seeded onto Costar polyester TranswellsÒ inserts with 0.4 lm pore size (Corning, Fisher)
at a density of 1.5  105 cells/well. Once the cells reached conﬂuence, they were shifted to an air–liquid interface (medium only
in the basal lateral compartment) for 2 days. L-Arginine-free media
was used 24 h before exposure to cytokines. The cells were then
cultured in medium with 50, 100, or 1000 lM L-arginine. The cytokine activation of cells was performed with a combination of TNFa, IL-1b, IFN-c (10 ng/ml each, R&D Systems, Minneapolis, MN)
commonly referred to as cytomix. A series of endpoints related
to NO production, NOS expression, and arginase expression were
then monitored for 48 h.

Model development
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Real time gas phase NO measurement
Direct gas phase NO was measured in the air–liquid interface
culture system as previously described [2,3]. In brief, 12-well
TranswellÒ plates were ﬁtted with modiﬁed lids, and edges were
sealed to form a gas tight enclosure. One of the holes on the top
surface of the lid was connected to the inlet of a chemiluminescent
nitric oxide analyzer (NOA 280, Sievers, Boulder, CO) and ﬂow (Q)
was controlled at 40 ml/min. The NO concentration in the gas
phase over the cells reaches a plateau value, Cp (ppb), representing
the steady state NO release into the gas phase after the washout of
accumulated NO from the headspace. Cp was determined by ﬁtting
an exponential form to the smoothed transient response, as previously described [2,3].
Intracellular L-arginine concentration measurement
Cells were washed twice with PBS and lysed with RIPA buffer
without TRIS. The analysis of L-arginine concentration was performed by the Protein Chemistry Lab (Texas A&M University, College Station, TX). The intracellular concentration of L-arginine
was then estimated following correction of dilution.

V hmax
V lmax
V NOS
max
V arg
max
V_ NO
V_ urea
V_ trans
Ve

surface area of the epithelial monolayer (cm2)
effective surface area for NO diffusion to the
medium (cm2)
extracellular L-arginine concentration (lM,
lmol l1)
intracellular L-arginine concentration (lM,
micromole l1)
dimensionless number representing the ratio
between the rate of NO production and the rate of
NO diffusion in the epithelial cell
gas phase NO concentration from lung epithelium
release (mole ml1)
intracellular NO concentration (mole ml1)
NO concentration in the medium (mole ml1)
diffusion coefﬁcient of NO within the epithelium
(cm2/s)
diffusion coefﬁcient of NO in the medium (cm2/s)
coefﬁcient of proportionality between NOS activity
and transmembrane L-arginine uptake
diffusion ﬂux of NO to the air at position x = L
(mole cm2 s1)
diffusion ﬂux to the medium at position x = 0
(mole cm2 s1)
mass transfer coefﬁcient between epithelium and
medium (cm s1)
Michelis–Menten afﬁnity of arginase for L-arginine
(micromole cm3)
Michelis–Menten afﬁnity of the high afﬁnity CAT
transporter for L-arginine (micromole cm3)
Michelis–Menten afﬁnity of the low afﬁnity CAT
transporter for L-arginine (micromole cm3)
Michelis–Menten afﬁnity of NOS for L-arginine
(micromole cm3)
epithelium thickness (lm)
thickness of medium in the bottom compartment
(lm)
porosity of the 0.4 micron polyester Transwell
membrane (0.005)
ﬂow of air within the headspace over the
epithelium(ml min1)
maximal high afﬁnity CAT transport rate (lM,
micromole l1)
maximal high afﬁnity CAT transport rate (lM,
micromole l1)
maximal NOS reaction velocity
(micromole l1 min1)
maximal arginase reaction velocity
(micromole l1 min1)
rate of NO production from iNOS
(micromole l1 min1)
rate of urea production from arginase
(micromole l1 min1)
rate of transmembrane L-arginine transport
(micromole l1 min1)
volume of epithelial monolayer (cm3)

Fig. 1 is a schematic of L-arginine transmembrane transport, NO
production from NOS, intracellular diffusion of NO, and gas phase
release from an epithelial cell (Fig. 1A) and from the monolayer as
a whole (Fig. 1B). Two CAT transporters of the y+ family, the high
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J NO;L Ae  QC gNO ¼ 0

ð6Þ

Finally, a previous study has demonstrated that NOS activity
_
(V NOS
max ) strongly correlates with L-arginine uptake rate V trans [19]
in a linear (r2 = 0.8) fashion, or we can write,

_
V NOS
max ¼ hV trans

ð7Þ

Inserting Eq. (7) into Eq. (5), then adding Eqs. (5) and (6), and rearranging produces the following result for the rate of NO release
from the epithelial monolayer,

QC gNO ¼ J NO;L ¼

hV_ trans Argin
K NOS
m þ Argin

Ve

ð8Þ

Eqs. (1)–(4), and (8) comprise the governing model equations for
steady state intracellular L-arginine concentration and gas phase
NO release from the epithelial monolayer.
Solution of governing equations
Fig. 1. Schematic of L-arginine transmembrane transport, NO production from NOS,
intracellular diffusion of NO, and gas phase release. (A) Individual epithelial cell; (B)
monolayer of epithelial cells. Extracellular L-arginine (Argex) is transported into
airway epithelial cells through CAT transporters on the cell membrane. Intracellular
L-arginine (Argin) is the substrate for both NOS, yielding NO and L-citrulline, and
arginase, yielding L-ornithine and urea. Once NO is produced, two potential fates are
considered in this model: (1) diffusion as a free molecule towards the air, and (2)
diffusion towards the medium and is converted into nitrite/nitrate. The latter is
negligible for the conditions of the experiments in this study as shown in the
Appendix.

afﬁnity CAT1 and the low afﬁnity CAT2B [16], model L-arginine uptake in A549 cells. Two enzymes that both use L-arginine as the substrate are included in the model: arginase and NOS. In airway
epithelial cells, constitutive NOS (eNOS) contributes negligible gas
phase NO release at baseline [2], thus only iNOS, following cytomix
exposure, is considered as a source of NO in this model. Once intracellular NO is produced, it has three primary fates: (1) diffuses as a
free molecule towards the air, (2) diffuses towards the medium and
is converted into nitrite/nitrate, (3) is consumed with oxygen or
superoxide in the presence of glutathione (GSH) to produce GSNO
[17]. It has been previously demonstrated that the majority of free
NO in exhaled NO is due to diffusion of free NO (fate #1) from the
epithelial cell [17]. Thus, fate #2 (see Appendix for details) and #3
are neglected in our model for simplicity. V_ NO ; V_ arg , and V_ trans [18]
are all modeled using Michaelis–Menten-type kinetics,

V_ trans ¼

1
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V NOS
max Argin
V_ NO ¼ NOS
K m þ Argin

ð2Þ

V arg
max Argin
V_ urea ¼ arg
K m þ Argin

ð3Þ

The rate of intracellular NO diffusion is much greater than the
rate of NO production (see Appendix for details). As a result, NO
concentration within the epithelial cell can be considered ‘‘wellmixed’’ or without spatial gradients. Furthermore, the intracellular
L-arginine concentration changes slowly in time (pseudo steady
state). One can then conserve intracellular L-arginine, intracellular
NO, and NO in the gas phase, respectively, and write the following
three mass balance equations,

V_ trans þ V_ urea þ V_ no ¼ 0
V NOS
max Argin
K NOS
m þ Argin

V e  J NO;L Ae ¼ 0

ð4Þ
ð5Þ

The governing model equations (Eqs. (1)–(4), and (8)) represent
the steady mass balance for L-arginine transport, NO production
and gas phase release. There are two dependent variables (J NO;L
and Argin ) and eight independent parameters (Table 1). These nonlinear algebraic equations are solved using Matlab (Natick, MA) on
a personal computer.
Sensitivity analysis
The major purpose of the sensitivity analysis is to identify the
input (independent) parameters that have the most signiﬁcant impact on the output (dependent) parameters in an effort to understand the dynamics which impact gas phase NO release. We have
chosen to use Latin Hypercube Sampling (LHS) to perform the sensitivity analysis as it is computationally more efﬁcient than Monte
Carlo sampling, and considers the uncertainty of all input parameters simultaneously. LHS has been successfully used previously in
physiological modeling [17,20].
The ﬁrst step in LHS is to estimate central (or baseline) values
for the input parameters, as well as an estimate of their uncertainty. Table 1 summarizes the values for the eight input parameters and the sources from the literature. A high uncertainty value
(80%) was assigned to the Vmax of all enzymes because cytokines
can potentially regulate enzyme expression and activity, and only
limited data is available for Vmax in this particular experiment setting. In contrast, Km has a relatively low uncertainty (50%) because
these parameters are less susceptible to change following cytokines exposure. Three different Argex (50, 100, 1000 lM) were used
for three different sets of simulations.
The next step is to divide each model input parameter into 100
equally probable values where the mean is the central value, and
the range (minimum and maximum value) is the central value plus

Table 1
Latin hypercube sampling parameters, central value and uncertainty range.
Symbol

Central value

Uncertainty (%)

Source

K hm

110 lM

50

[40]

V hm

625 lM/min

80

[16]

K lm

320 lM

50

[40]

V lm
V arg
max
K arg
m
h

1300 lM

80

[16,40]

1400 lM/min
10,000 lM
0.01
10 lM

80
50
80
50

[12]
[12]
[41]
[12]

K NOS
m
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or minus the uncertainty. The choice of 100 values for each parameter is somewhat arbitrary, but the recommended minimum is
twice the number of input parameters (or 16 for our model) [20].
A large number of simulations improves the statistical signiﬁcance
of the results. Each model simulation then utilizes a random selection of the input parameters without replacement; thus, for each of
the 100 simulations, the set of input parameters are unique. Three
sets of 100 simulations were performed, one for each value of
Argex.
The sensitivity index of each parameter from LHS is the partialrank correlation coefﬁcient, b, for each parameter following multiple linear regression of the model simulations, deﬁned by,

Y ki ¼ k þ bi;1 X k1 þ bi;2 X k2 þ    þ bi;n X kn

ð9Þ

where Y is the value of the model output, k is a constant, X is the
value for the model input parameter, k is the simulation number,
i is the speciﬁc model output, and n is the number of model inputs.
All model outputs and inputs are normalized by the central value
(Table 1), and then multiple-linear regression is used to determine
the values of b. 95% conﬁdence intervals are used to determine if the
values are statistically different from zero. In essence, LHS approximates a non-linear model in linear form, and the speciﬁc linear
coefﬁcient (i.e., b) is the relative sensitivity coefﬁcient, S, of the
model output to the speciﬁc input deﬁned as,

Si;n ¼

@Y i
¼ bi;n
@X n

ð10Þ

Results
L-Arginine

concentration in lung epithelial cells

The average experimental Argin increases from 665 lM to
920 lM and ﬁnally to 1767 lM as Argex increases from 50 lM to
100 lM, and then to 1000 lM (Fig. 2A, n = 3). The mean model predicted values for Argin are 719 lM, 988 lM, and 1792 lM, for Argex
of 50 lM, 100 lM, and 1000 lM. Median and quartiles of modelpredicted Argin are presented in Fig. 2A, and easily encompass
the experimental values. Hence, our model predicts comparable
values and a similar trend as the experimental results. Importantly,
no parameter optimization was employed to achieve the simulation result.
Gas phase NO release from lung epithelial cells
Cytokine-induced experimental maximum J NO;L increases from
0.19 to 0.34, and ﬁnally 0.90 pl NO s1 cm2 (corresponding to
C gNO of 0.32–0.57 and ﬁnally 1.5 ppb) (Fig. 2B, n = 3) for Argex of
50 lM, 100 lM, and 1000 lM, respectively. Model-predicted J NO;L
increases from 0.36 to 0.47, and ﬁnally to 0.81 pl s1 cm2 (corresponding to C gNO of 0.6–0.79 and ﬁnally 1.4 ppb). Median and quartiles of model-predicted J NO;L are shown in Fig. 2B. Thus, our modelpredicted NO concentration and ﬂux are similar in absolute values
and trend as results obtained experimentally without the need to
perform parameter optimization.
Sensitivity analysis
Fig. 3 presents the relative sensitivity coefﬁcients as a function
of Argex for both model outputs, Argin and J NO;L . Argin depends
strongly on the parameters describing the CAT transmembrane
arg
transporters and arginase (both K arg
m and V max ) and the sensitivity
is essentially independent of the extracellular L-arginine concentration over a range from 1 to 1000 lM. Increased CAT activity
leads to an increase in Argin, and enhanced arginase activity results

Fig. 2. Experimental and model-predicted Argin and JNO,L from lung epithelial cells.
The boundary of the box closest to zero indicates the 25th percentile and the
boundary of the box farthest from zero indicates the 75th percentile. Lines within
the boxes represent median value. Vertical bars represent 10–90th percentiles.
Closed black triangles represent cytomix-induced experimental results. (A) Intracellular L-arginine (Argin); (B) gas phase NO release from lung epithelial cells (JNO,L).

in a decrease of Argin (Fig. 3A). When Argex is low (less than 5 lM),
NOS activity (V NOS
max ) inﬂuences Argin (Fig. 3A). For J NO;L , the dominate
parameter is V NOS
max over the entire concentration range of Argex,
indicating that NOS activity is the major determinant of gas phase
NO release. Our model demonstrates that even when Argex is very
low (<5 lM), variation in arginase activity has a negligible impact
on NO production (Fig. 3B).

Discussion
Previous studies have suggested that both L-arginine transport
and arginase activity regulate NOS activity by limiting the availability of L-arginine. The purpose of this study was to establish
and validate a steady state model of gas phase NO release from
lung epithelial cells, and determine the relative importance of
key parameters. We developed a simple model of L-arginine transport, NOS and arginase competition, NO production, diffusion and
gas phase release in airway epithelial cells. Our model accurately
predicts experimentally obtained values of intracellular L-arginine
and gas phase NO concentration. Sensitivity analysis demonstrates
that intracellular L-arginine depends strongly on transmembrane
transport and arginase activity, but does not signiﬁcantly impact
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Fig. 3. Relative sensitivity coefﬁcients. Following Latin Hypercube Sampling, all
model outputs and inputs are normalized by the central or mean value, and then
multiple-linear regression is used to determine the values of the relative sensitivity
coefﬁcients. Coefﬁcients that are signiﬁcantly from zero, are shown. (A) Relative
sensitivity coefﬁcients of the parameters when Argin is the output. (B) Relative
sensitivity coefﬁcients of the parameters when JNO,L is the output. A negative value
indicates an inverse relationship between an input parameter and the output.

gas phase NO release. NOS activity is the dominant parameter
impacting NO release.
Asthmatic and normal plasma arginine levels are 45 lM and
94 lM, respectively [21], which are similar to the lower levels of
Argex used in our experiments and model simulations. Interestingly, unlike iron and other molecules, the transmembrane transport of L-arginine is facilitated, resulting in higher intracellular
concentrations than extracellular, as previously reported [22].
Our observation that Argin is sensitive to CAT activity (V lmax and
V hmax ) is consistent with an Argin (1–2 mM) that is signiﬁcantly
lower than K arg
m (10 mM); that is, enhanced overall transport of
L-arginine results in an increase in Argin as there is little enhanced
activity from arginase and the small activity from NOS is
saturated.
Furthermore, our observation that enhanced arginase activity
decreases Argin suggests that enhanced arginase activity might
limit the bioavailability of Argin for NOS and thus impact C gno . Indeed, increased expression of arginase in airway epithelial cells
has been suggested to lead to low exhaled NO in smoking asthmatic subjects, indicating that increased arginase expression and
activity may contribute to limited substrate availability for iNOS
resulting in less NO production [23]. However, our model predicts
that arginase activity has a negligible impact on C gno , even when Argex is very low (<5 lM). This prediction can be explained by noting
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that Argin is well above the Vmax of iNOS, and should be sufﬁcient to
saturate iNOS.
Interestingly, we did observe, both theoretically and experimentally, an increase in C gno as Argex and Argin increase. This phenomenon has been previously reported and termed the ‘‘arginine
paradox’’. For example, both inhaled or ingested arginine increases
exhaled NO in human airways [24,25] despite Argin being much
larger than K NOS
m . The mechanism underlying the arginine paradox
remains unclear, although several explanations have been proposed. One theory is that L-arginine concentration inside the cell
is not spatially uniform, and the L-arginine concentration that
NOS effectively accesses is distinct from the bulk cytosolic L-arginine (e.g., multiple intracellular arginine pools exist) [19,26]. It
has been proposed that NO signaling occurs through caveolae, a
subcompartment of the plasma membrane [27]. Because of this
membrane-bound receptor-mediated process, NOS activation in
certain cells (e.g., endothelial cells) might require extracellular Larginine [27]. Another explanation for the arginine paradox could
be the presence of the endogenous NOS inhibitor asymmetric
dimethylarginine(ADMA), which could modulate NO production
by antagonizing intracellular L-arginine [28,29].
An alternative theory for the arginine paradox is that NOS activity (i.e., V NOS
max ) increases as L-arginine concentration increases. This
is consistent with the previous report that transmembrane L-arginine transport, which would increase intracellular L-arginine, enhances NOS activity [21] and consistent with the development of
our model (Eq. (7)). Alternatively, a previous study has shown that
L-arginine deﬁciency speciﬁcally impaired the stability of iNOS
mRNA [30] or protein [31]. In another words, if the accessible Larginine pool for NOS is depleted by arginase, NOS activity could
decrease leading to a reduced C gno . However, our western blot of
iNOS protein expression in A549 cells does not demonstrate a signiﬁcant dependence on Argex (data not shown). Thus, based on our
results, we propose that the most probable explanation for the
arginine paradox in airway epithelial cells is either sequestered
intracellular L-arginine and/or NOS activity linked in a positive
manner with transmembrane transport of L-arginine.
Finally, our model results suggest that V NOS
max is the most important factor in determining NO release from lung epithelial cells.
This prediction is consistent with our previous in vitro observations
that gas phase NO release and NOS protein change in similar patterns both temporally and in magnitude [2,3]. In addition, this prediction is consistent with in vitro and in vivo observations that iNOS
is expressed in the airway epithelium of asthmatic subjects, and
corticosteroids decrease both iNOS expression, and exhaled NO
[32–35].
For simplicity, our model neglects the NO reactions with GSH
and either oxygen or superoxide, does not consider the compartmentalization of intracellular L-arginine, and the simultaneous
production of superoxide by NOS when L-arginine is limited [36].
Future modeling might need to consider the above reactions as
well as how the impact of inﬂammation as natural extensions of
the model.
In summary, we constructed a steady state model of NO release
from lung epithelial cells, and identiﬁed that the most important
factor is NOS expression and activity. While arginase activity can
impact intracellular L-arginine, it has a negligible effect on available stores of L-arginine for NOS. As such, we conclude that factors
which directly impact NOS protein activity (e.g., inﬂammatory
cytokines) will have the greatest impact on NO release from lung
epithelial cells, and thus exhaled NO.
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A steady state differential mass balance over a thickness Dx
(Fig. 1) of NO within the epithelial cell can be used to derive the
differential expression for C eNO ðxÞ. NO can diffuse into or out of
the control volume obeying Fick’s 1st Law at a rate of J NO Ae (mol
e
NO/s, where J NO ¼ DNO;e Ae dC NO =dx) evaluated at x and x + Dx,
respectively. Within the control volume, NO is produced at a rate
per unit volume V_ NO , or.

0 ¼ DNO;e Ae

 e x
dC NO
þ V_ NO Ae Dx
dx xþDx

ðA:1Þ

By dividing both sides of the mass balance by the volume (AeDx)
and taking the limit as Dx approaches 0, one arrives at,

0 ¼ DNO;e

@ 2 C eNO _
þ V NO
@x2

ðA:2Þ

where the ﬁrst term represents diffusion of NO, and the second the
production from NOS. One can then substitute Eq. (2) into Eq. (A.2),
and non-dimensionalize the mass balance to arrive at,

0¼

@ 2 C eNO
þa
@ x2

ðA:3Þ

where the overbar represents dimensionless concentration (concentration normalized by a maximum concentration) and dimensionless distance (position normalized by the thickness of the
epithelial cell, Le). a is a dimensionless group representing the ratio
of the rate of NO production divided by the rate of NO diffusion,

a¼

NOS
V NOS
max =K m

DNO;e =L2

¼

rate of NO production
rate of NO diffusion

ðA:4Þ

Using reasonable estimates for the parameters that comprise a
1
NOS
ðV NOS
 10 lM
[11];
DNO;e  3:3  105
max  1:5 lM min ; K m
cm2 =s [37]; L  10 lm [38]), one can readily determine that
a  0.000075 or a  1. Thus, the rate of intracellular NO diffusion
is much greater than the rate of NO production.
A.2. Rate of NO diffusion toward the medium compared to rate of NO
production
The diffusion ﬂux from the epithelium to medium (JNO,0) can be
expressed using a mass transfer coefﬁcient (km) multiplied by the
concentration difference between epithelium ðC eNO Þ and medium
ðC m
NO Þ [17],

J NO;0 ¼ km ðC eNO  C m
NO ÞAm p

ðA:5Þ

where p is the porosity of the Transwell membrane (0.005). The
central value for km between the epithelium and the medium is described by considering the thickness and diffusion coefﬁcients of NO
in both the epithelium and medium [17], and assuming the solubility of NO in the cell and medium are equal [39],

km ¼



L=2
Lm =2
þ
DNO;e DNO;m

1
ðA:6Þ

Using reasonable estimates for the parameters that comprise km
(Le  10 lm, Lm  1 mm, DNO;e  3:2  105 cm2 =s; DNO;m  9:6
105 cm2 =s (the diffusion coefﬁcient of NO in medium is approximated as that in water, which is threefold of its value in the epithelium [17])), C eNO  0:2 nM [17], C m
NO  0 [17], and Argin  1 mM, one
can demonstrate that

hV_ trans Argin
K NOS
m þArgin

V e  km C eNO Am p (more than four or-

ders of magnitude). In other words, the rate of NO production is
much larger than the rate of NO diffusion into the medium.

Please cite this article in press as: J. Jiang, S.C. George, Modeling gas phase nitric oxide release in lung epithelial cells, Nitric Oxide (2011), doi:10.1016/
j.niox.2011.04.010

J. Jiang, S.C. George / Nitric Oxide xxx (2011) xxx–xxx
[30] J. Lee, H. Ryu, R.J. Ferrante, S.M. Morris Jr., R.R. Ratan, Translational control of
inducible nitric oxide synthase expression by arginine can explain the arginine
paradox, Proc. Natl. Acad. Sci. USA 100 (2003) 4843–4848.
[31] S. El-Gayar, H. Thuring-Nahler, J. Pfeilschifter, M. Rollinghoff, C. Bogdan,
Translational control of inducible nitric oxide synthase by IL-13 and arginine
availability in inﬂammatory macrophages, J. Immunol. 171 (2003) 4561–4568.
[32] F.H. Guo, H.R. De Raeve, T.W. Rice, D.J. Stuehr, F.B. Thunnissen, S.C. Erzurum,
Continuous nitric oxide synthesis by inducible nitric oxide synthase in normal
human airway epithelium in vivo, Proc. Natl. Acad. Sci. USA 92 (1995) 7809–
7813.
[33] Q. Hamid, D.R. Springall, V. Riveros-Moreno, P. Chanez, P. Howarth, A.
Redington, J. Bousquet, P. Godard, S. Holgate, J.M. Polak, Induction of nitric
oxide synthase in asthma, Lancet 342 (1993) 1510–1513.
[34] A.E. Redington, Q.H. Meng, D.R. Springall, T.J. Evans, C. Creminon, J. Maclouf,
S.T. Holgate, P.H. Howarth, J.M. Polak, Increased expression of inducible nitric
oxide synthase and cyclo-oxygenase-2 in the airway epithelium of asthmatic
subjects and regulation by corticosteroid treatment, Thorax 56 (2001) 351–
357.
[35] R.A. Robbins, P.J. Barnes, D.R. Springall, J.B. Warren, O.J. Kwon, L.D.K. Buttery,
A.J. Wilson, D.A. Geller, J.M. Polak, Expression of inducible nitric oxide

[36]

[37]
[38]

[39]
[40]

[41]

7

synthase in human bronchial epithelial cells, Biochem. Biophys. Res.
Commun. 203 (1994) 9.
H. Meurs, H. Maarsingh, J. Zaagsma, Arginase and asthma: novel insights into
nitric oxide homeostasis and airway hyperresponsiveness, Trends Pharmacol.
Sci. 24 (2003) 450–455.
P. Condorelli, S.C. George, Free nitric oxide diffusion in the bronchial
microcirculation, Am. J. Physiol. Heart Circ. Physiol. 283 (2002) H2660–H2670.
H. Mochizuki, Y. Ohki, H. Arakawa, K. Tokuyama, A. Morikawa, Effect of
ultrasonically nebulized distilled water on airway epithelial cell swelling in
guinea pigs, J. Appl. Physiol. 86 (1999) 1505–1512.
N.M. Tsoukias, S.C. George, A two-compartment model of pulmonary nitric
oxide exchange dynamics, J. Appl. Physiol. 85 (1998) 653–666.
E.I. Closs, P. Graf, A. Habermeier, J.M. Cunningham, U. Forstermann, Human
cationic amino acid transporters hCAT-1, hCAT-2A, and hCAT-2B: three related
carriers with distinct transport properties, Biochemistry 36 (1997) 6462–6468.
K. Asano, C.B. Chee, B. Gaston, C.M. Lilly, C. Gerard, J.M. Drazen, J.S. Stamler,
Constitutive and inducible nitric oxide synthase gene expression, regulation,
and activity in human lung epithelial cells, Proc. Natl. Acad. Sci. USA 91 (1994)
10089–10093.

Please cite this article in press as: J. Jiang, S.C. George, Modeling gas phase nitric oxide release in lung epithelial cells, Nitric Oxide (2011), doi:10.1016/
j.niox.2011.04.010

