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Abstract
Background—S-nitrosothiols (SNO) release nitric oxide (NO) through interaction with ascorbic
acid (AA). However, little is known about their combined effect in the vasculature. The aim of this
study is to investigate the effect of AA on SNO-mediated NO release, proliferation, cell cycle
progression, cell death and oxidative stress in vascular cells.

Methods—VSMC and adventitial fibroblasts (AF) harvested from the aortae of Sprague Dawley
rats were treated with AA, ± S-nitrosoglutathione (GSNO), or ± diethylenetriamine NONOate
(DETA/NO). NO release, proliferation, cell cycle progression, cell death, and oxidative stress
were determined by the Greiss reaction, [3H]-thymidine incorporation, flow cytometry, trypan
blue exclusion, and DCF staining, respectively.

Results—AA increased NO release from GSNO 3-fold (p<0.001). GSNO and DETA/NO
significantly decreased proliferation, but AA abrogated this effect (p<0.05). Mirroring the
proliferation data, changes in cell cycle progression induced by GSNO and DETA/NO were
reversed by addition of AA. GSNO- and DETA/NO-mediated increases in oxidative stress were
significantly decreased by addition of AA (p<0.001).

Conclusion—Despite causing increased NO release from GSNO, AA reduced the
antiproliferative and cell cycle effects of GSNO and DETA/NO through modulation of oxidative
stress.
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INTRODUCTION
Atherosclerosis is prevalent in all developed nations and is the leading cause of death and
disability in the United States.(1) Treatments for severe atherosclerosis include angioplasty,
stenting, bypass grafting, and endarterectomy. However, these therapies are subject to high
failure rates due to the formation of neointimal hyperplasia. It has been well established that
nitric oxide (NO) inhibits the formation of neointimal hyperplasia.(2) Thus, the clinical
application of NO to current therapies would greatly improve their durability and reduce the
need for repeat interventions.

The two classes of compounds that release NO are diazeniumdiolates and S-nitrosothiols
(SNO). Both groups of compounds readily release NO when in contact with physiologic
solutions, but only SNO occur endogenously in the form of S-nitrosoalbumin, S-
nitrosoglutathione (GSNO) and S-nitrosocysteine.(3) NO release is accelerated from SNO
by light, copper (Cu), or ascorbic acid (AA).(3) In addition, after NO release, SNO have the
potential to be regenerated endogenously, thereby representing a potentially unlimited
source of NO. These advantages of SNO have led some investigators to explore these
compounds as potential therapeutic targets.(4) Thus, in anticipation of bioengineering
therapeutics that capitalize on this unlimited endogenous pool of NO from SNO, our group
evaluated the effect of SNO with and without AA on vascular smooth muscle cells (VSMC)
and adventitial fibroblasts (AF). We assessed these groups for changes in NO production,
proliferation, cell cycle, cell death, and oxidative stress. Our hypothesis was that AA will
increase NO production from GSNO, and that this increase in NO production will lead to
heightened antiproliferative effects in VSMC and AF.

METHODS
Cell Culture

VSMC and AF were cultured and maintained as previously described.(5) Cells were plated
in 12-well plates (4–5 × 104 cells/well), 48-plates (1.0–1.5 × 105 cells/well), 96 well plates
(4–5 × 104 cells/well), or 10 cm dishes (8 × 105 cells/plate) for 24 hours, after which they
were growth arrested for 24 hours. Cells were then treated with media containing ± AA
(0.5–2.0 mM), ± GSNO (0.5 mM), or ± diethylenetriamine NONOate (DETA/NO) (0.5
mM) simultaneously for 20–24 hours.

Nitric Oxide Release
Media from the 48-well plates were collected to quantify NO release utilizing the Griess
reaction as previous described.(5)

Cell Proliferation
Proliferation was assessed in 12-well plates using 3H-thymidine incorporation as previously
described.(5)

Cell Cycle Analysis
Flow cytometry was performed on cells collected from 10 cm dishes as previously
described.(5)

Cell Death
Cell death was determined using trypan blue exclusion.
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Oxidative Stress
24 hours after treatment, 96-well plates were treated with 5-(and-6)chloromethyl-2’,
7’dichlorodihydrofluorescein (DCF, 5–10μM) for 5 hours. Fluorescence was quantified with
the MP-5 plate reader using excitation and emission wavelengths of 485 nm and 538 nm.

Statistical Analysis
Results are expressed as mean ± SEM. Differences between multiple groups were analyzed
using one-way analysis of variance with the Student-Newman-Keuls post hoc test for all
pairwise comparisons (SigmaStat Chicago, IL). Statistical significance was assumed when P
< 0.05.

RESULTS
Addition of AA increases NO release in a dose-dependent fashion

VSMC were exposed to media, AA, GSNO, DETA/NO, GSNO + AA, or DETA/NO + AA
and nitrite release was assessed using the Griess reaction. While media and AA resulted in
negligible levels of nitrite, GSNO (0.5 MM) and DETA/NO (0.25 mM) resulted in
predictable increases in nitrite (Figure 1). The addition of AA to GSNO resulted in a further
dose-dependent increase in nitrite, with 2.0 mM of AA increasing nitrite 3-fold over GSNO
alone (57 μM to 173 μM, p<0.001). Conversely, the addition of AA to DETA/NO did not
result in further increase of nitrite levels.

The antiproliferative effect of NO on VSMC and AF is reversed with the addition of AA
Exposure of VSMC and AF to AA alone resulted in a trend toward an increase in
proliferation, however this did not reach statistical significance (Figure 2). Treatment of
VSMC and AF with GSNO (0.5 mM) resulted in significant inhibition of both VSMC and
AF proliferation (59% inhibition for VSMC, 89% inhibition of AF, p<0.001; Figure 2).
Proliferation of both VSMC and AF reverted to control levels with the addition of all
concentrations of AA to GSNO (p<0.001), despite the increase in NO release. Treatment of
VSMC and AF with DETA/NO (0.5 mM) resulted in significant inhibition of both VSMC
and AF proliferation (60% inhibition for VSMC, 65% inhibition of AF, p<0.001; Figure 2).
Interestingly, proliferation of both VSMC and AF reverted to control levels with the
addition of AA to DETA/NO (VSMC 1.0 mM AA, AF 2.0 mM AA p<0.001). There was no
significant difference with respect to cell death (not shown).

AA reverses the effect of GSNO on cell cycle progression in VSMC
Treatment of VSMC with AA resulted in no significant change in the percentage of cells G0/
G1, S, or G2/M from control (p=NS). Treatment of VSMC with GSNO (0.5 mM) resulted in
an increase of cells in G0/G1 (64% to 74%, p<0.001), a decrease in G2M (11% to 6%,
p=0.002), and no significant change in S (21% to 24%, p=NS) vs. control. Treatment of
VSMC with both AA and GSNO (0.5 mM) resulted in a dose-dependent reversion of the
cell cycle pattern seen with GSNO alone. The percentage of cells in G0/G1 decreased below
control levels (65%, 60%, and 58% with AA 0.5, 1.0, and 2.0 mM, resp., p=0.013 vs.
control). The percentage of cells in S increased above control levels (22%, 26%, and 33%
with AA 0.5, 1.0, and 2.0 mM, resp., p=0.003 vs. control). The percentage of cells in G2M
increased to control levels (8%, 10%, and 12%, p=NS vs. control). Of note, these data
correlate with the proliferation data.
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Addition of GSNO resulted in an increase in oxidative stress which was reversed with the
addition of AA

To determine how AA may reverse the antiproliferative effects of GSNO despite increased
NO production, we evaluated the effect of AA and GSNO on reactive oxygen species
production in VSMC and AF using DCF. Treatment VSMC and AF with AA alone resulted
in no significant change in oxidative stress. Treatment of VSMC and AF with GSNO and
DETA/NO significantly increased oxidative stress (2.2-fold for GSNO and 9.4-fold for
DETA/NO; Figure 3, p<0.05) while the addition of AA to GSNO and DETA/NO in both
cell types significantly reduced oxidative stress levels (1.1-fold for GSNO+AA [2.0 mM,
p=0.001] and 2.6-fold for DETA/NO+AA [2.0 mM, p=0.001]). The addition of N-acetyl-L-
cysteine (NAC) to GSNO also reduced oxidative stress (not shown). These data suggest that
one mechanism that AA may be inhibiting the antiproliferative effects of NO on VSMC and
AF despite increased NO release is by reducing oxidative stress.

DISCUSSION
We found that the addition of AA increases NO release from GSNO but has a paradoxical
effect on the antiproliferative and cell cycle effects of GSNO via modulation of oxidative
stress. We also observed that VSMC exhibited a larger increase in oxidative stress as
compared to AF with either NO donor suggesting cell specific differences. While we used
AA, Bundy et al confirmed an increased release of NO from SNO using other antioxidants
such as glutathione and (NAC).(6) Similarly, they also showed a paradoxical increase in
proliferation with the addition of the antioxidants to GSNO despite confirmed increases in
the levels of NO. This challenges the traditional view that proliferation in neointimal
hyperplasia is driven in part by increases in ROS.

Several studies have confirmed that neointimal hyperplasia is accompanied with an increase
in ROS due to increased NADPH oxidase activity.(7;8) Decreasing the levels of ROS using
a NADPH oxidase inhibitor or various isoflavones has inhibited the formation of neointimal
hyperplasia.(7;8) The paradox with our results can be partially explained by examining the
determinants of the oxidative environment. The oxidative environment is a result of the
balance between production of ROS and reactive nitrogen species (RNS) and their
metabolism by both enzymatic and non-enzymatic pathways. Antioxidants such as AA and
glutathione represent non-enzymatic paths for metabolism of these species. However, AA
can also act as a pro-oxidant in the presence of metals such as copper. NO can increase
oxidative stress by reacting with superoxide to form peroxynitrite or by inhibiting complex I
and IV of the mitochondrial electron transport chain.(9) Conversely, NO can decrease
superoxide production by inhibiting NADPH oxidase or lipid peroxidation.(10)(11) Despite
mechanisms to both increase and decrease ROS, our data indicate that the net effect of NO is
a significant increase in oxidative stress and that AA reduces this NO-mediated increase in
oxidative stress possibly through its non-enzymatic pathways. However, these conclusions
do not fully explain the paradox we, and others, observed in cellular proliferation.

Another explanation for the alteration of cellular proliferation is that it is not just the
presence or absence of ROS but rather the amount. Low levels of ROS may stimulate while
high levels inhibit proliferation. Another factor to consider is the type of ROS being
produced. While NO increases oxidative stress, it does so though an increase in ROS and
RNS. Excess RNS can alter protein functions through S-nitrosylation and/or nitration of
regulatory proteins.(12) For example, with respect to the G0/G1 cell cycle arrest observed
with the NO donor, AA could act to reverse the S-nitrosylation caused by NO on the cyclin
dependent kinase enzymes, thereby releasing the inhibitory effects of NO and permitting cell
cycle progression. A limitation of our study is that DCF is a nonspecific probe and does not
allow identification of the reactive species involved. In the vasculature, NO may cause a
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relative increase of RNS compared to ROS, while AA may restore this ratio. This could
explain the paradoxical effect of AA on the antiproliferative effects of NO.

In conclusion we have shown that AA increases NO release from GSNO. GSNO and DETA/
NO decrease proliferation with a concurrent increase in oxidative stress. Addition of AA
decreases oxidative stress with a paradoxical increase of proliferation, despite increased
levels of NO. Further studies are needed to elucidate the mechanism by which AA effects
NO in the vasculature so that AA-based vascular therapies can be developed that capitalize
on the limitless endogenous supply of NO.
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Figure 1.
Nitrite release as measured using the Griess reaction was assessed in vascular smooth
muscle cells (VSMC) following exposure S-nitrosoglutathione (GSNO 0.5 mM), or ±
DETA/NO (0.25 mM) ± ascorbic acid (AA) (*p< 0.001 versus control, **p< 0.001 versus
Control and GSNO alone. Data are representative of 10 separate experiments. n=3/treatment
group.
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Figure 2.
Proliferation of vascular smooth muscle cells (VSMC) and adventitial fibroblasts (AF) were
assessed following exposure to ascorbic acid (AA, 0.5 – 2.0 mM), ± S-nitrosoglutathione
(GSNO, 0.5 mM), or ± DETA/NO (0.5 mM). In both cell types, addition of GSNO or
DETA/NO resulted in a decrease in proliferation (*p<0.01 versus control). In both cell
types, addition of AA to GSNO or DETA/NO reversed this decrease in proliferation
(##p<0.001 versus GSNO, **p<0.05 versus DETA/NO). Data are representative of 4
separate experiments. n=3/treatment group
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Figure 3.
Quantification of oxidative stress with 5-(and-6)chloromethyl-2’,
7’dichlorodihydrofluorescein (DCF) in vascular smooth muscle cells (VSMC) and
adventitial fibroblasts (AF) following exposure to ascorbic acid (AA, 0.5 – 2.0 mM), ± S-
nitrosoglutathione (GSNO, 0.5 mM), or ± DETA/NO (0.5 mM). In both cell types, addition
of GSNO and DETA/NO increased oxidative stress (*p<0.05 versus controls). In both cell
types, addition of AA to GSNO or DETA/NO decreased oxidative stress (#p<0.05 versus
GSNO, **p<0.05 versus DETA/NO). Data are representative of 3 separate experiments.
n=4/treatment group.
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