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ABSTRACT

Many of the biological and pathological effects of nitric oxide (NO) are mediated through cell signaling pathways
that are initiated by NO reacting with metalloproteins. More recently, it has been recognized that the reaction of
NO with free radicals such as superoxide and the lipid peroxyl radical also has the potential to modulate redox
signaling. Although itis clear that NO can exert both cytotoxic and cytoprotective actions, the focus of this overview
are those reactions that could lead to protection of the cell against oxidative stress in the vasculature. This will in-
clude the induction of antioxidant defenses such as glutathione, activation of mitogen-activated protein kinases
in response to blood flow, and modulation of mitochondrial function and its impact on apoptosis. Models are pre-
sented that show the increased synthesis of glutathione in response to shear stress and inhibition of cytochrome
¢ release from mitochondria. It appears that in the vasculature NO-dependent signaling pathways are of three
types: (i) those involving NO itself, leading to modulation of mitochondrial respiration and soluble guanylate cy-
clase; (ii) those that involve S-nitrosation, including inhibition of caspases; and (iii) autocrine signaling that in-
volves the intracellular formation of peroxynitrite and the activation of the mitogen-activated protein kinases.
Taken together, NO plays a major role in the modulation of redox cell signaling through a number of distinct
pathways in a cellular setting. Antioxid. Redox Signal. 3, 215-229.

INTRODUCTION

IN THE CELL, the concept that oxidative stress,
or more recently nitrosative stress, contrib-
utes to both normal physiology and the de-
velopment of human disease is well estab-
lished particularly in the fields related to the
pathology of atherosclerosis (5, 90). At a mo-
lecular level, mechanisms for the antioxidant
action of a molecule can include direct reac-
tions with oxidants as scavengers and more

complex effects on the regulation of antioxi-
dant enzymes and intracellular defenses (2,
106). This diversity of action, however, un-
usual for one molecule, and in this respect ni-
tric oxide (NO) is particularly interesting. The
focus here will be the antioxidant effects of NO
and the mechanisms that may underlie these
responses with an emphasis on the vascular
system. Although it is clear that NO can exert
cytotoxic effects especially in combination
with superoxide (O,7) yielding peroxynitrite
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(ONOQ7), this may also serve an autocrine
signaling function (4, 20, 39, 41, 46, 78, 90).

In addition to the direct reaction with free
radical species both intra- and extracellularly,
NO can exert important biological effects
through its activation of specific cell-signaling
pathways. An important example that we will
discuss in some detail is the activation of en-
dothelial NO synthase (eNOS) by shear stress,
the force exerted on the endothelium in re-
sponse to laminar blood flow (31). NO-depen-
dent signal-transduction pathways are now
known to control the concentrations of cellular
antioxidants, modulate cell proliferation or
apoptosis, and regulate the response of cells to
inflammation (23, 84). One well understood ex-
ample is the role soluble guanylate cyclase
(sGC) plays in modulating inflammation and
vascular function, but these aspects have al-
ready been discussed in a number of excellent
reviews (22, 47). In this article, some emerging
concepts will be selected that highlight each of
the potential mechanisms that could contribute
to an antioxidant effect of NO. The interaction
of NO with metals, particularly iron, will be
discussed in the context of the emerging role of
various forms of the NO-hemoglobin complex.
Also the effect of NO on mitochondrial respi-
ration will be described, as well as the effects
of NO on cytochrome ¢ release and its poten-
tial importance for apoptosis. More indirect
mechanisms in which NO can regulate tran-
scriptional events related to control of oxida-
tive stress will be described, and this will be
placed in the context of the response of the en-
dothelium to shear stress.

REACTIONS OF NO AND REACTIVE
NITROGEN SPECIES (RNS) THAT
MODIFY PROTEINS

The biochemistry of NO is dominated by the
generally rapid and facile reaction with other
free radicals and the reversible binding to met-
alloproteins. These two types of reaction are the
routes through which this free radical has the
potential to reversibly modify specific amino
acids on proteins. In turn, this provides a mech-
anism for the modulation of enzymatic path-
ways whether central to metabolism or in-

LEVONEN ET AL.

volved in cell signaling. The specific pathways
that form the focus of most current research in
this area are illustrated in Fig. 1A. The reactions
for which we have some direct information in
biological systems include the binding of NO
to Fe in metalloproteins, and the secondary re-
actions of NO with reactive oxygen species,
and indeed oxygen itself, to form stable and re-
versible adducts with proteins (22, 29, 47, 48,
83,96, 97). A modification that is currently fa-
vored in many circles as a route for the modu-
lation of thiol-containing proteins is the S-ni-
trosation reaction (25, 63,67, 83). An interesting
series of experiments suggest that modification
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FIG.1. NO-dependent modifications of biomolecules
and antioxidant pathways. (A) NO reacts rapidly with
O,~ forming ONOO™. This leads to oxidation, nitrosation
(addition of NO), or nitration (addition of NO,) of bio-
molecules. Recently, it has also been shown that the en-
zyme myeloperoxidase (MPO) can cause nitration reac-
tions using nitrite (NO, ™) as a substrate. The oxidation
reactions (e.g., oxidation of glutathione) occur at the high-
est chemical yield, but the nitration (e.g., formation of ni-
trotyrosine) or nitrosation (e.g., formation of S-nitroso-
glutathione) reactions are also biologically significant
because they can alter cell signaling and generate NO
donors. (B) NO and its oxidation products can work as
antioxidants either reacting directly with peroxides
(ROO"), Oy~ or iron or through regulation of antioxidant
or prooxidant pathways, for example, by up-regulating
glutathione (GSH) or heme oxygenase-1 (HO-1) or in-
hibiting 15-lipoxygenase (15-LO). NO can also work as an
antioxidant indirectly through activation of soluble
guanylate cyclase (sGC/PKG), mitogen-activated protein
(MAP) kinase pathways or mitochondrial function.
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of the caspase enzymes that play an essential
role in apoptosis can be modified by this mech-
anism (25, 63, 67). The oxidation reactions me-
diated by RNS were among the first to be iden-
tified in a biological setting, but it remains
uncertain whether, for example, tyrosine nitra-
tion plays a role in cell signaling. Given the dif-
ferent mechanisms through which NO could
exert biological effects, it is not surprising that
NO can act as an antioxidant through diverse
routes. The general categories are summarized
in Fig. 1B. They include direct scavenging of
radical species, such as O, or lipid peroxyl
radicals (41, 46, 81, 82, 90). The caveat here is
that it is important to know what responses the
products of the reaction of NO with the free
radical in question elicit in a cellular setting.
The second category we have defined is the di-
rect modification of antioxidant pathways in
the cell. In the third category we have grouped
those mechanisms that appear to involve direct
modulation of signal-transduction pathways
with a potential outcome that can result in in-
creased antioxidant protection.

In the following sections we will describe
some specific examples to illustrate the com-
plexity of the signaling pathways that can be
influenced by RNS.

NITROSYLATION OF
METALLOPROTEINS

Reactions between metalloproteins and NO
are important in mediating many of the bio-
logical effects of this free radical (19). Most
work has been focused around elucidating the
reactions between NO and iron-containing
(both heme and non-heme) proteins, although
interactions with copper in metalloproteins
have also been implicated (101).

The affinity of NO for heme iron, predomi-
nantly in the ferrous oxidation state (Fe?"), is
well established and is a reaction known as ni-
trosylation. This is distinct from S-nitrosation
reactions, where an NO* group is linked to a
thiol. Binding of NO to ferrous iron can dis-
place the metal from the planar porphyrin ring
of the heme protein and so change the activity
of enzymes (19, 102, 109). The classical exam-
ple is activation of SGC leading to the produc-
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tion of cyclic GMP (47, 52, 73). This process is
well documented as a mechanism that contrib-
utes to NO-dependent regulation of vascular
tone and inhibition of platelet aggregation (47,
73). Similar reactions occurs between NO and
deoxygenated hemoglobin and the product of
this reaction, nitrosylhemoglobin, has been
measured in vivo (37, 55, 56, 100). Interestingly,
formation of nitrosylhemoglobin promotes
transition of the protein to the low oxygen
affinity form, and has therefore been suggested
to stimulate oxygen delivery (55, 109). NO re-
actions with heme proteins are not limited to
the ferrous oxidation state. Rapid reactions be-
tween ferryl heme proteins have been reported
and implicated in the mechanisms by which
NO regulates the activity of enzymes that re-
dox cycle between different heme oxidation
states (1, 12, 13, 40). Catalase myeloperoxidase
are important examples of this (1, 12). These re-
actions are likely to be important in the anti-
oxidant/antiinflammatory functions of NO, by
preventing toxicity mediated by ferryl heme
proteins (40). In this reaction, NO is thought to
reduce the ferryl heme to the corresponding
ferric forms (1, 12, 13, 40). It should also be
noted that NO will also reduce ferric heme iron,
albeit at a slow rate that may not contribute sig-
nificantly in a physiological setting (19).
Rapid reactions between NO and oxy-
genated heme proteins also occur and with he-
moglobin lead to the production of nitrate and
ferric or methemoglobin (metHb) (19, 28). This
reaction may represent a major metabolic route
for NO and/or nitrite. In recent studies, a com-
plex series of reactions have been put forward
in which NO interactions with the heme group
of hemoglobin result in the formation of S-ni-
trosohemoglobin (SNOHD) (43, 44, 51, 98). This
serves to highlight the possibility that heme
proteins regulate different redox states of NO
and hence its biological action (97). SNOHb
represents an intriguing example in this con-
text. This derivative of hemoglobin in which
NO is bound to a specific cysteine residue in
the B-chain modulates the oxygen binding
properties of hemoglobin (9, 83). More contro-
versial is the proposal that SNOHb mediates
blood flow in vivo (51, 98). These concepts de-
rive primarily from observations that demon-
strate the ability of SNOHDb to mediate vessel
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relaxation in an oxygen-sensitive manner (51,
69). However, other studies indicate that the
oxygen sensitivity is not at the level of the he-
moglobin protein, and that in humans a sig-
nificant arterial-venous gradient in SNOHb
does not exist (38, 83, 107). A further example
of a nitrosylation reaction is the reversible bind-
ing of cytochrome ¢ oxidase by NO at the oxy-
gen binding site (17). The implications of this
interaction will be discussed in the next section.

NO AND MITOCHONDRIA

A potentially important site for NO signal-
ing in the cell that could lead to antioxidant ef-
fects is the mitochondrion. At present, little is
known of this interaction and its implications
for control of oxidative stress in the cell. As the
mitochondrion has long been thought of as a
major site for O,~ formation, this is an impor-
tant issue. A perspective that is gaining sup-
port is that under some circumstances mito-
chondrially generated O, may play a role in
cellular signaling (7, 61, 79), particularly in the
activation of stress-related signaling pathways,
such as mitogen-activated protein (MAP) ki-
nases, which are involved in transcriptional
regulation of many proteins, including antiox-
idant enzymes. An aspect of this process that
has received little attention is the inhibition of
mitochondrial respiration by NO. NO can in-
hibit cytochrome ¢ oxidase reversibly (17), and
other parts of the respiratory chain both re-
versibly and irreversibly (18, 87). It has been
suggested that such inhibition serves to elevate
mitochondrial O, generation (86), and this
raises the possibility that mitochondria may
transduce a nitrosative signal into an oxidative
one. It is important to note that although O,
is the most likely initial product from mito-
chondrial respiration at complexes I, II, and III,
the high concentration of manganese superox-
ide dismutase (SOD) associated with the inner
mitochondrial membrane results in the release
of hydrogen peroxide from the organelle.

A potential site for modulation of mitochon-
drial O,~ generation is the proton permeabil-
ity of the mitochondrial inner membrane. It is
proposed that the dissipation of redox energy
that occurs via this “proton leak” serves to de-
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crease O, generation by allowing continued
O, consumption when ATP demand is low (94,
95). This is consistent with observations that
endotoxin  (lipopolysaccharide) treatment,
which up-regulates inducible NO synthase
(108), also up-regulates mitochondrial uncou-
pling proteins (110), which are putative medi-
ators of the proton leak. This would serve an
antioxidant function by coordinately minimiz-
ing O, production in the presence of NO,
thereby limiting ONOO™ generation. In sup-
port of this concept, it has also been shown that
ONOO™ increases brain mitochondrial proton
leak (10), which may be part of a feedback loop
mechanism to prevent further ONOO™ forma-
tion at the mitochondrial level.

This is a promising area for developing the
concept that NO interactions with the mito-
chondria can control cytosolic signaling events
(86). Additional control mechanisms include
regulation of the mitochondrial O, generation
by modifying electron flux through different
segments of the respiratory chain (electrons)
and the recent observation that ONOO™ can
modulate the activity of glycolysis and the
Krebs cycle (16, 24).

The inhibition of apoptosis by NO through
interactions with mitochondria is a new aspect
of mitochondrial biology that has previously re-
ceived little attention. Certain apoptotic stimuli
cause mitochondria to release their cytochrome
¢, which then activates caspases, the molecular
executors of apoptotic signaling (64) (Fig. 2). We
recently showed that NO inhibits mitochondr-
ial cytochrome ¢ release via a mechanism in-
volving inhibition of Ca?* accumulation (Fig.
2B). In addition, NO appeared to alter the rela-
tionship between mitochondrial swelling and
cytochrome c release, such that a lower thresh-
old of swelling was required for cytochrome c
release to occur (Fig. 2C) (11). It has been sug-
gested that cytochrome ¢ loss may be responsi-
ble for the burst of mitochondrial O, genera-
tion associated with apoptosis (15), and
although the role of this oxidative burst in apop-
totic signaling has yet to be identified, NO in-
hibition of cytochrome ¢ release would impact
on this. Clearly, the potential exists for a num-
ber of intracellular signaling events, particu-
larly those associated with oxidative stress and
antioxidant regulation, to be mediated by the
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FIG.2. The effectsof NO on mitochondrial cytochrome c release. (A) Schematic showing mitochondrial cytochrome
c release. Ca?* accumulation is driven electrochemically by a protein gradient (+ and — signs) generated by the res-
piratory chain. High intramitochondrial [Ca?*] triggers opening of the permeability transition (PT) pore. This is linked
to the release of cytochrome c¢ (circles) via an unknown mechanism possibly involving outer membrane rupture and
swelling. NO inhibits respiration, and therefore inhibits the driving force for Ca?* accumulation, preventing PT pore
opening and cytochrome c release. This is shown experimentally in B. Mitochondrial PT pore opening was induced
by addition of Ca’?* and monitored via light scattering (caused by mitochondrial swelling) at 540 nm (11). In the pres-
ence of an NO donor (spermine NONOate, 1.1 mM), both swelling and cytochrome ¢ release (inset: western blot of
mitochondrial supernatants) were inhibited. (C) Effects of NO on the relationship between swelling and cytochrome
c release. Parameters were measured as in B, in the absence (O) and presence (@) of spermine NONOate. Results are
means + SEM of at least five independent experiments. *p < 0.05 between experimental groups.

complex interaction between NO and mito-
chondria. Further studies in both intact cells and

NO may provide cytoprotection through up-
regulation of antioxidant systems in the cell.

isolated mitochondria will aid in elucidating the
precise role that this interaction plays in the cy-
toprotective and antioxidant functions of NO.

TRANSCRIPTIONAL REGULATION AND
MODULATION OF ANTIOXIDANT
SYSTEMS BY RNS

Apart from direct antioxidant functions as-
sociated with scavenging of reactive species,

NO induces the expression of antioxidant en-
zymes manganese and copper-zinc SODs and
heme oxygenase-1 (HO-1) (76, 91, 92). Further-
more, NO increases intracellular glutathione
(GSH) concentration by increasing cellular cys-
tine uptake and y-glutamylcysteine synthetase
(GCS), the rate-limiting enzyme of GSH syn-
thesis (62, 70, 71). Thus, both determinants of
GSH synthesis, the supply of limiting substrate
cysteine and the activity of GCS, are increased
concomitantly. NO appears to be an important
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regulator of GSH synthesis also in vivo, because
GCS activity is down-regulated by 50% by
chronic NO synthase inhibition in rats (60).

In vascular smooth muscle cells, NO up-reg-
ulates the mRNA of both the catalytic (heavy)
and regulatory (light) subunits of GCS (70). The
pathways involved in the NO-dependent sig-
naling for GCS are not known, but these ap-
pear to be independent of cyclic GMP (70, 71).
It is also unknown whether the increase in GCS
mRNA is through increased transcription of
GCS genes or enhanced stability of the mRNA.
Recently, translation-independent stabilization
of HO-1 mRNA has been shown to occur upon
exposure to NO donors (9). A potential candi-
date to mediate this effect is iron regulatory
protein-1, which regulates posttranscription-
ally the synthesis of several proteins important
for iron and oxygen metabolism and is known
to be activated by NO through either binding
to the iron-sulfur cluster or liberation of cellu-
lar Fe (105). Enhancement of GCS light and
heavy subunit stability through a similar mech-
anism is also a possibility that needs to be in-
vestigated in detail.

In addition to increased mRNA stability,
GCS expression may be regulated through en-
hanced transcription of the heavy and light
subunit genes. The promoter regions of both
genes contain a number of putative transcrip-
tion factor binding sites including activator
protein-1, Sp-1, antioxidant responsive ele-
ment/ electrophile responsive element, and nu-
clear factor kB (NF-«B), which are potential tar-
gets for NO-dependent regulation (72, 77).
Depending on the concentration of NO as well
as the transcription factors involved, these un-
dergo either increased or decreased binding
upon exposure to NO. For example, low con-
centrations of NO are thought to activate NF-
kB, possibly through S-nitrosation of the up-
stream molecule p21™s and subsequent
activation of I«B kinases (50, 59). However,
high concentrations inhibit NF-«B due to in-
creased stability IkB kinases (50, 85). Whereas
Sp-1 has been recently shown to be activated
by NO through a cyclic GMP-independent
mechanism (104), high concentrations of NO
inhibit the binding of Sp-1 and other zinc-fin-
ger transcription factors (57). Also direct inhi-
bition of DNA binding through disruption of

LEVONEN ET AL.

other, yet uncharacterized metal-binding thiol
transcription factors similar to yeast transcrip-
tion factor Acel is a possibility (93).

The mediators involved in the NO-depen-
dent GCS induction may also be secondary ox-
idants, such as ONOO™. In this respect, a re-
cent report showing increased GSH levels upon
exposure to 3-morpholinosydnonimine, a
ONOO™ donor, is of particular interest (14). Al-
though the authors state that this increase is
mediated through increased cystine uptake, a
concomitant GCS induction is not excluded.
ONOO™ has also been suggested to be in-
volved in the induction of HO-1 by NO, and
ONOO™ itself is able to induce this enzyme in
endothelial cells (32, 33). Certain cell types are
sensitive to the cytotoxicity of ONOO™, but en-
dothelial cells are known to be more resistant,
although high concentrations are known to be
proapoptotic also in this cell type (33, 58). How-
ever, if ONOO™ mediates GCS induction by
NO donors, it is likely to serve a signaling func-
tion as the NO fluxes needed for GCS induc-
tion (1-3 nM/s) are far lower than those con-
centrations that are cytotoxic (71).

Intracellular GSH concentration appears to be
a critical determinant in many functions of NO
in the cell. Depletion of intracellular GSH by
GCS inhibitor buthionine sulfoximine attenu-
ates vascular smooth muscle cell relaxation and
subsequent vasodilation caused by nitroglyc-
erin (6). Moreover, GSH depletion enhances the
cytotoxicity of NO and ONOO~, indicating the
important role of GSH in the detoxification of
RNS (66, 103). In purified enzyme preparations
of inducible and neuronal NO synthase, GSH is
needed for full enzyme activity (45, 99). Fur-
thermore, endothelial NO synthesis is impaired
in GSH-depleted endothelial cells, and con-
versely, enhanced by a thiol antioxidant and
GSH precursor N-acetylcysteine (36, 88). Thus,
there appears to be a close interaction between
NO and GSH metabolism, and GSH not only
protects against RNS-mediated toxicity, but
also is needed for NO synthesis.

ONOO™ AND CELL SIGNALING

Peroxynitrite at high concentrations can
cause a wide spectrum of oxidation and nitra-
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tion reactions that can lead to cell death (3).
However, even in the earliest studies, expo-
sure of cellular systems to the lower more
physiological, rather than pathological, con-
centrations appeared to be having more spe-
cific and even protective effects. For example,
exposure of ONOO™ to isolated aortic vessels,
perfused hearts, and platelets resulted in the
formation of NO donors through formation of
nitrated thiols or alcohol groups (68, 74, 75).
Mechanisms are still be elucidated as these
studies are confirmed and extended, but they
do raise the tantalizing possibility that
ONOOQO™ can function as a cell-signaling mol-
ecule. For example, a recent study associated
the cardioprotective effect of ONOO™ at low
concentrations of 0.2-2 uM with decreased P-
selectin expression and preservation of endo-
thelial cell function (80).

Initially, this concept has met some resis-
tance, because ONOO™ is reactive and chemi-
cally unstable in molecular terms, but a bio-
logical half-life of seconds does not preclude a
role as a cell-signaling molecule. This occurs
because of the dominance of the nitration re-
actions over oxidation in biological systems ex-
posed to RNS such as ONOO™ and the effect
of carbon dioxide in favoring nitration reac-
tions over oxidation (42, 65). Thus, the short-
lived effects of ONOO™ generated within the
cell in a specific domain may lead to specific
modification and hence control of selected sig-
nal-transduction pathways.

Direct addition of ONOO™ to cells can re-
sult in activation of the MAP kinases, al-
though little selectivity was evident in the ac-
tivation of the three major classes of these
proteins. In a series of studies, this was also
examined in endothelial cells subject to shear
stress and exposed to a bolus concentration of
ONOO™. Shear stress induces the formation
of both NO and O, within the cell and acti-
vates the MAP kinases extracellular signal-
regulated protein kinase (ERK) and N-termi-
nal c-Jun kinase (JNK) (39). A typical result is
shown in Fig. 3, and it further indicates that
the physiological generation of both NO and
O, in this context does not lead to activation
of ERK. NO alone at these concentrations
does not activate JNK (or ERK), and the hy-
pothesis was tested that the cogeneration of
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O,~ was contributing to this effect. These data
are shown in Fig. 3C and show that overex-
pression of SOD, but not catalase, inhibits
JNK activation. The addition of bolus
ONOO™ to the cells under a static condition
resulted in activation of JNK to a level simi-
lar to that found with shear stress. The bolus
concentration of ONOO™ was calculated to be
at least 50 times greater than that produced
in response to shear stress. In support of this
finding, staining with the nitrotyrosine anti-
body of the cells that were subjected to shear
stress showed a significant (twofold) increase
(Fig. 3E). The staining for cells exposed to bo-
lus ONOOT, on the other hand (Fig. 3F), was
far more extensive and particularly promi-
nent at the cell surface.

This is consistent with the formation of
ONOO™ in an intracellular cell-signaling do-
main composed of multiprotein complexes.
This is precedented in NO signaling. For ex-
ample, in the case of eNOS the association of
the enzyme with subcellular structures
known as caveolae modulates NO produc-
tion in response to a wide range of agonists
(30). If reactive molecules such as ONOO™
play a role in signal transduction, having the
“receptor” closely located to the site of for-
mation may be a mechanism to endow speci-
ficity to the signaling cascade and may also
indicate that this is an autocrine signaling
mechanism.

In the previous section, the induction of GSH
synthesis by NO and ONOO™ was discussed.
Physiologically, shear stress is a regulator of
NO production and is associated with the in-
creased production of eNOS and antioxidant
enzymes such as the SODs (26). Therefore, we
hypothesized that shear stress could increase
GSH in endothelial cells through NO forma-
tion. To test this idea, endothelial cells were ex-
posed to shear stress (5 dyn/cm?), and cell
lysates were used to determine total GSH con-
tent and GSH oxidation over the first hour (Fig.
4). Within the first minutes of shear stress, a
highly significant oxidation of GSH occurs, but
without a change in the total GSH. After a pe-
riod of 12-16 h, a 1.5-2-fold increase in GSH
has occurred.

This rapid oxidation of GSH stimulated by
shear stress is accompanied by the immediate
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FIG.3. Activation of MAP kinase pathways by shear stress (A and B): Inhibition of NO production prevents shear-
dependent activation of JNK, but not ERK. BAEC (bovine aortic endothelial cells) were incubated without or with 3
mM N¢-nitro-L-arginine methyl ester (L-NAME) for 10 min. Cells were then subjected to static control or 10 dyn/cm?
of shear stress for 5 min (A) or for 1 h (B). Activity of ERK was determined with a phospho-ERK (pERK) antibody
by western blot analysis (A) and JNK activity by the phosphorylation of GST-cJun (B) and subsequent separation by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (39). The data are expressed as means = SEM (n = 3). (C)
Scavenging O,~, but not H,O,, prevented shear-dependent activation of JNK. Cells were transiently cotransfected
with a vector encoding for Cu/Zn-SOD, catalase, or empty vector control (pcDNA) along with hemagglutinin-tagged
JNKI1. Two days after transfection, cells were subjected to static control or shear stress and the JNK activity was mea-
sured. Data are expressed as means = SEM (n = 3). (D, E, and F): Shear stress increases the nitrotyrosine staining in
endothelial cells. BAEC were exposed to static condition (D) or to shear stress (10 dyn/cm?; E) for 1 h or to authen-
tic ONOO™ (F) for a few seconds. BAEC were then incubated with a nitrotyrosine antibody followed by a Cy3-con-
jugated goat anti-rabbit antibody. Washed cells were then mounted with Slow-Fade and examined by fluorescence
microscopy (39). Representative pictures of three to five independent experiments are shown.

production of NO. It is not yet clear how these some of the early responses to shear stress that
mechanisms may be coupled to the regulation could lead to transcriptional regulation of pro-
of gene expression that can lead to enhanced teins. Current studies aim to define the mech-
antioxidant capacity within the sheared cell. anisms leading to increased GSH synthesis in
However, progress has been made in defining response to shear stress.
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FIG.4. Effectof shear stresson GSH oxidation and syn-
thesis. Confluent BAEC were exposed to shear (5
dyn/cm?) for 5 min to 22 h, and the total GSH concentra-
tion (A) and the GSH:GSSG ratio (B) were measured (39,
70). The data for control cells not subjected to shear are
also shown (_J) and were significantly different from the
cell subjected to shear (p < 0.005). The data represent the
means + SEM of three to five independent experiments.

THE ROLE OF NO IN REGULATION OF
CELL SURVIVAL

As discussed previously, NO has an impor-
tant role in the regulation of cell death.
Whereas certain cell types such as neurons,
pancreatic B-cells, and macrophages are ex-
quisitely sensitive to NO-mediated cytotoxic-
ity, others can be protected by NO against toxic
effects of various stimuli (23, 53). In the vascu-
lature, NO has been shown to have proapop-
totic or antiproliferative effects in vascular
smooth muscle cells, whereas in endothelial
cells NO proteins against cell death induced by
tumor necrosis factor-a, serum starvation, and
hydrogen peroxide (23, 35, 49). Also shear
stress has been shown to inhibit apoptosis trig-
gered by these stimuli in an NO-dependent
manner (26). Apart from previously mentioned
inhibition of permeability transition and sub-
sequent cytochrome ¢ release from the mito-
chondrion, NO affects key enzymes involved
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in the apoptosis cascade through S-nitrosation
and inhibition of caspase-3, -6, -7, and -8 (23,
25, 63, 67). Other putative mechanisms by
which NO inhibits apoptosis include the inhi-
bition of the recruitment of tumor necrosis fac-
tor-a associated death domain through reduc-
tion of ceramide production, and up-regulation
of antiapoptotic proteins heat shock protein-70
and Bcl-2 (21, 53, 89).

More recently, the attention has been focused
on the modulation of cytoprotective pathways
such as MAP kinase signaling by NO. For ex-
ample, it has been reported that NO protects
against tumor necrosis factor-a-induced apop-
tosis by inhibiting protein expression of MAP
kinase phosphatase-3, followed by prolonged
activation of ERK1/2 exerting prosurvival
functions, e.g., through up-regulation of Bcl-2
protein (89). Another signaling pathway im-
portant to protection against apoptosis is the
PI3K-Akt pathway (34). Recent evidence sug-
gests that shear stress activates eNOS through
serine phosphorylation via the PI3K-Akt path-
way (27). Low levels of NO produced upon
stimulation of this pathway could mediate cy-
toprotection, possibly through the activation of
MAP kinase members.

SUMMARY

The hypothesis outlined in Fig. 5 is that NO
participates in redox cell signaling by using at
least three distinct mechanisms in the vascula-
ture. The finding that RNS such as ONOO™
may play a role as a cell-signaling molecule is
not surprising. However, it is possible that
these effects may be restricted to the cell type
and signaling domain in which the ONOO™ is
formed. The formation of NO itself appears to
occur in pulses in the endothelium and can dif-
fuse locally, resulting in control of vascular
tone. Current thinking is that the vascular
smooth muscle cell “senses” the overall NO
concentration in the solution and is unable to
distinguish NO derived from one endothelial
cell versus another. It is this form of NO that
we hypothesize is capable of modulating mi-
tochondrial respiration and apoptosis. Finally,
a more stable from of NO, S-nitrosothiol, is pro-
duced by the endothelium and appears to be


http://www.liebertonline.com/action/showImage?doi=10.1089/152308601300185188&iName=master.img-007.png&w=178&h=263

224

LEVONEN ET AL.

Vessel lumen

Endothelial
cell
Lipid
peroxidation

Smooth muscle cyclase

cell

Guanylate

Caspases l

CwZn SOD
Heme oxygenase
Mn-SOD

FIG. 5.

Three mechanisms of RNS signaling in the vasculature. In this scheme, the effect of shear stress is shown

in stimulating NO production through activation of eNOS. Antioxidant mechanisms for the antiatherosclerotic effects
of NO are depicted and include inhibition of lipid peroxidation by direct scavenging of lipid radicals and nitrosoth-
iol (RSNO)-dependent inhibition of caspases, which results in protection against apoptotic cell death. The precise mo-
lecular identity of the S-nitrosothiol remains undefined and is also released from the endothelial cell surface. NO is
also shown to increase transcription of a number of genes, including those that regulate intracellular antioxidant sys-
tems such as GSH synthesis and the SODs. Diffusion of NO across the endothelial cell membrane results in relax-
ation of vascular smooth muscle cells. NO is shown reacting with O,~, leading to activation of JNK.

in equilibrium with other similar species in the
circulation. Rather than controlling vessel tone,
this form of NO may modulate other biologi-
cal processes, such as platelet aggregation (74).
Within the cell, the modification of critical thi-
ols on proteins such as Ras and the caspases
indicates mechanisms through which the S-
nitrosothiols can exert a signaling function.
Notwithstanding the incomplete nature of our
knowledge in this area, it is becoming evident
that understanding how these distinct signal-
ing pathways change in response to disease is
an interesting question to pursue.
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eNOS, endothelial nitric oxide synthase;
ERK, extracellular signal-regulated protein ki-
nase; GCS, y-glutamylcysteine synthetase;
GSH, glutathione; HO-1, heme oxygenase-1;
JNK, N-terminal c-Jun kinase; MAP kinase, mi-
togen-activated protein kinase; NF-«B, nuclear
factor kB; NO, nitric oxide; O,~, superoxide;
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ide dismutase.

10.

11.

12.

13.

REFERENCES

. Abu-Soud HM, and Hazen SL. Nitric oxide modu-

lates the catalytic activity of myeloperoxidase. | Biol
Chem 275: 5425-5430, 2000.

. Azzi A, Boscoboinik D, Chatelain E, Ozer NK, and

Stauble B. d-a-Tocopherol control of cell prolifera-

tion. Mol Aspects Med 14: 265-271,1993.

. Beckman JS, and Koppenol WH. Nitric oxide, su-

peroxide, and peroxynitrite: the good, the bad, and
ugly. Am ] Physiol 271: C1424-C1437,1996.

. Beckman JS, Ye YZ, Anderson PG, Chen J, Accavitti

MA, Tarpey MM, and White CR. Extensive nitration
of protein tyrosines in human atherosclerosis de-

tected by immunohistochemistry. Bigl Chem Hoppe-
Seyler 375: 81-88, 1994.

. Berliner JA, and Heinecke JW. The role of oxidized

lipoproteins in atherogenesis. Ergg Radic Biol Med 20:
707-727,1996.

. Boesgaard S, Poulsen HE, Aldershvile J, Loft S, An-

derson ME, and Meister A. Acute effects of nitro-
glycerin depend on both plasma and intracellular
sulfhydryl compound levels in vivo. Effect of agents
with different sulfhydryl-modulating properties.
Circulation 87: 547-553, 1993.

. Bogoyevitch MA, Ng DC, Court NW, Draper KA,

Dhillon A, and Abas L. Intact mitochondrial electron
transport function is essential for signalling by hy-

drogen peroxide in cardiac myocytes. [ Mol Cell Cgr-
diol 32: 1469-1480, 2000.

. Bonaventura C, Ferruzzi G, Tesh S, and Stevens RD.

Effects of S-nitrosation on oxygen binding by nor-
mal and sickle cell hemoglobin. [ Biol Chem 274:
24742-24748,1999.,

. Bouton C, and Demple B. Nitric oxide-inducible ex-

pression of heme oxygenase-1 in human cells. Trans-
lation-independent stabilization of the mRNA and
evidence for direct action of nitric oxide. [ Biol Chem
275: 32688-32693, 2000.

Brookes PS, Land JM, Clark JB, and Heales SJ. Per-
oxynitrite and brain mitochondria: evidence for in-
creased proton leak. [ Neurochem 70: 21952202, 1998.
Brookes PS, Padilla-Salinas E, Darley-Usmar K, Eis-
erich JP, Freeman BA, Darley-Usmar VM, and An-
derson PG. Concentration dependent effects of nitric
oxide on mitochondrial permeability transition and
cytochrome c release. [ Biol Chem 275: 2047420479,
2000.

Brown GC. Reversible binding and inhibition of
catalase by nitric oxide. Eyy ] Biochem 232: 188-191,
1995.

Bruckdorfer KR, Dee G, Jacobs M, and Rice-Evans

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

225

CA. The protective action of nitric oxide against
membrane damage induced by myoglobin radicals.
Biochem Soc Trans 18: 285-286, 1990.

Buckley BJ, and Whorton AR. Adaptive responses to
peroxynitrite: increased glutathione levels and cys-
tine uptake in vascular cells. Am | Physiol 279:
C1168-C1176, 2000.

Cai ], and Jones DP. Superoxide in apoptosis. Mito-
chondrial generation triggered by cytochrome c loss.
LBiol Chem 273: 11401-11404, 1998.

Castro L, Rodriguez M, and Radi R. Aconitase is
readily inactivated by peroxynitrite, but not by its
precursor, nitric oxide. [ Biol Chem 269: 2940929415,
1994.

Cleeter MW, Cooper JM, Darley-Usmar VM, Mon-
cada S, and Schapira AH. Reversible inhibition of cy-
tochrome c oxidase, the terminal enzyme of the mi-
tochondrial respiratory chain, by nitric oxide.
Implications for neurodegenerative diseases. FEBS
Lett 345: 50-54, 1994.

Clementi E, Brown GC, Feelisch M, and Moncada S.
Persistent inhibition of cell respiration by nitric ox-
ide: crucial role of S-nitrosylation of mitochondrial
complex I and protective action of glutathione. Proc
Natl Acgd Sci 11 S A 95: 7631-7636, 1998.

Cooper CE. Nitric oxide and iron proteins. Biochim
Biophys Acta 1411: 290-309, 1999.

Darley-Usmar VM, Hogg N, O’Leary V], Wilson MT,
and Moncada S. The simultaneous generation of su-
peroxide and nitric oxide can initiate lipid peroxi-
dation in human low density lipoprotein. Free Radic
Res Commun 17: 9-20, 1992.

De Nadai C, Sestili P, Cantoni O, Lievremont JP,
Sciorati C, Barsacchi R, Moncada S, Meldolesi J, and
Clementi E. Nitric oxide inhibits tumor necrosis fac-
tor-alpha-induced apoptosis by reducing the gener-
ation of ceramide. RigeelatedeodeScinllacd 97:
5480-5485, 2000.

Denninger JW, and Marletta MA. Guanylate cyclase
and the -NO/cGMP signaling pathway. Biochim Bio-
phys Acta 1411: 334-350, 1999.

Dimmeler S, and Zeiher AM. Nitric oxide—an en-
dothelial cell survival factor. Cgll_Degth Differ 6:
964-968, 1999.

Dimmeler S, Lottspeich F, and Brune B. Nitric oxide
causes ADP-ribosylation and inhibition of glycer-
aldehyde-3-phosphate dehydrogenase. [ Biol Chem
267:16771-16774, 1992.

Dimmeler S, Haendeler J, Nehls M, and Zeiher AM.
Suppression of apoptosis by nitric oxide via inhibi-
tion of interleukin-1beta-converting enzyme (ICE)-
like and cysteine protease protein (CPP)-32-like pro-
teases. [ Exp Med 185: 601-607, 1997.

Dimmeler S, Hermann C, Galle J, and Zeiher AM.
Upregulation of superoxide dismutase and nitric ox-
ide synthase mediates the apoptosis-suppressive ef-
fects of shear stress on endothelial cells. Arterioscler

Thromb Vasc Bigl 19: 656-664, 1999.

Dimmeler S, Fleming I, Fisslthaler B, Hermann C,




226

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Busse R, and Zeiher AM. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent
phosphorylation. Nature 399: 601-605, 1999.

Doyle MP, and Hoekstra JW. Oxidation of nitrogen
oxides by bound dioxygen in hemoproteins. [ Inorg
Biochem 14: 351-358, 1981.

Eiserich JP, Patel RP, and O’Donnell VB. Patho-
physiology of nitric oxide and related species: free
radical reactions and modification of biomolecules.
Mol Aspects Med 19: 221-357, 1998.

Feron O, Saldana F, Michel JB, and Michel T. The en-
dothelial nitric-oxide synthase-caveolin regulatory
cycle. [ Biol Chem 273: 3125-3128, 1998.

Fleming I, and Busse R. Signal transduction of eNOS
activation. Cgrdiovgsc Res 43: 532-541, 1999.

Foresti R, Clark JE, Green CJ, and Motterlini R. Thiol
compounds interact with nitric oxide in regulating
heme oxygenase-1 induction in endothelial cells. In-
volvement of superoxide and peroxynitrite anions. |
Biol Chem 272: 18411-18417,1997.

Foresti R, Sarathchandra P, Clark JE, Green CJ, and
Motterlini R. Peroxynitrite induces haem oxygenase-
1 in vascular endothelial cells: a link to apoptosis.
Biochem | 339: 729-736, 1999.

Franke TF, Kaplan DR, and Cantley LC. PI3K: down-
stream AKTion blocks apoptosis. Cell 88: 435437,
1997.

Garg UC, and Hassid A. Nitric oxide-generating va-
sodilators and 8-bromo-cyclic guanosine monophos-
phate inhibit mitogenesis and proliferation of cul-
tured rat vascular smooth muscle cells. [ Clin Invest
83:1774-1777, 1989.

Ghigo D, Alessio P, Foco A, Bussolino F, Costa-
magna C, Heller R, Garbarino G, Pescarmona GP,
and Bosia A. Nitric oxide synthesis is impaired in
glutathione-depleted human umbilical vein endo-
thelial cells. Am ] Physiol 265: C728-C732, 1993.
Gladwin MT, Ognibene FP, Pannell LK, Nichols JS,
Pease-Fye ME, Shelhamer JH, and Schechter AN.
Relative role of heme nitrosylation and beta-cysteine
93 nitrosation in the transport and metabolism of ni-
tric oxide by hemoglobin in the human circulation.
BracNatl Acad Soi LS4 97: 9943-9948, 2000.
Gladwin MT, Shelhamer JH, Schechter AN, Pease-
Fye ME, Waclawiw MA, Panza JA, Ognibene FP, and
Cannon RO. Role of circulating nitrite and S-ni-
trosohemoglobin in the regulation of regional blood
flow in humans. RugeeNetledctdeSoillacd 97:
11482-11487, 2000.

Go YM, Patel RP, Maland MC, Park H, Beckman JS,
Darley-Usmar VM, and Jo H. Evidence for peroxy-
nitrite as a signaling molecule in flow-dependent ac-
tivation of c-Jun NHy-terminal kinase. Am [ Physiol
277: H1647-H1653, 1999.

Gorbunov NV, Osipov AN, Day BW, Zayas-Rivera
B, Kagan VE, and Elsayed NM. Reduction of fer-
rylmyoglobin and ferrylhemoglobin by nitric oxide:
a protective mechanisms against ferryl hemoprotein-
induced oxidations. Bigchemistry 34: 6689-6699, 1995.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

LEVONEN ET AL.

Goss SP, Hogg N, and Kalyaranaraman B. The effect
of nitric oxide release rates on the oxidation of hu-
man low density lipoprotein. [ Biol Chem 272:21647-
21653, 1997.

Gow A, Duran D, Thom SR, and Ischiropoulos H.
Carbon dioxide enhancement of peroxynitrite-medi-
ated protein tyrosine nitration. Azgh Biockeus Bionlys
333: 4248, 1996.

Gow AJ, and Stamler JS. Reactions between nitric ox-
ide and haemoglobin under physiological condi-
tions. Nature 391: 169-173, 1998.

Gow A], Luchsinger BP, Pawloski JR, Singel DJ, and
Stamler JS. The oxyhemoglobin reaction of nitric ox-
ide. Ruaedatldcad Soill S A 96: 9027-9032, 1999.
Hofmann H, and Schmidt HH. Thiol dependence of
nitric oxide synthase. Biochemistry 34: 13443-13452,
1995.

Hogg N, and Kalyanaraman B. Nitric oxide and lipid
peroxidation. Bigchim Bignhus Actg 1411: 378-384,
1999.

Ignarro LJ. Physiology and pathophysiology of ni-
tric oxide. Kidney Int Suppl 55: S2-S5, 1996.
Ischiropoulos H. Biological tyrosine nitration: a
pathophysiological function of nitric oxide and re-
active oxygen species. Agch Biocken Bignhys 356: 1-
11, 1998.

Iwashina M, Shichiri M, Marumo F, and Hirata Y.
Transfection of inducible nitric oxide synthase gene
causes apoptosis in vascular smooth muscle cells.
Circulation 98: 1212-1218, 1998.

Janssen-Heininger YM, Poynter ME, and Baeuerle
PA. Recent advances towards understanding redox
mechanisms in the activation of nuclear factor kap-
paB. Ezee Radic Biol Med 28: 1317-1327, 2000.

Jia L, Bonaventura C, Bonaventura J, and Stamler JS.
S-Nitrosohaemoglobin: A dynamic activity of blood
involved in vascular control. Nature 380: 221-226,
1996.

Kharitonov VG, Russwurm M, Magde D, Sharma
VS, and Koesling D. Dissociation of nitric oxide from
soluble guanylate cyclase. BigehoumBioubis Rostalis
mun 239: 284-286, 1997.

Kim YM, de Vera ME, Watkins SC, and Billiar TR.
Nitric oxide protects cultured rat hepatocytes from
tumor necrosis factor-alpha-induced apoptosis by
inducing heat shock protein 70 expression. | Biol
Chem 272: 1402-1411, 1997.

Kim YM, Bombeck CA, and Billiar TR. Nitric oxide
as a bifunctional regulator of apoptosis. Circ Res 84:
253256, 1999.

Kosaka H. Nitric oxide and hemoglobin interactions
in the vasculature. Bigchim Biophyc Actz 1411: 370-
377,1999.

Kosaka H, Sawai Y, Sakaguchi H, Kumura E, Harada
N, Watanabe M, and Shiga T. ESR spectral transition
by arteriovenous cycle in nitric oxide hemoglobin of
cytokine-treated rats. Am ] Physiol 266: C1400-C1405,
1994.

Kroncke KD, and Carlberg C. Inactivation of zinc fin-



NITRIC OXIDE AS AN ANTIOXIDANT

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

ger transcription factors provides a mechanism for
a gene regulatory role of nitric oxide. FASEB [ 14:
166-173, 2000.

Kroncke KD, Brenner HH, Rodriguez ML, Etzkorn
K, Noack EA, Kolb H, and Kolb-Bachofen V. Pan-
creatic islet cells are highly susceptible towards the
cytotoxic effects of chemically generated nitric ox-
ide. Bigchim Rigphys Actg 118: 221-229,1993.
Lander HM, Hajjar DP, Hempstead BL, Mirza UA,
Chait BT, Campbell S, and Quilliam LA. A molecu-
lar redox switch on p21(ras). Structural basis for the
nitric oxide-p21(ras) interaction. [ Biol Chem 272:
4323-4326,1997.

Levonen AL, Laakso J, Vaskonen T, Mervaala E,
Karppanen H, and Lapatto R. Down-regulation of
renal glutathione synthesis by systemic nitric oxide
synthesis inhibition in spontaneously hypertensive
rats. Biochom Phgrngceol 59: 441443, 2000.

Li AE, Ito H, Rovira II, Kim KS, Takeda K, Yu ZY,
Ferrans V], and Finkel T. A role for reactive oxygen
species in endothelial cell anoikis. Circ Res 85: 304-
310, 1999.

Li H, Marshall ZM, and Whorton AR. Stimulation of
cystine uptake by nitric oxide: regulation of endo-
thelial cell glutathione levels. Am [ Physiol 276: C803—
C811, 1999.

LiJ, Billiar TR, Talanian RV, and Kim YM. Nitric ox-
ide reversibly inhibits seven members of the caspase
family via S-nitrosylation. BigeheumBigukis Res-Cauls
mun 240: 419-424, 1997.

Liu X, Kim CN, Yang J, Jemmerson R, and Wang X.
Induction of apoptotic program in cell-free extracts:
requirement for dATP and cytochrome c. Cell 86:
147-157, 1996.

Lymar SV, and Hurst JK. Carbon dioxide: physio-
logical catalyst for peroxynitrite-mediated cellular
damage or cellular protectant? Chem Res Toxicol 9:
845-850, 1996.

Ma XL, Lopez BL, Liu GL, Christopher TA, Gao F,
Guo Y, Feuerstein GZ, Ruffolo RR]J, Barone FC, and
Yue TL. Hypercholesterolemia impairs a detoxifica-
tion mechanism against peroxynitrite and renders
the vascular tissue more susceptible to oxidative in-
jury. Circ Res 80: 894-901, 1997.

Mannick JB, Miao XQ, and Stamler JS. Nitric oxide
inhibits Fas-induced apoptosis. [ _Biol Chem 272:
24125-24128, 1997.

Mayer B, Pfeiffer S, Schrammel A, Koesling D,
Schmidt K, and Brunner F. A new pathway of nitric
oxide/cyclic GMP signaling involving S-nitrosoglu-
tathione. | Biol Chem 273: 3264-3270, 1998.
McMahon TJ, Exton SA, Bonaventura ], Singel D],
and Solomon SJ. Functional coupling of oxygen
binding and vasoactivity in Ssnifzgsghemgglobin .t
Biol Chem 275: 16738-16745, 2000.

Moellering D, McAndrew ], Patel RP, Cornwell T,
Lincoln T, Cao X, Messina JL, Forman HJ, Jo H, and
Darley-Usmar VM. Nitric oxide-dependent induc-
tion of glutathione synthesis through increased ex-

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

227

pressmn of gamma- glutamylcysteine synthetase.
358: 74-82, 1998.
Moellering D, McAndrew A], Patel RP, Forman H]J,
Mulcahy RT, Jo H, and Darley-Usmar VM. The in-
duction of GSH synthesis by nanomolar concentra-
tions of NO in endothelial cells: a role for gamma-
glutamylcysteine synthetase and gamma-glutamyl
transpeptidase. FEBS Lett 448: 292296, 1999.
Moinova HR, and Mulcahy RT. An electrophile re-
sponsive element (EpRE) regulates beta-naph-
thoflavone induction of the human gamma-glu-
tamylcysteine synthetase regulatory subunit gene.
Constitutive expression is mediated by an adjacent
AP-1 site. [ Biol Chem 273: 14683-14689, 1998.
Moncada S, Palmer RM, and Higgs EA. Nitric oxide:
physiology, pathophysiology, and pharmacology.
Pharmacol Rey 43: 109-142, 1991.
Moro MA, Darley-Usmar VM, Goodwin DA, Read
NG, Zamora-Pino R, Feelisch M, Radomski MW, and
Moncada S. Paradoxical fate and biological action of
peroxynitrite on human platelets. Rroc Natl Acad Sci
US A91: 6702-6706, 1994.
Moro MA, Darley-Usmar VM, Lizasoain I, Su Y,
Knowles RG, Radomski MW, and Moncada S. The
formation of nitric oxide donors from peroxynitrite.
Br I Pharmacol 116: 1999-2004, 1995.
Motterlini R, Foresti R, Intaglietta M, and Winslow
RM. NO-mediated activation of heme oxygenase: en-
dogenous cytoprotection against oxidative stress to
endothelium. Am [ Physiol 270: H107-H114, 1996.
Mulcahy RT, Wartman MA, Bailey HH, and Gipp JJ.
Constitutive and beta-naphthoflavone-induced ex-
pression of the human gamma-glutamylcysteine
synthetase heavy subunit gene is regulated by a dis-
tal antioxidant response element/TRE sequence. |
Biol Chem 272: 7445-7454, 1997.
Naruse K, Shimizu K, Muramatsu M, Toki Y,
Miyazaki Y, Okumura K, Hashimoto H, and Ito T.
Long-term inhibition of NO synthesis promotes ath-
erosclerosis in the hypercholesterolemic rabbit tho-
racic aorta. PGH2 does not contribute to impaired
endothelium-dependent  relaxation.  Arterioscler
Thromb 14: 746752, 1994.
Nishikawa T, Edelstein D, Du XL, Yamagishi S, Mat-
sumura T, Kaneda Y, Yorek MA, Beebe D, Oates PJ,
Hammes HP, Giardino I, and Brownlee M. Normal-
izing mitochondrial superoxide production blocks
three pathways of hyperglycaemic damage. Nature
404: 787-790, 2000.
Nossuli TO, Hayward R, Jensen D, Scalia R, and
Lefer AM. Mechanisms of cardioprotection by per-
oxynitrite in myocardial ischemia and reperfusion
injury. Am [ Physiol 275: H509-H519, 1998.
O’Donnell VB, Chumley PH, Hogg N, Bloodsworth
A, Darley-Usmar VM, and Freeman BA. Nitric ox-
ide inhibition of lipid peroxidation: kinetics of re-
action with lipid peroxyl radicals and comparison
with alpha-tocopherol. Biochemistry 36: 15216-15223,
1997.



228

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

O’Donnell VB, Taylor KB, Parthasarathy S, Kuhn H,
Koesling D, Friebe A, Bloodsworth A, Darley-Us-
mar VM, and Freeman BA. 15-Lipoxygenase cat-
alytically consumes nitric oxide and impairs activa-
tion of guanylate cyclase. [ Biol Chem 274: 20083—
20091, 1999.

Patel RP, Hogg N, Spencer NY, Kalyarnaraman B,
Matalon S, and Darley-Usmar VM. Biochemical
characterization of human S-nitrosohemoglobin. Ef-
fects on oxygen binding and transnitrosation. | Biol
Chem 274: 15487-15492, 1999.

Patel RP, Levonen A, Crawford JH, and Darley-Us-
mar VM. Mechanisms of the pro- and anti-oxidant
actions of nitric oxide in atherosclerosis. Cradiovasc
Res 47: 465-474, 2000.

Peng HB, Libby P, and Liao JK. Induction and sta-
bilization of I kappa B alpha by nitric oxide medi-
ates inhibition of NF-kappa B. [ _Bigl Chem 270:
14214-14219, 1995.

Poderoso JJ, Carreras MC, Lisdero C, Riobo N,
Schopfer F, and Boveris A. Nitric oxide inhibits elec-
tron transfer and increases superoxide radical pro-
duction in rat heart mitochondria and submito-
chondrial particles. Azgl Biockem Bignhys 328: 8592,
1996.

Poderoso JJ, Lisdero C, Schopfer F, Riobo N, Car-
reras MC, Cadenas E, and Boveris A. The regulation
of mitochondrial oxygen uptake by redox reactions
involving nitric oxide and ubiquinol. [ Biol Chem 274:
37709-37716, 1999.

Ramasamy S, Drummond GR, Ahn J, Storek M, Pohl
J, Parthasarathy S, and Harrison DG. Modulation of
expression of endothelial nitric oxide synthase by
nordihydroguaiaretic acid, a phenolic antioxidant in
cultured endothelial cells. Mol Pharmgcol 56:116-123,
1999.

Rossig L, Haendeler J, Hermann C, Malchow P, Ur-
bich C, Zeiher AM, and Dimmeler S. Nitric oxide
down-regulates MKP-3 mRNA levels: involvement
in endothelial cell protection from apoptosis. | Biol
Chem 275: 25502-25507, 2000.

Rubbo H, Darley-Usmar V, and Freeman BA. Nitric
oxide regulation of tissue free radical injury. Chem
Res Toxicol 9: 809-820, 1996.

Sano H, Hirai M, Saito H, Nakashima I, and Isobe
K. Nitric oxide releasing reagent, S-nitroso-N-
acetylpenicillamine, enhances the expression of
manganese superoxide dismutase mRNA in rat vas-
cular smooth muscle cells. [ Cell Biochem 62: 50-55,
1996.

Sano H, Hirai M, Saito H, Nakashima I, and Isobe
KI. A nitric oxide-releasing reagent, S-nitroso-N-
acetylpenicillamine, enhances the expression of su-
peroxide dismutases mRNA in the murine macro-
phage cell line RAW264-7. [mmunology 92: 118-122,
1997.

Shinyashiki M, Chiang KT, Switzer CH, Gralla EB,
Valentine JS, Thiele DJ, and Fukuto JM. The interac-
tion of nitric oxide (NO) with the yeast transcription

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

LEVONEN ET AL.

factor Acel: A model system for NO-protein thiol
interactions with implications to metal metabolism.
RigeNatl Acad Soi 11 C A 97: 2491-2496, 2000.
Skulachev VP. Role of uncoupled and non-coupled
oxidations in maintenance of safely low levels of
oxygen and its one-electron reductants. Q Rev Bio-
phys 29: 169-202, 1996.

Skulachev VP. Membrane-linked systems preventing
superoxide formation. Biosci Rep 17: 347-366, 1997.
Souza JM, Daikhin E, Yudkoff M, Raman CS, and Is-
chiropoulos H. Factors determining the selectivity of
protein tyrosine nitration. Azl Biocken Bignhyg 371:
169-178, 1999.

Stamler JS. Redox signaling: nitrosylation and re-
lated target interactions of nitric oxide. Cell 78:
931-936, 1994.

Stamler JS, Jia L, Eu JP, McMahon TJ, Demchenko
IT, Bonaventura J, Gernert K, and Piantadosi CA.
Blood flow regulation by S-nitrosohemoglobin in the
physiological oxygen gradient. Science 276: 2034—
2037, 1997.

Stuehr DJ, Kwon NS, and Nathan CF. FAD and GSH
participate in macrophage synthesis of nitric oxide.
Biaii i et iy 168: 558-565, 1999.
Takahashi Y, Kobayashi H, Tanaka N, Sato T, Tak-
izawa N, and Tomita T. Nitrosyl hemoglobin in
blood of normoxic and hypoxic sheep during nitric
oxide inhalation. Am [ Physiol 274: H349-H357,
1998.

Torres J, and Wilson MT. The reactions of copper
proteins with nitric oxide. Bigchim Bignhus Actg 1411:
310-322, 1999.

Traylor TG, and Sharma VS. Why NO? Biochemistry
31: 28472849, 1992.

Walker MW, Kinter MT, Roberts R], and Spitz DR.
Nitric oxide-induced cytotoxicity: involvement of
cellular resistance to oxidative stress and the role of
glutathione in protection. Pediatr Res 37: 41-49, 1995.
Wang S, Wang W, Wesley RA, and Danner RL. A
Sp1 binding site of the tumor necrosis factor alpha
promoter functions as a nitric oxide response ele-
ment. [ Biol Chem 274: 33190-33193, 1999.

Wardrop SL, Watts RN, and Richardson DR. Nitro-
gen monoxide activates iron regulatory protein 1
RNA-binding activity by two possible mechanisms:
effect on the [4Fe-4S] cluster and iron mobilization
from cells. Biochemistry 39: 2748-2758, 2000.
Witting P, Pettersson K, Ostlund-Lindqvist AM,
Westerlund C, Wagberg M, and Stocker R. Disso-
ciation of atherogenesis from aortic accumulation
of lipid hydro(pero)xides in Watanabe heritable
hyperlipidemic rabbits. [ Clin Invest 104: 213-220,
1999.

Wolzt M, MacAllister R], Davis D, Feelisch M, Mon-
cada S, Vallance P, and Hobbs A]J. Biochemical char-
acterization of S-nitrosohemoglobin. Mechanisms
underlying synthesis, NO release, and biological ac-
tivity. [ Biol Chem 274: 28983-28990, 1999.

Xie QW, and Nathan C. Promoter of the mouse gene



NITRIC OXIDE AS AN ANTIOXIDANT

109.

110.

encoding calcium-independent nitric oxide synthase
confers inducibility by interferon-gamma and bacte-
rial lipopolysaccharide. jgusmdssaomtiimblysicious
106: 1-12, 1993.

Yonetani T, Tsuneshige A, Zhou Y, and Chen X. Elec-
tron paramagnetic resonance and oxygen binding
studies of alpha-nitrosyl hemoglobin. A novel oxy-
gen carrier having NO-assisted allosteric functions.
[ Biol Chem 273: 20323-20333, 1998.

Yu XX, Barger JL, Boyer BB, Brand MD, Pan G, and
Adams SH. Impact of endotoxin on UCP homolog
mRNA abundance, thermoregulation, and mito-
chondrial protein leak kinetics. Am [ Physiol 279:
E433-E446, 2000.

229

Address reprint requests to:

Victor M. Darley-Usmar

Department of Pathology

University of Alabama at Birmingham
Volker Hall Room G038

1670 University Boulevard
Birmingham, AL 35294-0019

E-mail: darley@path.uab.edu

Received for publication November 10, 2000;
accepted December 12, 2000.



Thisarticle has been cited by:

1. Magnus G. Olsson , Maria Allhorn , Leif Bilow , Stefan R. Hansson , David Ley , Martin L.
Olsson , Artur Schmidtchen , Bo Akerstrém . 2012. Pathological Conditions Involving Extracellular
Hemoglobin: Molecular Mechanisms, Clinical Significance, and Novel Therapeutic Opportunities for
#1-Microglobulin. Antioxidants & Redox Signaling 17:5, 813-846. [Abstract] [Full Text HTML] [Full
Text PDF] [Full Text PDF with Links]

2. Mitochondria 3-39. [CrossRef]
3. The Endothelium, Cardiovascular Disease, and Therapy 409-467. [ CrossRef]

4. Wadlter G. Bottje, Gordon E. CarstensVariation in Metabolism: Biological Efficiency of Energy
Production and Utilization That Affects Feed Efficiency 251-273. [ CrossRef]

5. Arlene Bradley Levine, David Punihaole, T. Barry Levine. 2012. Characterization of the Role of Nitric
Oxide and Its Clinical Applications. Cardiology 122:1, 55-68. [ CrossRef]

6. Ayse Basak Engin, Neslihan Bukan, Osman Kurukahvecioglu, LeylaMemis, AtillaEngin. 2011. Effect
of butylated hydroxytoluene (E321) pretreatment versus |-arginine on liver injury after sub-lethal dose
of endotoxin administration. Environmental Toxicology and Pharmacology . [ CrossRef]

7.Brandon J. Reeder . 2010. The Redox Activity of Hemoglobins: From Physiologic Functions to
Pathologic Mechanisms. Antioxidants & Redox Sgnaling 13:7, 1087-1123. [Abstract] [Full Text
HTML] [Full Text PDF] [Full Text PDF with Links]

8. Hossein Hassanpour, Masood Teshfam, Ali Karimi Goodarzi. 2010. Effects of NOC-18 (nitric oxide
donor) and TRIM (nitric oxide synthase inhibitor) on kinematic parameters of ram epididymal sperm.
Comparative Clinical Pathology 19:5, 487-491. [ CrossRef]

9. Hossein Hassanpour, Masood Teshfam, Ali Karimi Goodarzi, Parviz Tajik, Pezhman Mirshokraei.
2010. In vitro effects of I-arginine on motion parameters in ram epididymal sperm. Comparative
Clinical Pathology 19:4, 351-355. [CrossRef]

10. Karen L. Burr, Joanne I. Robinson, Shubhra Rastogi, Michael T. Boylan, Philip J. Coates, Sally A.
Lorimore, Eric G. Wright. 2010. Radiation-Induced Delayed Bystander-Type Effects Mediated by
Hemopoietic Cells. Radiation Research 173:6, 760-768. [ CrossRef]

11. J. Pourova, M. Kottova, M. Voprsalova, M. Pour. 2010. Reactive oxygen and nitrogen speciesin normal
physiological processes. Acta Physiologica 198:1, 15-35. [CrossRef]

12. Ehab H. Sarsour , Maneesh G. Kumar , Leena Chaudhuri , Amanda L. Kalen , Prabhat C. Goswami .
2009. Redox Control of the Cell Cycle in Health and Disease. Antioxidants & Redox Signaling 11:12,
2985-3011. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

13.Y GO, D JONES. 2008. Redox compartmentalization in eukaryotic cells. Biochimica et Biophysica
Acta (BBA) - General Subjects 1780:11, 1273-1290. [ CrossRef]

14. Lorenza Putignani, Salvatore Raffa, Roberta Pescosolido, Laura Aimati, Fabrizio Signore, Maria
Rosaria Torrisi, Paola Grammatico. 2008. Alteration of expression levels of the oxidative
phosphorylation system (OXPHOS) in breast cancer cell mitochondria. Breast Cancer Research and
Treatment 110:3, 439-452. [ CrossRef]

15.Lindsay S. Burwell , Paul S. Brookes . 2008. Mitochondria as a Target for the Cardioprotective
Effectsof Nitric Oxidein I schemia—Reperfusion Injury. Antioxidants & Redox Sgnaling 10:3, 579-600.
[Abstract] [Full Text PDF] [Full Text PDF with Links]

16. Xiaoyan Dai, Xiang Ou, Xinrui Hao, Dongli Cao, Yaling Tang, Yanwei Hu, Xiaoxu Li, Chaoke Tang.
2008. Synthetic liver X receptor agonist T0901317 inhibits semicarbazi de-sensitive amine oxidase gene
expression and activity in apolipoprotein E knockout mice. Acta Biochimica et Biophysica Snica 40:3,
261-268. [CrossRef]

17.Y-T Wu, S Zhang, Y-S Kim, H-L Tan, M Whiteman, C-N Ong, Z-G Liu, H Ichijo, H-M Shen. 2008.
Signaling pathways from membrane lipid rafts to JNK 1 activation in reactive nitrogen species-induced
non-apoptotic cell death. Cell Death and Differentiation 15:2, 386-397. [ CrossRef]


http://dx.doi.org/10.1089/ars.2011.4282
http://online.liebertpub.com/doi/full/10.1089/ars.2011.4282
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4282
http://online.liebertpub.com/doi/pdf/10.1089/ars.2011.4282
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2011.4282
http://dx.doi.org/10.1002/9781118480045.ch2
http://dx.doi.org/10.1002/9781118480045.ch14
http://dx.doi.org/10.1002/9781118392331.ch15
http://dx.doi.org/10.1159/000338150
http://dx.doi.org/10.1016/j.etap.2011.08.014
http://dx.doi.org/10.1089/ars.2009.2974
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2974
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2974
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2974
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2974
http://dx.doi.org/10.1007/s00580-009-0911-y
http://dx.doi.org/10.1007/s00580-009-0876-x
http://dx.doi.org/10.1667/RR1937.1
http://dx.doi.org/10.1111/j.1748-1716.2009.02039.x
http://dx.doi.org/10.1089/ars.2009.2513
http://online.liebertpub.com/doi/full/10.1089/ars.2009.2513
http://online.liebertpub.com/doi/pdf/10.1089/ars.2009.2513
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2009.2513
http://dx.doi.org/10.1016/j.bbagen.2008.01.011
http://dx.doi.org/10.1007/s10549-007-9738-x
http://dx.doi.org/10.1089/ars.2007.1845
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1845
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1845
http://dx.doi.org/10.1111/j.1745-7270.2008.00391.x
http://dx.doi.org/10.1038/sj.cdd.4402273

18. Hossein Hassanpour, Pejman Mirshokrai, Abolfazl Shirazi, Atefe Aminian. 2007. Effect of Nitric Oxide
on Ram Sperm Motility in vitro. Pakistan Journal of Biological Sciences 10:14, 2374-2378. [CrossRef]

19. Daren Wang, Shan Lu, Zhongyun Dong. 2007. Regulation of TGF-#1 gene transcription in human
prostate cancer cells by nitric oxide. The Prostate 67:16, 1825-1833. [ CrossRef]

20. Csaba Szabd, Harry Ischiropoulos, Rafael Radi. 2007. Peroxynitrite: biochemistry, pathophysiology
and development of therapeutics. Nature Reviews Drug Discovery 6:8, 662-680. [ CrossRef]

21.Z YANG, C HARRISON, G CHUANG, S BALLINGER. 2007. The role of tobacco smoke induced
mitochondrial damage in vascular dysfunction and atherosclerosis. Mutation Research/Fundamental
and Molecular Mechanisms of Mutagenesis 621:1-2, 61-74. [ CrossRef]

22. Peter Kovacic. 2007. Protein electron transfer (mechanism and reproductive toxicity): Iminium,
hydrogen bonding, homoconjugation, amino acid side chains (redox and charged), and cell signaling.
Birth Defects Research Part C: Embryo Today: Reviews 81:1, 51-64. [ CrossRef]

23.L LIAO, W CHEN, X XIAO. 2007. The generation and inactivation mechanism of oxidation—reduction
potential of electrolyzed oxidizing water. Journal of Food Engineering 78:4, 1326-1332. [ CrossRef]

24. Stefan W. Ryter , Hong Pyo Kim , Alexander Hoetzel , Jeong W. Park , Kiichi Nakahira, Xue Wang ,
Augustine M. K. Choi . 2007. Mechanisms of Cell Death in Oxidative Stress. Antioxidants & Redox
Sgnaling 9:1, 49-89. [Abstract] [Full Text PDF] [Full Text PDF with Links]

25. Charleen T. Chu, D. Craig Hooper. 2006. Reactive oxygen/nitrogen species at the fulcrum of life—death
decisions: A commentary on “Peroxynitrite transforms nerve growth factor into an apoptotic factor for
motor neurons’. Free Radical Biology and Medicine 41:11, 1629-1631. [ CrossRef]

26.S POLLARD, M WHITEMAN, J SPENCER. 2006. Modulation of peroxynitrite-induced fibroblast
injury by hesperetin: A rolefor intracellular scavenging and modulation of ERK signalling. Biochemical
and Biophysical Research Communications 347:4, 916-923. [CrossRef]

27.Han-Ming Shen, Zheng-gang Liu. 2006. JNK signaling pathway is a key modulator in cell death
mediated by reactive oxygen and nitrogen species. Free Radical Biology and Medicine 40:6, 928-939.
[CrossRef]

28. Jianen Gao, Yuan Gao, Yanfang Ju, Jinju Yang, Qiong Wu, Jinchao Zhang, Xuemei Du, Zhaoging
Wang, Yingbo Song, Hui Li, Xiaotong Luo, Feiyao Ren, Jian Li, Yong Chen, Lihong Wang, Han Xu,
Xiaolan Liu, Jinlan Wang, Yangjun Zhang, Yun Cai, Yufang Cui, Xiachong Qian, Fuchu He, Ming
Li, Qi-Hong Sun. 2006. Proteomics-based generation and characterization of monoclonal antibodies
against human liver mitochondrial proteins. PROTEOMICS 6:2, 427-437. [ CrossRef]

29.M. Guo, L.-P. Song, Y. Jiang, W. Liu, Y. Yu, G.-Q. Chen. 2006. Hypoxiamimetic agents
desferrioxamine and cobalt chlorideinduce leukemic cell apoptosisthrough different hypoxia-inducible
factor-1# independent mechanisms. Apoptosis 11:1, 67-77. [CrossRef]

30. Peter M. Burch , Nicholas H. Heintz . 2005. Redox Regulation of Cell-Cycle Re-entry: Cyclin D1 as
aPrimary Target for the Mitogenic Effects of Reactive Oxygen and Nitrogen Species. Antioxidants &
Redox Sgnaling 7:5-6, 741-751. [Abstract] [Full Text PDF] [Full Text PDF with Links]

31. Scott W. Balinger. 2005. Mitochondrial dysfunction in cardiovascular disease. Free Radical Biology
and Medicine 38:10, 1278-1295. [ CrossRef]

32. David G Harrison. 2005. The shear stress of keeping arteries clear. Nature Medicine 11:4, 375-376.
[CrossRef]

33. Yvonne Janssen-Heininger, Karina Ckless, Niki Reynaert, Albert van der Vliet. 2005. SOD | nactivation
in Asthma. The American Journal of Pathology 166:3, 649-652. [ CrossRef]

34. Neil W. Blackstone, Kimberly S. Cherry, David H. Van Winkle. 2004. The role of polyp-stolon
junctionsin the redox signaling of colonial hydroids. Hydraobiologia 530-531:1-3, 291-298. [ CrossRef]

35. Eiji Warabi, Y ouichiro Wada, Hiroko Kajiwara, Mika K obayashi, Nobuko Koshiba, Toshiaki Hisada,
Masahiro Shibata, Joji Ando, Masatoshi Tsuchiya, Tatsuhiko Kodama, Noriko Noguchi. 2004. Effect
on Endothelial Cell Gene Expression of Shear Stress, Oxygen Concentration, and Low-Density


http://dx.doi.org/10.3923/pjbs.2007.2374.2378
http://dx.doi.org/10.1002/pros.20669
http://dx.doi.org/10.1038/nrd2222
http://dx.doi.org/10.1016/j.mrfmmm.2007.02.010
http://dx.doi.org/10.1002/bdrc.20086
http://dx.doi.org/10.1016/j.jfoodeng.2006.01.004
http://dx.doi.org/10.1089/ars.2007.9.49
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.9.49
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.9.49
http://dx.doi.org/10.1016/j.freeradbiomed.2006.09.017
http://dx.doi.org/10.1016/j.bbrc.2006.06.153
http://dx.doi.org/10.1016/j.freeradbiomed.2005.10.056
http://dx.doi.org/10.1002/pmic.200500409
http://dx.doi.org/10.1007/s10495-005-3085-3
http://dx.doi.org/10.1089/ars.2005.7.741
http://online.liebertpub.com/doi/pdf/10.1089/ars.2005.7.741
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2005.7.741
http://dx.doi.org/10.1016/j.freeradbiomed.2005.02.014
http://dx.doi.org/10.1038/nm0405-375
http://dx.doi.org/10.1016/S0002-9440(10)62286-9
http://dx.doi.org/10.1007/s10750-004-2664-6

Lipoprotein as Studied by aNovel Flow Cell Culture System. Free Radical Biology and Medicine 37:5,
682-694. [CrossRef]

36. B KONE. 2004. Nitric oxide synthesis in the kidney: isoforms, biosynthesis, and functions in health.
Seminarsin Nephrology 24:4, 299-315. [ CrossRef]

37.Jorg Bojunga, Birgit Dresar-Mayert, Klaus-Henning Usadel, Klaus Kusterer, Stefan Zeuzem. 2004.
Antioxidative treatment reverses imbalances of nitric oxide synthase isoform expression and attenuates
tissue-cGM P activation in diabetic rats. Biochemical and Biophysical Research Communications 316:3,
771-780. [CrossRef]

38.2003. Trend of Most Cited Papers (2001-2002) in ARS. Antioxidants & Redox Sgnaling 5:6, 813-815.
[Citation] [Full Text PDF] [Full Text PDF with Links]

39. Alberto Boveris, LauraB. Valdez , Silvia Alvarez , Tamara Zaobornyj , Algjandro D. Boveris, Ana
Navarro . 2003. Kidney Mitochondrial Nitric Oxide Synthase. Antioxidants & Redox Sgnaling 5:3,
265-271. [Abstract] [Full Text PDF] [Full Text PDF with Links]

40. Chris E. Cooper, Rakesh P. Patel, Paul S. Brookes, Victor M. Darley-Usmar. 2002. Nanotransducers
in cellular redox signaling: modification of thiols by reactive oxygen and nitrogen species. Trends in
Biochemical Sciences 27:10, 489-492. [ CrossRef]

41. Ted H. Elsasser, Stas Kahl. 2002. Adrenomedullin has multiple roles in disease stress: Development
and remission of the inflammatory response. Microscopy Research and Technique 57:2, 120-129.
[CrossRef]

42. Paul Brookes, Victor M. Darley-Usmar. 2002. Hypothesis: the mitochondrial NOe signaling pathway,
and the transduction of nitrosative to oxidative cell signals: an aternative function for cytochrome C
oxidase. Free Radical Biology and Medicine 32:4, 370-374. [ CrossRef]


http://dx.doi.org/10.1016/j.freeradbiomed.2004.05.020
http://dx.doi.org/10.1016/j.semnephrol.2004.04.002
http://dx.doi.org/10.1016/j.bbrc.2004.02.110
http://dx.doi.org/10.1089/152308603770380124
http://online.liebertpub.com/doi/pdf/10.1089/152308603770380124
http://online.liebertpub.com/doi/pdfplus/10.1089/152308603770380124
http://dx.doi.org/10.1089/152308603322110841
http://online.liebertpub.com/doi/pdf/10.1089/152308603322110841
http://online.liebertpub.com/doi/pdfplus/10.1089/152308603322110841
http://dx.doi.org/10.1016/S0968-0004(02)02191-6
http://dx.doi.org/10.1002/jemt.10058
http://dx.doi.org/10.1016/S0891-5849(01)00805-X

