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Purpose. Nitric oxide and superoxide are the two important free radicals in the biological system. The
coexistence of both free radicals in the physiological milieu gives rise to intricate oxidative and
nitrosative reactions, which have been implicated in many physiological and/or pathophysiological
conditions, such as vasodilatation and inflammation. It is difficult, if not impossible, to study the
complexity of the nitric oxide/superoxide system using current experimental approaches. Computational
modeling thus offers an alternative way for studying the problem.

Methods. In this present study, key reaction pathways related to the generation, reaction and scavenging
of both nitric oxide and superoxide were integrated into a reaction network. The network dynamics was
investigated by numerical simulations to a set of coupled differential equations and by dynamical
analysis. Two specific questions pertaining to the reaction kinetics of the reactive chemical species in the
nitric oxide/superoxide system were studied: (1) how does the system respond dynamically when the
generation rate of nitric oxide and superoxide varies? (2) how would antioxidants such as glutathione
modulate the system dynamics?

Results. While changing basal GSH levels does not alter the kinetics of nitric oxide, superoxide, and
peroxynitrite, the kinetic profiles of N,O3;, GSNO and GSH are sensitive to the variation of basal GSH
levels. The kinetics of the potential nitrosative species, N,Os3, is switch like, which is dependent on the
level of GSH.

Conclusions. The model predicts that concurrent high nitric oxide and superoxide generation—such as
in the inflammatory conditions—may result in nonlinear system dynamics, and glutathione may serve as
a dynamic switch of N,O3; mediated nitrosation reaction.

KEY WORDS: antioxidants; glutathione; in silico; modeling and simulation; nitric oxide; superoxide.

INTRODUCTION

The free radical nitric oxide (NO) mediates a large
number of physiological and pathophysiological processes.
Despite more than a decade of intensive research, many as-
pects of NO physiological chemistry remain both paradoxical
and controversial. At low concentrations (~nM), NO mod-
ulates normal physiological functions such as regulation of
vascular tone and intracellular signaling via a direct interac-
tion with its targets (1). However, high NO levels can induce
cytotoxicity, presumably attributable to oxidative and nitro-
sative stresses (1). Elevated NO levels present at inflamma-
tory sites provide the opportunity for NO to compete with
superoxide dismutase (SOD) for reactions with superoxide
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(O;), thereby generating the highly reactive and cytotoxic
peroxynitrite (ONOO™) molecule (2). Our previous study
showed that low [SOD] stimulated—whereas high [SOD]
attenuated—NO-mediated nitrosation reaction, and that
glutathione (GSH) modulated the biphasic effect of SOD
(3). The results suggest that the consequences of oxidative
and nitrosative chemistry may depend heavily on a delicate
balance among the processes that govern the formation and
elimination of NO and O,

Because of the complex nature of NO and technical
difficulties in studying its biological features, computational
modeling has been used as an alternative tool for under-
standing diverse aspects of NO, which included (i) the bio-
transport of NO (4-8); (ii) kinetics related to the generation
and reaction of NO (9-16); (iii) functions of NO in physi-
ological and pathophysiological processes, such as neural
signaling (17) and wound healing (18); (iv) mechanistic role
of NO on the activation of soluble guanylyl cyclase (19). For
example, mathematical modeling of NO diffusion predicted
that NO is not a locally acting mediator, due to its rapid and
wide spread diffusibility. Thus, one NO-producing cell can
affect many hundred of its neighboring cells (20). Modeling
approaches were also applied to examine the processes in the
interaction of ONOO™ with low-density lipoproteins (LDLs)
in the plasma (12-14). The kinetic model predicted that
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plasma [ONOO ] should be in nM range and ONOO "~ is a
potential candidate for initiating peroxidation of LDLs (11).
Once ONOO ™ is formed, antioxidants have little effect on
the ONOO™ level (12). Furthermore, a reaction/diffusion
model was used to explore the movement of ONOO  into
the LDL particle (13).

The formation of NO in the tissue is catalyzed by nitric
oxide synthases (NOS), which are heme-containing enzymes.
The expression of the different NOS isoforms is regulated by
diverse mechanisms (21). While NOS1 [NOS I, neuronal
NOS (nNOS)] and NOS3 [NOS III, endothelial NOS
(eNOS)] are low-output, constitutive enzymes whose activi-
ties are regulated by Ca®>" and calmodulin, NOS2 [NOS II,
inducible NOS (iNOS)] is a high-output enzyme, which after
induction can produce a large amount of NO in a Ca*'-
independent fashion (21). Apparently, the amount of NO
produced in tissues is a dynamic process that depends on
which enzyme is involved, and where and when the enzyme is
expressed.

In tissues, NO has an extremely short half-life, on the
order of seconds (22). In addition to the high mutual re-
activity between NO and O, (23), NO also undergoes auto-
oxidation with a rate that is dependent on the concentration
of oxygen (22). Thus, both O, and O, play an important role
in the rapid scavenging of NO. The respective reaction
intermediates, N,O3; and ONOO ", for NO-O, and NO-O;
reactions were attributed to the indirect cytotoxic actions of
NO (1). While N,O5 was believed to be a strong nitrosating
agent towards targets, such as DNA and proteins, ONOO " is
a potent oxidant and has been shown to react with a large
number of biomolecules in vitro. The oxidative activity of
ONOO " contributes substantially to tissue damage in inflam-
matory and infective diseases (1).

In this present study, key reaction pathways associated
with NO-mediated nitrosative and oxidative chemistry were
integrated into a reaction network. The dynamics of this
network was then investigated. Two specific questions were
examined: (i) what is the role of GSH in modulating nitro-
sative and oxidative species, such as N;O3; and ONOO ?
(ii) how does the system behave when the generation rate of
NO and O, varies?

Fig. 1. The Model. SOD, superoxide dismutase; GPX, glutathione
peroxidase; cyt ¢, cytochrome c; GSSG, oxidized glutathione.
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Table I. The Rate Constants Used for the Simulation

Constant Value Reference

ki 1071°-1075 Ms ! Vaughn et al. (15);
Laurent er al. (16);
Savill et al. (24)

k> 1078-107° Ms™! Turner et al. (25);
O’Donnell and Azzi (26)

ks varied

ky 6.7 x 10° M 157! Huie and Padmaja (27)

ks 24 x10°M 157! Fielden et al. (28)

ke 135 x 10° M 1571 Koppenol et al. (29)

ks 2 x10°M 17! Sies et al. (30)

kg 58 x 10* M 157! Denicola et al. (31)

ko 25 x 10* M 157! Thomson et al. (32)

ko 6 x 1M %71 Jourd’heuil er al. (33)

k1 6.6 x 10" M~ 's™! Keshive et al. (34)

ki 6 x 10°M %71 Wink et al. (35)

ki3 1.6 x 103 s7! Licht et al. (36)

Vi 32 x 104 Ms™! Antunes ef al. (37)

MATERIALS AND METHODS
Model

Figure 1 integrates the reaction pathways related to NO
and its reaction products, N,O;, ONOO and nitroso-
glutathione (GSNO). The concentrations of NO, N,Os3,
ONOO"™ and GSNO as well as the free radical O, and
antioxidant GSH were simulated. The general procedure was
first to write a set of coupled differential equations based on
the law of mass action. The differential equations were then
solved simultaneously by numerical methods. Since the
reaction kinetics of the integrative system was the main
interest of this study, transport and diffusion processes were
not included in the model.

Reaction Chemistry and Rate Constants

The NO production rates were estimated to be in the
range from 1 x 107" to 1.6 x 107® M/s for adherent cells
expressing iNOS (16). Using mathematical modeling,
Vaughn et al. (15) predicted the rate of NO production by
vascular endothelium of ~107> M/s. In addition, the NO
production rate by basal epidermal cell was estimated to be
1.7 x 1077 M/s (24). Cultured keratinocyte cells (25) and
fibroblasts (26) generated O, at a rate of ~107° M/s and
~1073 MJs, respectively. The rate constants were summarized
in Table I (27-37). The rate equations for NO, O;, ONOO ",
GSNO, N,03, GSNO and GSH were:

@ = ki + k1o[GSNOJ® [05] — k4[NOJ[O; ]
~ kulNOF [0 1)
d[dotﬂ = ky — k4[NOJ[O; ] — ks[0;][SOD)]

— k19| GSNOJ*[05] (2)
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Table II. Parameter Values for the Simulation d/N,O
A0 _ (aNOP(O) - kuN:Os)GSH] (5)
Parameter Value Reference
—k13[N, O3]
(O3] 35 uM Antunes et al. (37)
[CO,] 1-25 mM Radi et al. (39) dIGSH B
[eyt c] 400 uM Radi et al. (39) [ i I_ ks — (k¢[ONOO™|[GSH] + k11[N,O5][GSH])
[SOD] 1-10 uM Beckman and Koppenol (23)
[GPX] 5.8 uM Antunes et al. (37) Vi [GSSG] (6)
K 50 uM Antunes et al. (37) K + [GSSG]
[GSH] 1-10 mM Griffith (40)
[GSSG] = [GSH],, — [GSH] — [GSNO] (7)

d[ONOO™]

= k4NOJ[0;] — ks]ONOO"][GSH]

dr Numerical Simulations
— (ko[GPX] + k5 CO5] + Koeyt c]) [ONOO] o
3 Numerical simulations of the model Egs. (1), (2), (3),
3) (4), (5), (6), (7) were carried out using NDSolve in
Mathematica 4.0 [Wolfram Research, Champagne, IL].
d[GSNO] _ NDSolve can solve stiff differential equations using Back-
dr = ks[ONOO™][GSH] + k11[N2 O3] [GSH] ward Differentiation Formulas (or Gear Formulas). The

approximation error in NDSolve is controlled by two built-
in functions of Mathematica, AccuracyGoal and Precision-

— k19|[GSNOJ*[05] (4)
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Fig. 2. Kinetic profiles of various species in the simulated scenarios with [GSH]pas.1 = 10 mM. Scenarios:
(8.) k1 = kz; (b) k1 =05 kz; (C) k1 =0.25 k2; (d) k1 =0.125 kz; (e) k1 =0.0625 k2, where kz =1x 1077 M/s for
all scenarios.
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Goal, which specify absolute and relative error, respectively.
NDSolve attempts to calculate a solution, y(x), with error less
than 107“ + |y(x)[107P, where a and p are positive integers
that represent the settings for AccuracyGoal and Precision-
Goal, respectively (38). For this study, the error was set to no
more than 107",

The model consists of seven dependent variables, which
are the chemical species to be simulated. The rate constants
ki to k; were subjected to variation, while k4 to ki3 were
fixed as constant parameters. Other constants are V., Ky,
[O2], [CO,], [cyt c], [SOD], [GPX]. The values for these
constants are shown in Table II (23,37,39,40).

RESULTS
The Model

Figure 1 is a simplified schematic to show the interrela-
tionship among various reacting species. The exact reaction
mechanism for each reaction is not shown in Fig. 1, but is
considered in formulating the rate law of each reacting
species. For example, the reaction between NO and O, was
shown to be second order with respect to NO and first order

NO (uM)

(nM)
P PR RO

ONOO™

10

0 2 3 6 8
Time (min)
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to O,, and overall a third order reaction. The third-order rate
constant (kq, in Fig. 1) has been reported in (35), as indicated
in Table I.

In this simulation study, the rate constants k; through k;
were subject to variation while the rate constants k, through
ky3 were fixed. The reason is two-fold. First, kq, k», and k3
represent the rate constant for the generation of NO, O,
and GSH, respectively, which, according to the two major
study questions of this study, were the key parameters to
manipulate. Second, while k; through k3 are associated with
cellular biochemistry and physiology and are variable in dif-
ferent cells or conditions, the other parameters are experi-
mentally measured and reported rate constants of chemical
reactions, which were directly obtained from the literature, as
indicated in Table I.

Kinetic Profiles

Figures 2, 3 and 4 show the concentration-time profiles
for NO, O,, ONOO ", N,O3, GSNO and GSH in 3 separate
simulations where the initial GSH level was varied. For each
simulation, five scenarios were considered. Each scenario had
a two-fold difference in the generation rate of NO—i.e., two-
fold difference in k;. The results indicate that changing basal
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Fig. 3. Kinetic profiles of various species in the simulated scenarios with [GSH]pasa1 = 1 mM. Scenarios:
() ky = ky; (b) ky = 0.5 k3 (¢) kg = 0.25 k3 (d) Ky = 0.125 ks (e) ky = 0.0625 ky, where k, =1 x 1077 Mis for

all scenarios.
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Fig. 4. Kinetic profiles of various species in the simulated scenarios with [GSH]pasa = 0.1 mM. Scenarios:
(a) k1 = ky; (b) ky = 0.5 ky; (c) ky = 0.25 ky; (d) ky = 0.125 ky; (€) ki = 0.0625 ky, where ky =1 x 1077 M/s for

all scenarios.

GSH levels does not alter the kinetics of NO, O;, and
ONOO ", with the steady-state concentrations being in the
micromolar, picomolar and nanomolar range, respectively
(left panels, Figs. 2, 3 and 4). The kinetics of the three species
reaches steady state within 10 min. The steady-state con-
centrations decrease (NO and ONOO ") or increase (O;)
corresponding to the reduction of k;.

The kinetic profiles of N,O3;, GSNO and GSH are
sensitive to the variation of basal GSH levels (right panels,
Figs. 2, 3 and 4). The profiles are consistent in a sense that
[GSNO] continuously increases at the expense of GSH and
N,Os;. As a result, [GSH] is depleted and the time for a com-
plete depletion depends on the basal level of GSH (Figs. 2, 3
and 4) and the input rate of NO (individual curves in each
figure). It is interesting to note that GSH and GSNO follow
zero-order kinetics before GSH is exhausted, which disobeys
second-order rate equations for these two species. This dis-
crepancy will be discussed later.

GSH as a Dynamic Switch
As indicated in the model (Fig. 1), the continuous gen-

eration of NO contributes to the formation of N,Os3, a po-
tential nitrosating agent. Strikingly, N,O3 is maintained at an

extremely low level due to the presence of GSH (Fig. 2). An
instantaneous elevation of [N,Oj3] is apparent when [GSH]
approaches a critical value (Fig. 2). The kinetic profiles are
therefore step-like. Moreover, the slower the NO-generation
rate is, the longer for this phenomenon to be initiated, and
the lower is the new steady-state [N,O3z]. When the basal
[GSH] is reduced to 1 and 0.1 mM (Figs. 3 and 4), GSH is
depleted much more quickly, followed by much earlier
switching of [N,Os] than it is at 10 mM. To further explore
the switch-like phenomenon, simulations with a zero-order
replenish of GSH were performed. The result shows that the
system responds in a switch-like fashion (Fig. 5). [N,O3] is
sensitive to the perturbation and is reduced to a new steady
state immediately. Overall, the data suggest that GSH acts as
a dynamic switch in the reaction network.

Nonlinear Dynamics at High NO and O Input Rates

To study the system behavior at high NO and O, input
rates, simulations were conducted by setting k; and k, 100
times higher, while keeping k;/k, ratios and other parameters
the same as in Fig. 2. The results show that the dynamic
patterns in Fig. 6 significantly deviate from those in Fig. 2.
The concentrations of NO are below 5 uM for all simulations
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Fig. 5. Effect of various GSH input rates on the concentration-time
profiles of N,O; and GSH, where initial [GSH] = 1 mM. Arrow:
start of zero-order GSH input (k3). k, = 6 uM/min; ky = 0.5 ky; k3 =
(a) 20 uM/min; (b) 10 pM/min; (¢) 5 uM/min; (d) 2.5 pM/min;
(e) 1.25 pM/min.

with kq/k, ratios in the range of 0.0625-0.5, but at equal NO
and O, input rate, [NO] reaches to 70 pM at steady state
(Fig. 6). Compared with Fig. 2, [NO] is relatively lower while
[O7] is higher in all scenarios in Fig. 6. The result suggests
that an increase in NO production couldn’t guarantee an
increase in [NO] as long as the input of O, is not fixed.
Another interesting result, as compared with Fig. 2, is the
elevation of [ONOO ] in Fig. 6, which suggests that the
system is more efficient in terms of the generation of
ONOO . Finally, the kinetics of N,O3;, GSNO and GSH in
the right panel of Fig. 6 coincides with the role and the
kinetics of NO.

Phase Portraits

A phase-portrait approach (41) was used to account for
the kinetic behavior illustrated in Fig. 6. To construct a phase
portrait, the relationship between % and [NO] was plotted
according to Eq. (1), assuming that the contribution of
GSNO to the kinetics of NO is negligible under the

simulation conditions. Hence, Eq. (1) becomes

dNO]

o~ ki —kNOJ[O;] - ki2[NOJ*[0,)]. (8)

The steady-state O, concentration with the same assump-
tion is
ka

[02] ~ L NOT + k550D ®)
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Substituting Eq. (9) into Eq. (8), Eq. (1) becomes
d[NO] kok4[NO] 2
&~ M 3 NOL + ks[sOD] ki2[NOJ"[O,].  (10)

Since ky, ks, k12, [SOD] and [O,] were known parameters, by
varying the ratio ki/k, and plotting the data d[glo] = f(NO)
versus [NOJ) , a set of curves was obtained (Fig. 7A). The x-
axis intersect implies % = 0, with the corresponding value
on x-axis being the steady-state concentration of NO, [NO].
By plotting [NO]ss versus ki/k,, a nonlinear curve was ob-
tained. This curve captures the essence of nonlinearity in NO
kinetics in Fig. 6; if k; < 0.5k,, [NO] is low and insensitive
to the variations in kq; nevertheless, [NO], increases dispro-
portionately as k; increases beyond 0.5 k,. For the purpose
of comparison, Fig. 8 shows a scenario where the dynamics
is approximately linear.

DISCUSSION

Using mathematical modeling, this study examined two
questions related to the reaction kinetics of nitrogen oxide
species (NOy) in an integrative dynamic system: (i) what is
the role of GSH in modulating nitrosative and oxidative
species, such as N,O3; and ONOO ™ ? (ii) how does the system
behave when the generation rate of NO and O, varies? It is
difficult to study these types of questions using experimental
approaches, since it may require simultaneous measurements
of multiple short-lived species at extremely low concentra-
tions, in complex physiological matrices. Nevertheless, one
can gain a reasonable picture of the behavior of an in vivo
system by using a modeling approach to integrate the
knowledge about individual elements (reactions) of the
system. The underlying rationale was that the behavior of a
complex system usually is not determined by an additive
process.

Glutathione (GSH), the major low-molecular-weight
thiol compound in the cell, is best known for its role as a
superoxide scavenger in mediating cellular redox reactions
(42). Since cellular GSH levels are as high as 10 mM and
GSH reacts with ONOO ™ and N,Oj3 in aqueous media, it was
suggested that GSH is a scavenger for reactive NOy as well
(43). Moreover, the S-nitrosation product of GSH—S-
nitrosoglutathione (GSNO)—was considered as a possible
carrier molecule for NO (44). GSH was shown to diminish
the NO-mediated nitrosation reaction. It also modulated the
biphasic dose-response relationship for the effect of SOD on
NO-mediated nitrosation (3). Since [GSH] ranges from
several hundred uM (extracellular) to about 10 mM (intra-
cellular), the effect of GSH on the kinetics of NO, was sim-
ulated with initial [GSH] = 0.1, 1 and 10 mM, respectively.
That GSH does not affect the kinetic profiles of NO and
ONOO™ (Figs. 2, 3 and 4) reflects the fact that in the
model GSH does not react with NO directly, and that the
GSH pathway is not the predominant route for the
elimination of ONOO . Besides GSH, ONOO " also reacts
with a wide variety of biomolecules. In this study, the reactions
of ONOO ™ with CO,, cytochrome ¢ (cyt ¢) and glutathione
peroxidase (GPX) were only included because of the relative
importance of these reactions (Fig. 1). ONOO™ reacts rap-
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idly with CO, (k = 5.8 x 10* M~ !s™") to generate nitroso-
peroxycarbonate adduct, which decomposes to NO; and
CO, in the absence of other reactive molecules (31,45).

ONOO™ + CO, — ONO,CO; (11)

ONO,CO; — NOj3 + CO, (12)

Since COy/bicarbonate/carbonate is an important buff-
ering system in vivo and the concentrations of CO, (1.3 mM
in plasma) and bicarbonate (12 mM in intracellular fluid
and 25-30 mM in plasma) are high, the reaction between
ONOO™ and CO; could be the major route of ONOO™
disappearance in vivo (45,46). Although the rate constants for
the reactions between ONOO ™ and GPX (2 x 10° M~ Is™ 1)
(30)—and between ONOO™ and cyt ¢ (2 x 10° M~ 's71)
(32)—are relatively higher than that for the ONOO -CO,
reaction, the contribution of GPX and cyt c in eliminating
ONOO " could be less significant due to their relatively lower
concentrations in biological fluids (Table II). The rate con-
stant for the reaction between ONOO  and GSH is 1.35 x
10> M~ 's™! (29), which is the smallest compared with those
of the abovementioned reactions. Therefore, GSH will be far
less effective than CO, in modulating ONOO " levels in the
physiological environment, where GSH is less abundant,

e.g., blood plasma. In contrast, GSH may become important
inside the cells because of its high intracellular concentration
(10 mM). The reason that [ONOO ] in Fig. 2 is comparable
to that in Figs. 2 and 3 is because the reaction rate of
ONOO  with 1 mM CO; is still at least four-fold larger than
that with GSH, even though [GSH] is as high as 10 mM.

Zero-order kinetics was observed for GSH and GSNO,
which disobeyed the rate laws for both species. Since
ONOO  and N,Oj; are the two molecules responsible for
the depletion of GSH and the accumulation of GSNO in the
model, the discrepancy could be resolved when the kinetics
of ONOO™ and N,0; was examined. While [ONOO ]
reaches steady state within 10 min, [N,Os] is kept at nearly
constant and extremely low levels before GSH is completely
depleted (Fig. 2). Therefore, d[oﬂ?oi] and 9293 gre ap-
proximately zero in the early period. From Egs. (3) and (5),
one immediately obtains:

ks[ONOO][GSH]

= k4[NOJ[O; |
— (k7[GPX] + kg[CO,] + kolcyt c])[ONOO™]  (13)
k11[N,O3][GSH] = k12 [NOJ[05] — ki3[N2 O3] (14)
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Since [NO] and [O; ] also reaches steady states very quickly
(Fig. 2), and [GPX], [CO;], [O,] and [cyt c] are constants, it
implies that the term k¢[ONOO™|[GSH] + k11[N,O3][GSH]
in Egs. (4) and (6) is close to a constant and, therefore, the
elimination of GSH and the formation of GSNO follows
zero-order kinetics.

The current study proposes that GSH can act as a
dynamic switch that controls the concentration of N,Ojs,
which is an intriguing phenomenon from both kinetic and
biological standpoints. By closely examining Eq. ( 5) and the
rate constants (Table I), one finds that k;{GSH] > k;3 when
[GSH] = 1-10 mM. Accordingly, the elimination of N,O; is
controlled by GSH at high levels. Under this circumstance,
the hydrolysis of N,Os—corresponding to the rate constant
ki3—becomes a redundant elimination pathway that contrib-
utes insignificantly to the whole process. The concentration
of N,O3 remains quite low due to the presence of sufficiently
high levels of GSH (Fig. 2 or Fig. 3). However, the once
redundant pathway becomes increasingly important as GSH
approaches a depletion point at which the alternate elimina-
tion pathway takes over and a new steady state switches on.
The nearly instantaneous occurrence of the new steady-state
can be attributed to the first-order rate constant k3 (Table I),
which corresponds to a half-life as short as 0.4 ms.

From a biological standpoint, a sudden elevation of a
reactive NO, in a physiological system could be catastrophic.
N-nitrosation may result in the deamination of DNA bases
(39). Furthermore, S-nitrosation of proteins was attributed to
the inhibition of some enzymes, such as glyceraldehydes-3-
phosphate dehydrogenase (47) and the DNA repair enzyme
O%-methylguanine-DNA-methyltransferase (48). Abrupt
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changes in S-nitrosation status may also disrupt redox-based
signaling transduction pathways (49). GSH, therefore, may
play an important role in modulating NO,-mediated cytotox-
icity. For example, the NO donor DEA/NO only caused a
modest toxicity in Chinese hamster V79 cells (43). However,
the toxicity was dramatically increased when GSH was
depleted in these cells. Recently, cellular GSH status was
linked to the differential iNOS regulation in hepatocytes
and inflammatory cells (50). While iNOS induction in he-
patocytes in vivo and in vitro was dependent on the
intracellular GSH status and correlated with NF-xB binding,
GSH-depletion had no effect on the expression of iNOS in
inflammatory cells (50).

Phase portraits are widely used to characterize the quali-
tative behavior of a dynamical system, especially a nonlinear
one (41). For a simple one-dimensional system, dx/dz = f(x), a
graph of f(x)—i.e., a plot of dx/dt vs. x—is considered as the
phase portrait of the system. One of the advantages of using
phase portrait approach is to immediately show how many
steady-state solutions or fixed points the system has. A fixed
point x* in the phase portrait is defined as x(¢) = x* such that
f(x*) =0, i.e., the steady state solution (x(#) = x* such that dx/
dr = 0) of the system (41). Once the fixed point is located, the
curvature of the phase portrait (the shape of f(x)) can give us
some idea as to how the steady state or equilibrium is
reached. In this study, phase portraits were constructed based
on a simplified rate equation for NO, Eq. (10), to further
verify the numerical results, especially for the concentration
profiles of NO. By setting d[NO]/ds = f(NO) = the right hand
side of Eq. (10), and plotting f(NO), a phase portrait for the
NO system is obtained. For example, In Fig. 7A, each line (a
through e) represents the phase diagram of each simulated

A ;.

=
o

[NO]s. s (M)
[ e e
o o 0O N OB ;

0.5 1. 1.5 2. 2.5 3. 3.5 A.
ky/fks

Fig. 8. (A) Phase portraits of [NO] (B) [NO] versus kilks. k =
1 x 1078 Mis; ki/k, = (a) 4; (b) 2; (c) 1; (d) 0. 5; () 0.25; (f) 0.125.



1710

condition with a fixed ky/k, value. There is one fixed point
(i.e., the x intercept) in each line, which corresponds to the
steady state concentration of NO. The corresponding [NO];
was plotted against the ky/k, ratio in Fig. 7B to show the
dependence of [NOJ,s on the relative input rate of NO and
O, , which unequivocally manifests the nonlinear NO kinetics
observed in Fig. 6.

The present study describes an in silico dynamic
modeling approach to study the complex system of reactive
nitrogen and oxygen species. The proposed modeling and
simulation method provides a systematic way to study the
NO associated reaction system and may have implication in
many pathophysiological conditions. Nevertheless, because
of the unavoidable simplistic nature of the model and uncer-
tainties in the values of parameters used, the simulation re-
sults should be interpreted with caution. The major concern
with the model is the applicability of the simulation results to
the realistic situations, such as in cells. The modeling pre-
sented here assumes that the proposed reaction network is
within a closed, homogeneous system where the transport
and diffusion of the reacting molecules are neglected, which
might be reasonable, given the reactivity of the reactive spe-
cies studied. The model further assumes that constant inputs
of both reactive free radicals, NO and O, are maintained for
several hours (e.g., during inflammation), during which the
effects of cell volume and cellular bioregulatory responses
toward the change of system dynamics are possibly ignored.
We would like to point out that the simulation results
presented here should be viewed as qualitative or “proof of
principle” only. Any new information about the proposed
reaction network may warrant further modification of the
model. This present modeling study, therefore, is only a first
step towards a better understanding of a complex system in-
volving reactive nitrogen and oxygen species.

CONCLUSIONS

Kinetic modeling was used to explore the reaction net-
work associated with the free radicals NO and O, . Numerical
simulations provided two testable predictions: (i) GSH might
modulate the nitrosation reaction in a switch-like fashion; (ii)
concurrently high NO and O, generation might result in
nonlinear dynamics of nitrogen oxide species.
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