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Abstract
Pathogenesis of many of diabetes-related vascular complications is associated with endothelial cell
(EC) dysfunction, which is reduced bioavailability of EC-released nitric oxide (NO). Interaction
dynamics of NO, superoxide (O2

-) and peroxynitrite (ONOO-) are dependent on both their
productions and consumptions through various pathways. Quantitative knowledge of these
interaction dynamics in high glucose-induced EC dysfunction remains poorly understood. We
developed an integrated experimental and computational approach to gain a quantitative
understanding of the interactions of NO, O2

- and ONOO- in high glucose-exposed ECs. End-
products, nitrite and nitrate, were measured using a chemiluminescence analyzer. A computational
biochemical reaction network model was developed to predict the effect of high glucose on ECs NO,
O2

- and ONOO-. ECs NO and O2
- productions increased in high glucose as evidenced by increased

total NOx concentration, primarily increasing nitrate concentration. The model predicted an increase
in O2

- and ONOO- concentrations and a decrease in NO concentration in high glucose conditions.
Administration of superoxide dismutase (SOD) decreased O2

- concentration and increased NO
concentration, thus SOD improved high glucose-induced changes in these interactions. An important
finding of this study was that the NO bioavailability decreased in high glucose conditions even though
NO production of EC increased. The integrated approach provides a framework to predict NO, O2

-

and ONOO- concentrations and productions that are difficult to measure in one experiment and will
be useful in further EC dysfunction studies.
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Introduction
Endothelium-derived nitric oxide (NO) is a potent vasodilator through its diffusion and
subsequent stimulation of target hemoprotein soluble guanylate cyclase (sGC) in vascular
smooth muscle (Furchgott and Jothianandan, 1991; Moncada et al., 1991). A reduction in
endothelial dependent vasodilatation is known as endothelial dysfunction (Cai and Harrison,
2000). Hyperglycemia leads to reduction in endothelial dependent vasodilatation (Lash et al.,
1999; Title et al., 2000) and oxidative stress related to hyperglycemic conditions is an important
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contributor to many vascular complications in diabetics (Ceriello, 2003; Giugliano et al.,
1995).

The primary marker for endothelial dysfunction is reduced bioavailability of NO (Brownlee,
2001; Guerci et al., 2001; Title et al., 2000). An increased generation of reactive oxygen species
(ROS), particularly superoxide (O2

-), has been identified as one of the major causes for diabetes
related endothelial dysfunction and loss in NO bioavailablity in diabetes (Brownlee, 2001;
Guerci et al., 2001; Guzik et al., 2002b). Sources of O2

- production in vascular tissue include
membrane-bound NADPH oxidases, uncoupled endothelial NOS, xanthine oxidase, and
cyclooxygenase (Brownlee, 2001; Guzik et al., 2002b; Rieger et al., 2002). One of the main
sources of O2

- in vascular disease are the membrane-associated NADPH oxidases (Graier et
al., 1996; Guzik et al., 2002a; Warnholtz et al., 1999; Williamson et al., 1993).

All vascular cells, including endothelial cells and smooth muscle cells, have antioxidant
defense mechanisms. Excessive oxidative stress can deplete or inactivate antioxidant enzymes
including SOD, catalase, glutathione reductase and glutathione peroxisdase (Faraci, 2003;
Jones et al., 2007). This results in elevation of O2

- levels that can further deactivate NO. Taken
together, the current data imply that an elevation of antioxidant levels such as SOD and catalase
in diabetic state may become a successful remedy for diabetes-induced oxidative stress and
reduce progression of endothelial dysfunction. Several in vivo and in vitro studies have shown
promising results to support this hypothesis (Ulker et al., 2004; Weidig et al., 2004; Zhang et
al., 2006).

Oxidative stress caused by hyperglycemia plays a key role in the pathogenesis of vascular
complications (Brownlee, 2001; Ceriello, 2003; Guzik et al., 2002a). Hyperglycemia has been
shown to play a principal role in endothelial cell damage and the control of glucose level delays
the onset and progression of vascular complications. In endothelial cells, high glucose is shown
to a) upregulate eNOS and NO release with a marked concomitant increase of O2

- production
(Cosentino et al., 1997) and b) increase mitochondrial O2

- and H2O2 (Quijano et al., 2007).
The mitochondrial oxidants can activate formation of advanced glycation end products
(AGEs), protein kinase C (PKC), and nuclear factor-κB (NF-κB) (Du et al., 2003; Garcia
Soriano et al., 2001). Additionally, the p66Shc adaptor protein has been shown to participate
in mitochondrial ROS production, by serving as a redox-sensitive enzyme that oxidizes
cytochrome c, in response to high glucose concentration (Camici et al., 2007; Cosentino et al.,
2008).

Thus, the delicate balance between NO and O2
-, and their interaction product ONOO- has a

key role in diabetes induced vascular complications (Kavdia, 2006; Kojda and Harrison,
1999). The underlying interaction dynamics of NO, O2

- and ONOO- are dependent on both
their productions as well as consumptions through various pathways. A quantitative knowledge
of these interaction dynamics is important for understanding the mechanism of endothelial cell
dysfunction and remains poorly understood in high glucose-induced endothelial cell
dysfunction. The reasons for this lack of understanding are: a). peroxynitrite can not be detected
in situ at present (Yang et al., 2008), b) fluorescence imaging of O2

- and NO with
dihydroethidine (DHE) and diaminofluorescein (DAF), respectively can only provide
qualitative information of respective concentration but can not provide qualitative or
quantitative information of respective production (Takahama et al., 2006; Zielonka et al.,
2008) and c). information of all of these complex interactions can not be obtained in one
experiment.

In this study, we developed an integrated experimental and computational approach to study
the interactions of NO, O2

- and ONOO- in high glucose-exposed endothelial cells. End-
products of NO, O2

- and ONOO- interactions, nitrite and nitrate, were measured using a
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chemiluminescence analyzer and a computational biochemical reaction network model was
developed to predict the effect of high glucose on endothelial NO, O2

- and ONOO- productions
and concentrations. Role of antioxidants, including SOD and α-tocopherol, was also evaluated
on these interactions.

Materials and Methods
Materials

Cryopreserved primary human umbilical vein endothelial cells (HUVEC) (Lonza, Rockland,
ME) were grown in complete endothelial growth medium (EGM-2, 5.5 mM glucose)
supplemented with Bullet kit® (Lonza, Rockland, ME) containing fetal bovine serum, nutrients
and hormones. The endothelial cells were grown at 37°C in a humidified 5% CO2 & 95% air
incubator. Endothelial cells were trypsinized upon confluence and plated on a 0.2% gelatin
coated glass slide.

Dulbecco’s modified eagle’s medium (DMEM, 1000 mg/l glucose), D-(+)-glucose, SOD from
bovine erythrocytes, and (±)-α- tocopherol were obtained from Sigma (St. Louis, MO).
Chemicals for measurements of nitrite and total NOx including, sodium iodide (NaI, ACS
grade), sodium nitrate (NaNO3, ACS grade), sodium nitrite (NaNO2, ACS grade), vanadium
(III) chloride (VCl3), and sodium hydroxide (NaOH, ACS grade) were purchased from Sigma
(St. Louis, MO). Glacial acetic acid (ACS grade) and hydrochloric acid (HCl, ACS grade) were
purchased from VWR international (Suwanne, GA).

Experimental system and protocol
The experiments were carried out using a parallel plate flow chamber (Cytodyne, La Jolla,
CA). The glass slide confluent with an endothelial cell monolayer was inverted over the parallel
plate flow chamber, and clamped. Prior to mounting on the parallel plate flow chamber, the
endothelial cell monolayer on the glass slide was washed 3 times with DMEM to remove build
up of nitrite and nitrate over cells. Using a syringe pump (KdScientific, Holliston, MA), DMEM
was passed through the flow chamber creating shear stress on endothelial cells. For all
experiments, wall shear stress was 1.20 dyn/cm2. The wall shear stress on endothelial cells can
be calculated using a momentum balance for a Newtonian fluid and assuming parallel plate
geometry: τ = 6Qμ / bh2 ; where Q is flow rate (0.025 cm3/s); μ is the viscosity (0.01 dyn s/
cm2); h is the channel height (0.0254 cm); b is the slit width (2 cm); and τ is the wall shear
stress. The volume of the flow chamber was 0.381 cm3. The residence time of solution in
chamber was 15.24 sec for a flow rate of 0.025 cm3/s. Thus, the chamber volume was
replenished 4 times every min.

To study the effect of high glucose on endothelial cell NO and O2
- production, media containing

normal glucose DMEM, high glucose DMEM alone or in combination with 100 units/ml SOD
(1.13 μM) or 100 μM α-tocopherol were used. The exposure to high glucose and SOD and α-
tocopherol was only for the duration of flow experiments. Thus, the glucose changes in this
study were acute and may not reflect more chronic conditions.

Nitrite, and total NOx measurements
We assumed the free NO in the collected samples was negligible because all NO generated
from the endothelial cells would be converted to its final products, nitrite and nitrate,
considering the fast reaction rate of NO with O2 and O2

-. Nitrite and total NOx (NO2
- +

NO3
-) were analyzed using a chemiluminescence analyzer (Model NOA 280i, Seivers,

Boulder, CO) (Marwali et al., 2007). This is the most sensitive method for the measurement
of nitrite and total NOx in gas/liquid samples. Nitrite and nitrate are the end-products of NO
and O2 or O2

- interactions. Nitrate concentration was obtained by subtracting nitrite
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concentration from total NOx concentration. Aqueous samples of exiting media were collected
during the experiments. Using a gas tight syringe (Hamilton, Reno, NV), a volume of 250 μl
was injected into a respective reducing solution in a radical purge vessel (Seivers, Boulder,
CO). The reducing agent converts nitrite or total NOx from injected samples to NO. The nitrite
reducing solution was 0.2 M potassium iodide and glacial acetic acid mixed in a 1:3 (v/v). The
total NOx reducing solution was a saturated solution of VCl3 in HCl (stock solution of 0.8 gm
VCl3 and 8 ml HCL diluted to 100 ml in deionized water) at 95 °C. The reducing solution was
continuously bubbled with N2 to purge NO from the solution and transport NO into the
chemiluminescence detector flow cell wherein it reacts with ozone and emits light in the
infrared region. Concentrations were obtained using NaNO2 or NaNO3 standard calibration
curves. We found a concentration range of 10 nM of nitrite and 50 nM of total NOx to be
repeatable with confidence.

All reported concentrations were a net increase in levels of nitrite, nitrate and total NOx
obtained by subtracting a concentration from the background concentration of the respective
medium. In all the results, sample time points 1, 2, 3, 4, 5, 6 indicate concentration of species
in the exiting media collected between 0-1, 1-2, 2-3, 3-4, 4-5, 5-6 min, respectively after onset
of shear stress at time 0. Initially, we collected samples at every min for 30 min and measured
nitrite and total NOx. After six minutes, there was not much change in the measured values
(data not shown). To minimize the subsequent measurements, we collected three samples for
the time between 6 and 30 min. Sample time points 7-10, 11-20 and 21-30 indicate average
concentration of species in the exiting media collected between 7-10, 11-20, and 21-30 min,
respectively.

Production of NO from endothelial cells
The NO production from endothelial cells was calculated from the formula total NOx
concentration × volumetric flow rate/surface area of cells. The surface area of cells exposed
to shear stress was (15 cm2).

Computational model description for predictions of O2-production and NO, O2- and ONOO-

concentrations
The experimental total NO production, and reaction kinetics was utilized to predict
O2

-production and NO, O2
- and ONOO- steady-state concentrations within the experimental

system. The major reactions in the experimental set up are discussed next.

Autooxidation of NO—In a perfectly mixed aqueous medium, NO oxidizes to form NO2
-

as the final product. This reaction is reported to be third order (first order with O2 and second
order with NO). The overall rate of the reaction is controlled by Eq. (1) (Lewis and Deen,
1994).

(1)

(2)

(3)
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Combining Eqs. 1-3 results in an overall reaction of NO autooxidation i.e.
 , thus 4 NO molecules are oxidized by 1 O2 molecule, such that

the nitrite formation is four times the rate of reaction (k1) in Eq 1.

Reaction of NO with O2-—Eq. (4) represents reaction of NO with O2
-. This is the most

rapid reaction of NO. The product of this reaction is ONOO-, which is assumed to be in rapid
equilibrium with the protonated form peroxynitrous acid (ONOOH). Finally, ONOOH
decomposes to form NO2

- and NO3
- as shown by Eqs. (5) and (6) respectively (Koppenol et

al., 1992;Pfeiffer et al., 1997). The total peroxynitrite formed from NO and superoxide reaction
is represented as CPER.

(4)

(5)

(6)

Dismutation of superoxide—SOD catalyzes conversion of O2
- to hydrogen peroxide

(H2O2) and molecular oxygen. The reaction rate constant of scavenging of O2
- by SOD is three

times lower than the reaction rate constant of NO and O2
-. The extent of NO reaction with

O2
- is limited by scavenging of O2

- by SOD (Fridovich, 1995). Therefore, the amount of O2
-

reacting with NO would be that escaped by SOD scavenging reaction.

(7)

Other important reactions—NO2
- formation can also occur via Eq. (8) with NO reacting

with ONOO- or ONOOH (Pfeiffer et al., 1997). The spontaneous dismutation of O2
- to

hydrogen peroxide is represented by Eq. (9) (Fridovich, 1995). The carbon dioxide (CO2)
catalyzed conversion of ONOO- to NO3

- is shown by Eq. (10) (Uppu et al., 1996). Also, α-
tocopherol (at) can scavenge the O2

- anion with a second-order rate constant of 4.5 × 103

M-1s-1 (Gotoh and Niki, 1992). Other forms of vitamin E could have different rate constants
that can be incorporated by modifying the last term on the right hand side of Equation 13.

(8)

(9)

(10)
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Model equations
The mass balance equations for NO2

-, NO3
-, and O2

- and total peroxynitrite (sum of CONOO
-

and CONOOH) assuming a steady-state for O2
- and total peroxynitrite (dCi/dt ≈ 0) are

(11)

(12)

(13)

(14)

where k1 = 2.4×106 M-2s-1, k4 = 6.7×109 M-1s-1, k5 = 3.1 s-1, k6 = 1.4 s-1, k7 = 1.6×109

M-1s-1, k8 = 9.1×104 M-1s-1, k9 = 8.0×107 M-1s-1, k10 = 5.8×104 M-1s-1, k11 = 4.5×103

M-1s-1 (Chen et al., 1998; Gotoh and Niki, 1992; Kavdia, 2006; Kavdia et al., 2000; Radi,
1998). The rates were further simplified assuming rapid equilibrium for ONOO-/ONOOH and

O2
-/HO2 occurs such that (CONOOH/CONOO

-) = 0.22 and  (Chen et al.,
1998; Kavdia et al., 2000). For all experiments, the O2 concentration was assumed to be 210
μM and the aqueous CO2 concentration was assumed to be 1.1 mM (Kavdia et al., 2000).

From the experimental measurements of NO2
- and NO3

- formation (  and ,
respectively), the system of simultaneous equations 11-14 was solved using MatLab. The NO,

O2
-, and ONOO- concentrations and the O2

- production  were predicted.

Statistics
Total NOx, nitrite and nitrate values from each treatment and at each time point were reported
as mean ± SE of n=6 independent experiments. A paired two sample mean t-test was used to
determine significant differences between treatments (normal glucose and high glucose; high
glucose, and high glucose-SOD or high glucose-α-tocopherol). P values < 0.05 were considered
significant.

Results
Total NOx concentration dynamics of the endothelial cell in high glucose conditions

To determine the effect of high glucose on endothelial cell NO production, the total NOx
concentrations in the exiting media with respect to time were measured for normal glucose
(NG, 1000 mg/l) and high glucose (HG, 4500 mg/l) conditions. The total NOx concentrations
in the exiting media with respect to time are shown in Figure 1A. The total NOx concentration
was 714 ± 91 nM at 1 minute in the normal glucose experiments. The total NOx concentrations
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were reduced to 269 ± 87 and 121 ± 57 nM at 2 and 6 min, respectively. The average total NOx
concentration of 235 ± 66 nM was observed for 7-30 min.

At all of the time points, the total NOx concentrations were significantly higher (p<0.05) in
the high glucose experiments than those in the normal glucose experiments. The total NOx
concentrations were 1565 ± 230, 586 ± 83, 368 ± 113 and 615 ± 71 for 1, 2, 6 and 7-30 min,
respectively in the high glucose experiments. Thus, the total NOx concentrations were 2-3 fold
higher in the high glucose experiments than that of the normal glucose experiments.

Differential contributions of total NOx constituents, nitrite and nitrate, in normal and high
glucose conditions

The total NOx concentration comprises of nitrite and nitrate, and the concentration profiles of
nitrite and nitrate are shown in Figures 1B and 1C, respectively. The contribution of nitrate to
total NOx was in the range of 80 to 90% for most of the time points. Additionally, the majority
of increased total NOx in the high glucose experiments produced nitrate. For all of the time
points, the exiting media nitrate concentrations were significantly higher in the high glucose
experiments than that of the normal glucose experiments. The highest concentrations of the
exit media nitrite and nitrate were 134 ± 26 and 580 ± 96 nM, respectively in the normal glucose
experiments and 151 ± 31 and 1413 ± 208 nM, respectively in the high glucose experiments;
these concentrations occurred at 1 min. Though the nitrite concentrations were higher in the
high glucose experiments compared to that of the normal glucose experiments except for the
6th minute, the nitrite concentration differences were statistically insignificant.

Effects of SOD and α-tocopherol presence on total NOx, nitrite and nitrate dynamics
The administration of antioxidants, including SOD and α-tocopherol, is a potential therapy for
endothelial cell dysfunction. Thus, we studied the effect of the presence of SOD and α-
tocopherol on total NOx, nitrite and nitrate dynamics in high glucose conditions. For this
purpose, the endothelial cells were exposed to DMEM containing high glucose with SOD (100
units/ml) and α-tocopherol (100 μM). Figures 2A-C show the exiting media concentration
profiles for the total NOx, nitrite and nitrate, respectively. As seen in Figure 2A, the presence
of SOD or α-tocopherol significantly reduced (p<0.05) the total NOx concentrations for all of
the time points than that of in the high glucose experiments. For 1, 2, 6 and 7-30 min, the total
NOx concentrations were 749 ± 126, 279 ± 107, 160 ± 53 and 223 ± 88, respectively in the
SOD experiments and were 670 ± 85, 179 ± 34, 183 ± 115 and 150 ± 73, respectively in the
α-tocopherol experiments. The exiting media total NOx concentrations were reduced greater
than 40% for all time points in the SOD and α-tocopherol experiments than that of the high
glucose experiments.

The nitrite concentrations in the SOD experiments were similar to or higher than that of nitrite
concentrations in the high glucose experiments except for the first three time points (Figure
2B). On the other hand, the nitrite concentrations in the α-tocopherol experiments were
significantly lower than that of the high glucose experiments for all of the time points. For 1,
2, 6 and 7-30 min, the nitrite concentrations were 94 ± 12, 38 ± 8, 35 ± 13, and 28 ± 12,
respectively in the SOD and were 106 ± 17, 17 ± 6, 16 ± 10 and 11 ± 5, respectively in the α-
tocopherol.

The nitrate concentrations (Figure 2C) followed similar trends as the total NOx concentrations.
SOD and α-tocopherol resulted in significant reduction (p<0.05) of nitrate concentrations as
compared to the nitrate concentrations in the high glucose experiments. For 1, 2, 6 and 7-30
min, the nitrate concentrations were 655 ± 132, 241 ± 108, 124 ± 49 and 195 ± 91, respectively
in the SOD experiments and were 564 ± 83, 162 ± 38, 149 ± 88 and 151 ± 73, respectively in
the α-tocopherol experiments.
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NO production increases in high glucose conditions
The NO production from endothelial cells was calculated from the total NOx concentration in
the exiting media, the media flow rate, and the surface area of cells exposed to shear stress.
Note that, each of the time points (but not the slope of the concentration profiles) of total NOx
concentrations represents a release rate. This is because of a constant flow rate and single pass
of the culture media over the endothelial cells. The NO production was 1.19 pmol s-1 cm-2 at
1 min in normal glucose. The NO productions reduced to 0.45 and 0.20 pmol s-1 cm-2 at 2 and
6 min, respectively. The NO production increased to 0.39 pmol s-1 cm-2 (an average value for
7 - 30 min) for the remainder. Thus, the NO release showed a triphasic pattern; an initial high
NO production for the first 3 min, a plateau phase from 3-6 min, and a subsequent sustained
NO release. The triphasic patterns of NO production by endothelial cells were observed in all
of the experiments as reported in Table 1.

The NO productions increased 2-3 fold in the high glucose experiments as compared to that
of the normal glucose experiments. The NO productions in the α-tocopherol experiments
reduced below that of in the normal glucose experiments except for the 6 min time point. The
NO productions in the SOD experiments also reduced but were similar to that of the normal
glucose experiments.

Predictions of O2- production and NO, O2- and ONOO- concentrations using mathematical
model

Using the mathematical model described by equations 11-14 and the concentrations of nitrite
and nitrate, we predicted the O2

- production and the NO, O2
-, and ONOO- concentrations in

these experiments. The predicted O2
- production is presented in Table 1 and the predicted NO,

O2
- and ONOO- concentrations are shown in Figures 3A-C, respectively.

The O2
- production from endothelial cells in pmol s-1 cm-2 unit (Table 1) was calculated from

the predicted O2
- production  from the model Equation 13, the media flow rate, and the

surface area of cells exposed to shear stress. The O2
- productions increased 2.3-7.3 fold in the

high glucose experiments as compared to that of in the normal glucose experiments. The O2
-

productions in the α-tocopherol experiments were reduced below that of the normal glucose
experiments except for the 6 min. The O2

- productions in the SOD experiments were 1.2-1.5
fold that of the normal glucose experiments.

Though the NO productions increased in the high glucose conditions (Table 1), the NO
concentrations reduced in the high glucose experiments due to an increase in the O2

-

productions and O2
- concentrations. In the normal glucose experiments, NO concentrations

were 1.80, 1.05, 0.63 and 0.76 μM, O2
- concentrations were 3.96, 2.67, 1.74 and 2.47 pM, and

ONOO- concentrations were 0.72, 0.29, 0.14 and 0.26 nM at 1, 2, 6 and 7-30 min, respectively.
The NO concentrations decreased 7.6, 3.5, 87.1 and 52.2%, whereas the O2

- concentrations
increased 120, 1109, 54417 and 8504%, and the ONOO- concentrations increased 143, 132,
523 and 239% at 1, 2, 6 and 7-30 min, respectively in the high glucose experiments as compared
to that of the normal glucose experiments. These predictions indicate that the availability of
NO significantly decreased whereas the availability of O2

- and ONOO- significantly increased
in the high glucose experiments as compared to that of the normal glucose experiments.

The NO concentrations decreased 9.5, 39.4, 3.3 and 54.5%, and the O2
- concentrations changed

- 10.0, 12.7, 1222 and 464% at 1, 2, 6 and 7-30 min, respectively in the α-tocopherol
experiments as compared to that of in the normal glucose experiments. The ONOO-

concentrations decreased 2.7, 29.7 and 229% at 1, 2, and 7-30 min, respectively but increased
97% at 6 min in the α-tocopherol experiments as compared to that of the normal glucose
experiments. These predictions indicate that the availability of NO decreased whereas the
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availability of O2
- increased in the α-tocopherol experiments as compared to that of in the

normal glucose experiments.

The concentration changes were -18.5, -12.1, 56.2 and 8.6% for NO, -25.2, 53.9, -21.3 and
10.2 % for O2

-, and 13.1, 9.1, 10.9 and 1.3% for ONOO- at 1, 2, 6 and 7-30 min, respectively
in the SOD experiments as compared to that of the normal glucose experiments. These
predictions indicate that availability of NO increased and O2

- and ONOO- decreased for time
greater than 7 min in the SOD experiments as compared to that of in the normal glucose
experiments.

Discussion
In this study, we investigated the interactions of NO, O2

- and ONOO- in high glucose conditions
using an integrated experimental and modeling approach. An important finding of this study
was that the NO bioavailability decreased in high glucose conditions even though NO
production of EC’s increased. The integrated approach provides a framework to predict NO,
O2

- and ONOO- concentrations and productions that are difficult to measure in one experiment
and will be useful in further EC dysfunction studies.

Interpretation of nitrite and nitrite concentrations and predicted NO, O2- and ONOO--
concentrations

NO reacts very rapidly with superoxide to form the strong oxidant peroxynitrite (ONOO-). The
reaction rate constant of superoxide with NO (k=6.7 × 109 M-1 s-1) to form ONOO- is 3-6 times
higher than with SOD (k=1.6 × 109 M-1 s-1) to form H2O2. To obtain an understanding of the
actual reaction rates for a given condition, one can multiply the factor 3-6 with ratio of NO to
SOD concentrations. For a constant O2

-concentration in this study, the reaction rates were 12
× 103 s-1 and 0.54 × 103 s-1 for the maximum and minimum NO concentrations, respectively,
whereas the reaction rate for SOD was 1.80 × 103 s-1. The major end-products of NO
interactions with molecular oxygen and O2

- are nitrite (NO2
-) and nitrate (NO3

-), respectively.
The total NOx is the sum of nitrite and nitrate in a sample. Measurement of nitrite and nitrate/
total NOx using the chemiluminescence method can be used to determine NO and O2

- release
by cells (Jones et al., 2008; Marwali et al., 2007; Nalwaya and Deen, 2005).

Based on total NOx concentration, nitrite and nitrate formation rates from experimental
measurements, a reaction network model was developed to predict NO and O2

- productions
from endothelial cells. A similar integrated approach of experimental measurements in
conjunction with a computational reaction network model of NO, O2

- and ONOO- interactions
has been used successfully by several studies (Chen and Deen, 2001; Kavdia et al., 2000; Yang
et al., 2008). NO reacts readily with O2 and O2 derived free radicals. The oxidation of NO by
O2 leads to nitrite formation via the intermediates nitrogen dioxide and nitrous anhydride
(Lewis et al., 1995). Under physiological and pathophysiological conditions, O2

- is generated
by a variety of sources including NADPH oxidase, xanthine oxidase, NOS and mitochondrial
electron transport chain. Excessive O2

- production has been associated with a variety of disease
conditions including diabetes mellitus, atherosclerosis and hypertension (Cai and Harrison,
2000). NO reacts rapidly with O2

- to form ONOO-, which is in equilibrium with its protonated
form peroxynitrous acid. Peroxynitrous acid decays spontaneously to nitrate (Chen and Deen,
2001). ONOO- also reacts with NO to form nitrite (Pfeiffer et al., 1997). However, the
formation of nitrite is very slow in this pathway to affect the relative amounts of nitrite and
nitrate (Chen et al., 1998). The endothelial NO production varied between 0.20-2.61 pmol
s-1 cm-2 in this study, which is similar to reported NO production of 0.03-0.68 pmol s-1 cm-2

(Chen and Popel, 2006).
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The predictions of NO concentration in this study are representative of this experimental
system. In arteriolar blood vessels, we and others have modeled NO biotransport to provide
estimates of NO concentration from endothelial NOS and/or neuronal NOS (Kavdia and Popel,
2003; Kavdia and Popel, 2006; Lamkin-Kennard et al., 2003; Vaughn et al., 1998).
Additionally, red blood cells are proposed a) to be the major intravascular site of nitrite
reduction and storage (Gladwin and Kim-Shapiro, 2008), and b) to contain a NO synthase
(Ozuyaman et al., 2008). Thus in vivo NO concentration can be further modulated by red blood
cells.

At given production rates of NO and superoxide per area of endothelial cells, the steady-state
concentrations of NO and other intermediates depend on the ratio of vascular volume to area.
The values calculated in this study are valid for the geometry of the flow cell used, where the
ratio volume to area is equal to height = 0.0254 cm. This would correspond to a cylindrical
vessel with a diameter of 4 h = 0.1 cm. We performed the simulations for two vessel diameters
(data not shown). As the vessels diameters were reduced, accumulation of NO and other
intermediates yielded higher concentrations. Additionally, general trends remained similar for
cylindrical vessel including a). SOD increased NO levels and decreased superoxide levels and
b). α-tocopherol decreased NO levels and increased superoxide levels. A systematic evaluation
of parameters including NO and superoxide release for cylindrical geometry is needed and
beyond the scope of this manuscript.

Effect of high glucose on endothelial cell production of NO, O2- and ONOO-

Our results showed that total NOx and nitrate concentration significantly (p<0.05) increased
in high glucose as compared to that of in normal glucose. Interestingly, the contribution of
nitrate in total NOx increased from 87% (average) in normal glucose to 92% (average) in high
glucose. Even though the measured total NOx concentrations significantly increased in high
glucose, the predicted NO concentration reduced. The reduction in NO concentration can be
attributed to an increase in O2

- production and concentration. This resulted in higher ONOO-

concentration and results in a shift of NO metabolism towards nitrate. Thus, the results indicate
that increased O2

-production from endothelial cells is responsible for reduction in NO
bioavailability in high glucose condition. This is also supported from the restored NO
concentrations in SOD conditions.

Effect of antioxidants on high glucose-induced endothelial cell productions and
concentrations of NO, O2- and ONOO-

The presence of antioxidants play an important role in modulation of oxidative stress and
administration of SOD and overexpression of the SOD protein is a potential therapy to treat
many disease conditions including hypoxic/ischemic cerebral injury, alzheimer’s disease,
parkinson’s disease, stroke, ischemia-reperfusion injury and diabetes mellitus (Di Filippo et
al., 2004; Nishikawa et al., 2000; Stralin and Marklund, 2001).

SOD is one of the most commonly used scavengers of O2
-. SOD can effectively compete with

NO for O2
- with a rate constant of 1.6 × 109 M-1 S-1 and reduce O2

- concentration. We observed
that the total NOx and nitrate concentrations significantly (p<0.05) decreased in SOD as
compared to that of in high glucose treatment. Additionally, the endothelial cell NO and O2

-

productions and O2
- concentration decreased whereas NO concentration increased in SOD as

compared to that of in high glucose. The predicted reduction in O2
- concentration and

improvement in NO bioavailabilty in the presence of SOD are consistent with the literature.
SOD administration has been shown to improve NO dependent relaxation (Fennell et al.,
2002; Maczewski et al., 2004) whereas SOD inhibition has been shown to attenuate NO
dependent relaxation (Didion et al., 2002; Lynch et al., 1997).
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The nitrate and total NOx concentrations also significantly decreased (p<0.05) in α-tocopherol
as compared to that of in high glucose. The O2

- concentrations were similar and NO
concentrations decreased concentration for 7-30 min in α-tocopherol as compared to that of in
high glucose. Both NO and O2

- productions and ONOO- concentration decreased in α-
tocopherol as compared to that of in high glucose. This reduction in the overall ability of
endothelial cells production of NO might potentially explain contradictory results obtained in
α-tocopherol supplementation studies. Researchers reported a positive effect of α-tocopherol
on endothelial function (Kinlay et al., 2004; Neunteufl et al., 2000) in animal models, whereas
Giardino et al. (Giardino et al., 1996) reported no improvement in NO bioavailability in
endothelial cells in α-tocopherol studies. Economides et al. (Economides et al., 2005) also
reported α-tocopherol supplementation had no improvement in endothelial function and a
worsening of endothelial function with high doses of α-tocopherol in diabetic patients.

Conclusion
The present study demonstrates that endothelial cell NO and O2

- productions increased in high
glucose conditions as evidenced by increased concentrations of total NOx and increased nitrate
concentrations being the major contributor. The computational model predicted an increase in
O2

- and ONOO- concentrations and a decrease in NO concentration in high glucose conditions.
Administration of superoxide dismutase decreased O2

- concentration and increased NO
concentration, thus SOD improved high glucose-induced changes in these interactions. The
integrated approach presented in this study provides a framework to predict NO, O2

- and
ONOO- concentrations and productions that are difficult to measure in one experiment and
will be useful in further EC dysfunction studies.
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Figure 1A-C. Total NOx, nitrite and nitrate concentrations, respectively in the exiting media
NG represents normal glucose (1000 mg/L) and HG represents high glucose (4500 mg/L).
Total NOx and nitrate concentrations were significantly higher in high glucose-exposed
endothelial cells indicating a higher production of NO. Values are means ± SE. *Indicates
significant difference in the concentration with p<0.05 versus corresponding values for normal
glucose treatment.
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Figure 2A-C. Total NOx, nitrite and nitrate concentrations, respectively in high glucose (4500 mg/
L), high glucose with 100 U/ml SOD and high glucose with 100 μM α-tocopherol
The total NOx and nitrate concentrations significantly reduced in SOD or α-tocopherol as
compared to that of in high glucose. Also, the nitrite concentrations were significantly lower
for most of the time points in α-tocopherol as compared to that of in high glucose. n=4 for SOD
and α-tocopherol. Values are mean ± SE. * Indicates significant difference in concentrations
with p<0.05 versus corresponding values for high glucose.
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Figure 3A-C. Predicted concentrations of nitric oxide, superoxide, and peroxynitrite, respectively
for normal glucose (1000 mg/L) (NG), high glucose (4500 mg/L) (HG), high glucose with 100 U/ml
SOD (HG-SOD), and high glucose with 100 μM α-tocopherol (HG-alpha-tocopherol)
The concentrations were obtained using the mathematical model developed on the basis of
individual values of nitrite and nitrate productions and reaction kinetics for NO and O2

-.
Superoxide concentrations were much higher in the high glucose whereas NO concentrations
were much lower in the high glucose as compared to that of in the normal glucose. The model
predicted reduction in O2

- concentrations and improvement in NO concentrations in SOD as
compared to that of in the high glucose. However, NO concentrations were lower in the α-
tocopherol as compared to that of in the high glucose. Values are mean ± SE.
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Table 1
Dynamics of endothelial cell NO and O2

- production

NO production, pmol s-1 cm-2

1 min 2 min 6 min 7-30 min

Normal glucose 1.19±0.15 0.45±0.14 0.20±0.09 0.39±0.11

High glucose 2.61±0.38 0.98±0.13 0.61±0.18 1.02±0.11

α-tocopherol 1.12±0.14 0.30±0.05 0.30±0.19 0.28±0.09

SOD 1.24±0.20 0.46±0.17 0.27±0.08 0.37±0.14

Superoxide production, pmol s-1 cm-2

1 min 2 min 6 min 7-30 min

Normal glucose 0.97±0.16 0.39±0.14 0.26±0.12 0.43±0.11

High glucose 2.37±0.35 0.89±0.14 1.90±0.29 1.72±0.30

α-tocopherol 0.95±0.11 0.27±0.05 0.37±0.20 0.28±0.06

SOD 1.32±0.27 0.60±0.26 0.27±0.10 0.48±0.08
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