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Abstract
Nitric oxide (NO) has earned the reputation of being a signaling mediator with many diverse and
often opposing biological activities. The diversity in response to this simple diatomic molecule comes
from the enormous variety of chemical reactions and biological properties associated with it. In the
last few years, the importance of steady state NO concentrations have emerged as a key determinant
of its biological function. Precise cellular responses are differentially regulated by specific NO
concentration. We propose 5 basic distinct concentration levels of NO activity; cGMP mediated
processes ([NO] <1–30 nM; Akt phosphorylation ([NO] = 30–100 nM); stabilization of HIF-1α
([NO] = 100–300 nM); phosphorylation of p53 ([NO] > 400 nM) and nitrosative stress (1 µM). In
general, lower NO concentrations promote cell survival and proliferation, while higher levels favor
cell cycle arrest, apoptosis, and senescence. Free radical interactions will also influence NO signaling.
One of the consequences of reactive oxygen species (ROS) generation is to reduce NO
concentrations. This antagonizes the signaling of nitric oxide and in some cases results in converting
a cell cycle arrest profile to a cell survival one. The resulting reactive nitrogen species (RNS) that
are generated from these reactions can also have biological effects and increase oxidative and
nitrosative stress responses. A number of factors determine the formation of NO and its concentration,
such as diffusion, consumption, and substrate availability which are referred to as Kinetic
Determinants for Molecular Target Interactions. These are the chemical and biochemical parameters
that shape cellular responses to NO. Herein we discuss signal transduction and the chemical biology
of NO in terms of the direct and indirect reactions.
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Introduction
Over the last few decades, free radicals and other reactive small molecules have emerged as
important players in a multitude of physiologic and pathologic conditions. From the beginning
of this field of research, many of the short lived reactive molecules being studied were found
to have opposing effects under seemingly similar circumstances 1. Initially, reactive oxygen
species (ROS), reactive nitrogen species (RNS), carbon monoxide (CO), and hydrogen sulfide
(H2S) were thought to be primarily cytotoxic species that increased tissue injury 2–6. After the
discovery that they were endogenously produced, their role in pathophysiology was re-
evaluated. We now know that these “toxic” species are not only endogenously generated but
that they are an essential part of the immune response and many physiological signal
transduction pathways 7– 10. Although their chemical reactivity can lead to toxicity, the
biological properties of these same reactive species can be beneficial and explain their
apparently dichotomous actions.

The free radical nitric oxide (NO) is the best example of a reactive molecule demonstrating
both cytotoxic and cytoprotective properties 10. Two lines of research led to its discovery. NO
was identified in the 1980’s as Endothelium-Derived Relaxation Factor (EDRF), a substance
generated by the endothelium that caused vascular relaxation and also the active component
of nitrovasodilators 7, 11, 12 13. Conversely, NO was found to be generated by macrophages
participating in the anti-tumor and anti-pathogen response 14–16. These few initial
observations sparked a new field of investigation and led to an explosion of NO research, which
has revealed the importance of this diatomic molecule in nearly every tissue in the body.

However, contradictory results soon began to emerge regarding the participation of NO in
pathophysiological responses 17. While a number of studies implied that endogenous NO was
toxic, others showed that NO was protective 18–20. The NO mediated toxicity was attributed
to the generation of reactive nitrogen oxide species (RNS) that mediated cell death, while the
protective effects were proposed to be through antioxidant mechanisms 19. Over the last couple
of decades, there was much debate as to the mechanism of this dichotomy and whether NO is
a deleterious or beneficial agent.

Unlike most small signaling molecules, the biological effects of nitric oxide are determined by
their chemical reactions such as binding to the regulatory heme in soluble guanylate cyclase
(sGC) rather than traditional protein receptor ligand interactions. The unique chemistry of NO
allows it to participate in numerous reactions 19. During the mid 1990’s, the concept of the
chemical biology of NO was introduced to help explain this complexity in the context of
biological conditions. The purpose of this thesis was to discern the physiologically relevant
chemical reactivity of NO. For instance, various reactions of nitrogen oxides occur over many
days at elevated temperature and pressure, which makes them kinetically and
thermodynamically unlikely and incompatible with human physiology. On the other hand,
some reactions are sufficiently fast to occur under achievable biological conditions.

The chemical biology of NO divides these potential reactions into two categories: direct and
indirect 18. The direct effects of NO are those chemical reactions that occur fast enough to
allow NO to directly react with a biological target molecule. In contrast, the indirect effects
require that NO reacts with oxygen or superoxide to generate RNS, which subsequently react
with the biological targets. One advantage of dividing the chemistry of NO in these two
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categories is that direct effects generally occur at low concentrations while indirect effects
occur at much higher concentrations.

Indirect effects can be further subdivided into two categories based on RNS chemistry:
nitrosative and oxidative stress 21. Oxidative chemistry refers to a process where the oxidation
state of the target molecule is increased. There are several main types of oxidative reactions,
electron transfer (i.e. radical formation), hydrogen atom abstraction, and oxygen atom transfer
(oxygen atom insertion, addition, transfer, or hydroxylation reactions). Nitrosative stress
implies the addition of a nitrosonium [NO+] equivalent to a thiol or secondary amine or hydroxy
groups (although this reaction also represents a formal oxidation of a thiol or amine, we make
a distinction here since the modifications occur via a nitrosation reaction). Reactive oxygen
species (OH radical, O2

−) such as those produced by the Fenton reaction are most often
associated with oxidative stress. However, peroxynitrite (ONOO−) and nitrogen dioxide
(NO2), which can be formed from the reaction of NO with superoxide (O2

−), are also potent
oxidants (> 1.0 V NHE) 22. In contrast, N2O3 formed from the reaction of NO with O2
(autoxidation), as well as the NO/O2

− reaction is a mild oxidant and prefers to nitrosate
nucleophiles such as amines and thiols 23–25. The balance between oxidation and nitrosation
chemistry as it was found depends largely on the flux of NO (Fig. 1). In the case of the
autoxidation in hydrophobic environments, NO2 is first generated but as NO levels increase
there is rapid formation of N2O3 (eq. 1 and eq. 2) ultimately forming nitrite in water (eq 3)

1)

2)

3)

An equilibrium is formed between NO and NO2 and the proportion of oxidation vs. nitrosation
is determined by the amount of substrate present. The same applies to ONOO− formation from
the NO/O2

− reaction. When ONOO− decomposes in the presence or absence of CO2, powerful
oxidants are formed 26, 27. However, the oxidative balance can be tipped towards nitrosation
when these oxidizing intermediates are converted to N2O3 through further reaction with NO
28. Neucleophiles are preferentially nitrosated rather than oxidized under these conditions.

4)

5)

6)

The reaction rates of NO with these RNS are nearly diffusion controlled, facilitating the rapid
conversion from an oxidative to a nitrosation profile (eq 5 and 6). Therefore, a balance is formed
between nitrosative and oxidative chemistry depending on the relative concentration of NO.
At low NO fluxes, these reactions would tend to lead to oxidation of substrate, while at higher
levels of NO they will preferentially nitrosate. In mechanisms of toxicity, there is a critical
balance between the stochiometric amount of RNS generated to participate in oxidative
chemistry, which would tend to be low, and the conversion of these intermediates to nitrosating
species. This indicates that high NO levels where the indirect effects are predicted, in particular
those that can be measured in biological system will favor a nitrosative stress.

The chemical biology of NO gives us a framework to understand how this simple diatomic
molecule could have numerous biological properties based simply on its concentration in terms
of the chemical toxicology. Low concentrations of NO such as those that occur in vascular and
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stromal cells (i.e. from eNOS and nNOS) regulate normal physiological processes and the high
levels as those expected in activated macrophages (via iNOS) are thought to serve a cytotoxic/
cytostatic function 17, 29, 30. However at these higher concentrations, it is not always clear
that cell death is the ultimate outcome. Nitrosative stress has a protective side where nitrosation
of caspase 3 and 8 as well as PARP leads to protection against apoptosis 31–33. Nitrosation
and other oxidants closed NMDA channels preventing calcium influx 34–36, 36–38. Oxidative
mechanisms such as nitration also have been shown to have biological signals of protection
against apoptosis 39. Nitration of the transferrin receptor leads to proteosomal degradation,
which limits iron uptake reducing apoptosis in endothelial cells. These examples suggest that
tissues have adapted to conditions of inflammation and the biological mechanisms use this
chemistry to mediate protective signals

Concentration Dependence of NO response
Processes ranging from apoptosis,, senescence angiogenesis, inflammation, immunological
responses, vascular tone control, cardiac contractility and relaxation, to neuronal death all show
seemingly contradictory behavior in response to NO. To better understand this phenomenon,
we and others have quantified the effects of NO on different signal transduction mechanisms
40, 41. These observations provide a new perspective of the mechanism of NO signaling under
various biological conditions.

Much of the initial research on NO biology focused on chemical and biochemical modifications
of likely biological targets. But as the understanding of the molecular biology of NO and its
targets and the physiological context of NO generation increased, it became apparent that the
chemistry by which NO elicited specific biological responses was highly dependent on, among
other things, its concentration. We surveyed a variety of proteins that are known to be post-
translationally modified in response to NO to determine if the redox chemistry differentiates
those responses 41. When MCF7 cells were exposed to NO at different concentrations for
defined periods of time, various proteins were found to be sensitive to distinct concentrations
of NO (Fig. 2) 41. At sustained NO levels between 10–30 nM, phosphorylation of ERK occurs
through a cGMP dependent mechanism in MCF7 and endothelial cells. At 30–60 nM NO Akt
was phosphorylated 40, 42, 43. When NO reaches a threshold concentration of about 100 nM,
HIF-1α is stabilized 40. At 400 nM NO, p53 is phosphorylated and acetylated 40. It is above
1 µM NO that nitrosation of critical proteins such as PARP, caspase and others occurs
(summarized in 44). In the Petri dish, this upper level is where NO inhibits the mitochondria
respiration 45, 46.

The results of these and other studies provide insight regarding specific mechanisms of action
of NO as well as highlight its dichotomous nature of NO under various biological conditions.
This has suggested that NO responses are context dependent and highly dependent on the levels
of NO. The first level of signaling is cGMP dependent where low doses (<1–30 nM) NO can
mediate proliferative and protective effects. These levels are lower in endothelial cells where
NO fluxes less than 1 nM can induce proliferation 47. As NO levels increase, Akt becomes
phosphorylated at serine 472 42, 43, 48, 49 an event known to be protective against apoptosis
by inducing the phosphorylation of Bad and caspase-6 50. When HIF-1α is stabilized at greater
NO concentrations this can be a proliferative response and thought to confer protection against
tissue injury 51, 52. When NO levels are sufficiently high to induce p53 phosphorylation, there
can be a cytostatic and even apoptotic response 53. To make a broad generalization, we
conclude that low relative concentrations of NO tend to favor pro-growth and anti-apoptotic
responses where higher levels of NO favor pathways that induce cell cycle arrest, senescence,
or apoptosis.
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In addition to concentration, temporal aspects of NO exposure are equally important. Certain
proteins respond immediately to NO exposure, while others require hours or even days to be
activated. HIF-1α for example responds immediately to NO (Fig. 2). As long as NO is present
at concentrations above the minimal threshold amount necessary to induce its accumulation,
HIF-1α is stabilized. Furthermore, when NO levels fall below the minimum activation
concentration for HIF-1α, the protein disappears. HIF1α is therefore a real-time dosimeter of
NO concentration 40, 41, 54. In contrast, phosphorylation of p53 by NO takes several hours
yet sustains long after NO exposure. Again, as long as NO levels peak above the minimum
amount necessary for p53 phosphorylation (> 400 nM) these products are observed. We
therefore have proteins that are “immediate responders” and those that are “delayed
responders”. These can be further classified into those proteins that are “transient responders”
or “sustained responders”. HIF-1α falls into this category of an immediate-transient responding
protein whereas in the case of p53, it is a delayed-sustained responder. Phosphorylation of ERK
via cGMP would qualify as mixed immediate responder but is sustained after the loss of NO.
Although these classifications are somewhat subjective they are useful descriptive terms to
apply when deciphering the mechanisms of protein regulation by NO (Table 1).

Although the biological responses to NO are multifaceted and appear contradictory at times,
the concentration dependent responses clarify discrepancies and point to a simpler model.
Therefore, many of the dichotomous responses to NO can be explained in terms of its
concentration and duration profile. Many of the differential cellular responses may be simply
a function of the concentration and duration of exposure, so that distinct biological responses
result from specific incremental NO levels. NO is a highly diffusible molecule whose biological
concentration is determined partially by its distance from the point of synthesis and partly by
the cellular redox environment as discussed below. This suggests that perhaps the rate of NO
production is a critical determinant of the cellular responses. Most of the current data has
focused on whether NO can regulate specific signal transduction pathways, cause chemical
modifications, or inhibit specific enzymes. Until now little was known regarding NO
concentration dependence and cellular response mechanisms.

Superoxide (O2
−) and the subsequent formation of peroxide (hydro- or alkyl-) are important

components of many diseases 1, 55. Superoxide alone can induce signal transduction
mechanisms and is generated under a variety of normal and pathological cellular conditions
56. It can activate metal complexes and promote damage through Fenton chemistry and redox
cycling. Peroxide can similarly activate phosphorylation cascades and react with metals. Nitric
oxide has been shown to have antioxidant properties by its diffusion-controlled reaction with
O2

− 57. This both prevents the reductive chemistry of O2
− and inhibits H2O2 formation. One

of the interesting relationships we have recently investigated is the effect of O2
− and H2O2 on

NO signaling. Just as NO inhibits the effects of O2
−, it appears that O2

− will ablate NO signaling
58. We have shown that generation of O2

− during NO exposure can regulate the concentration
of NO and thus affect the response of concentration-dependent, down-stream targets. Since
certain regulatory proteins respond to distinct threshold concentrations of NO, the
consequences of the introduction of O2

− can convert a static-state phenotype to a pro-growth
one.

For instance, when MCF7 cells were exposed to high levels of NO (> 500 nM), the presence
of superoxide attenuated p53 phosphorylation and but maintained HIF-1α stabilization 41.
Conversely, if superoxide fluxes were held constant and NO levels were increased,
phosphorylation of p53 and HIF-1α signaling was again attenuated. Since NO is freely
diffusible, intercellular or extracellular generation of superoxide had the same effect. These
results demonstrated how ROS and NO mutually regulate each other’s signaling mechanism.
Consequently, superoxide dismutase (SOD) can reverse these responses by increasing the
bioavailability of NO when superoxide is present. Examination of soluble guanylyl cyclase
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activation and cGMP production by NO demonstrated an increase in the EC50 for nitric oxide
as measured in the presence of superoxide. Interestingly, SOD affected the O2

−-untreated
control cells by shifting the EC50 for cGMP to considerably lower NO concentrations 41. These
results suggest that tumor cell NADPH oxidase (NOX) affects NO signaling. Here it was found
that superoxide generated extracellular by MCF7 cells dictated the threshold for NO signaling.
Thus, there is a strong relationship between ROS generation and NO signaling in which they
mutually regulate each others’ behavior.

During the interaction of ROS and NO a number RNS are generated that can affect different
biological pathways. However the dominant outcome of the reaction between these species is
the scavenging of NO by its simple conversion of to nitrite/nitrate. Although the initial result
of NO reacting with O2

− is ONOO−, the presence of CO2 catalyzes its rapid conversion to other
species. When the flux of NO exceeds O2

−, NO2 and N2O3 are predominantly formed.
Conversely, when O2

− is in excess peroxynitrite mediated oxidation and nitration are quenched
suggesting that direct peroxynitrite chemistry has a limited role. It has been shown however
that NO2 generated from this reaction can oxidize, nitrate, and nitrosate proteins via N2O3
59, 60 suggesting that this molecule may be involved in cellular signaling. Drapiers and
coworkers showed that NO2 and N2O3 could induce HO-1 and IL-8 in monocytes 61 implying
that RNS may have both anti-inflammatory and pro-growth properties. Other studies have
shown that RNS activate latent TGFβ 62 thereby down-regulating Th1 (t-helper cell 1) type
inflammation. Therefore, despite the potential for deleterious effects of RNS, biological
signaling has adapted to these reactive intermediates to utilize a feedback mechanism which
turns down the inflammatory response and promotes wound healing and tissue restoration. The
RNS mediated cellular responses indicate that there are biological alarm systems as well as
feedback loops that are important in understanding NO response in vivo.

The Concentration Range of Endogenously Generated Nitric oxide
Although NO elicits many unique cellular responses in vitro, the question remains: are these
NO concentrations and conditions actually achievable in vivo? Several studies using different
methods examined in vivo concentrations of NO under various biological conditions 63, 64.
One method to address this question is to compare the cellular response to NO generated from
NO-donor compounds with responses from NO generated from NOS. Experience with NO
donor compounds has shown that each NO-specific target has a different concentration
sensitivity to NO. By measuring biological effects of NO and correlating them with measured
NO concentrations in vitro, we can approximate the in vivo NO concentrations necessary to
elicit specific cellular responses. Using this “molecular signature” approach for various
concentration levels of NO the redox environment can be determined under specific biological
conditions. For example, when MCF7 cells were co-culture with activated NO-producing
ANA-1 murine macrophages, an increase in the phosphorylation of Akt and p53 was observed
in the MCF7 cells as well as stabilization of HIF-1α 40, 42, 65. When the number of ANA-1
cells was increased, there was a proportional increase in the amount of NO measured in bulk
solution and the number of proteins regulated 40, 42. The measured NO concentration from
NO-donors in the media necessary to induce p53 phosphroylation was > 400 nM but only >
160 nM when the source was activated ANA-1 macrophages 40. This discrepancy can be
rectified by considering that NO generated from NO-donors is uniformly distributed
throughout the media, whereas, the enzymatic production of NO from ANA-1 cells generates
a concentration gradient emanating from the point of origin. Due to the close proximity of the
macrophages to the MCF7 cells in this example, the actual local concentration of NO is
substantially greater than 160 nM and at least as much as 400 nM 40, 66, 67, which is the
minimum amount of NO necessary to cause p53 phosphorylation 40.
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Macrophages are not only an important part of the immune system but can be a major source
of NO. They perform a wide variety of functions from fighting bacteria and suppressing tumor
growth to coordinating the resolution of tissue repair and restoration processes. Macrophages
can generate a number of different levels of NO that serve different functions 68. For instance,
eNOS stimulation of guanylyl cyclase in non-activated macrophages is required to fully
activate LPS induce iNOS in activated macrophages 69. Interestingly the amount of NO
produced from activated macrophages is dependent upon the manner by which they are
stimulated. When cultured macrophages are pretreated with IFNγ followed by activation with
TNFα or IL-1β the amount of NO measured in solution is approximately 10 times less that
when they are stimulated with IFNγ+ LPS (PIPC and Listeria) even though there is only a
modest difference in NOS activity 68, 70. In addition, the amount of NO-mediated nitrosation
from TNFα or IL-1β stimulation was 30 times less than those stimulated with LPS or PIPC
68. This suggests that NO generated from cytokine stimulation leads to considerably lower NO
concentrations in the surrounding environment than those agents that activate through the Toll-
like receptors. These examples demonstrate the wide range of potential NO concentrations
murine macrophages are capable of producing depending on the various stimulus.

Matrix metalloproteinases (MMP’s) are important mediators of inflammation, angiogenesis,
wound response, and cancer 71–74. MMP’s are tightly regulated, both at the levels of
transcription and post-translation and are targeted by reactive oxygen (ROS) and reactive
nitrogen species (RNS) at both of these levels 75–77. While contradictory results have been
reported with respect to redox regulation of MMPs, the ability of ROS and RNS to biphasically
regulate MMP activity has been reported and suggests of a critical role of these species in the
spatial and temporal regulation of MMPs during matrix remodeling 78–80. Toward this end,
the biphasic and dose dependent regulation of matrilysin (MMP-7) by HOCl, initially
demonstrated by Peppin and Weiss 78 involved oxidation of the cysteine switch at low HOCl
concentrations that mediated activation of the zymogen 79. Higher HOCl concentrations
inactivated the enzyme by chlorination/oxidation of adjacent tryptophan-glycine residues
within the catalytic domain, leading to structural modifications that impeded substrate binding
at the active site cleft 81, 82. The physiologic relevance of oxidant-mediated MMP inactivation
was later demonstrated using gp91phox knockouts in a murine model of emphysema 83.
Macrophage derived NO has also been shown to biphasically modulate the activity of MMPs.
A recent report demonstrated both biological and chemical mechanisms of MMP activation by
macrophage derived NO 80. MMP activity (MMP-9, −1, and −13) secreted from macrophages
increased in response to low steady state NO levels (~50 nM) via cGMP-mediated suppression
of the endogenous tissue inhibitor of metalloproteinase-1 (TIMP-1) 80. Exposure of purified
latent MMP-9 to exogenous NO demonstrated a concentration-dependent activation (≥ 500
nM) and inactivation (> 1 µM) of the enzyme, which occurred at higher NO flux. These
chemical reactions occurred at concentrations similar to that of activated macrophages.
Interestingly, inactivation of TIMP-1 by HOCl has also been reported, again suggesting
multiple mechanisms for oxidant regulation of MMPs during matrix remodeling 84. In an
epithelial wound model, low NO levels similarly increased MMP-9 mRNA, which translated
to enhanced enzymatic activity 85. Together, these results suggest that NO regulation of
MMP-9 secreted from macrophages may occur chemically by RNS-mediated protein
modification or biologically through cGMP-dependent modulation of the MMP-9/TIMP-1
balance.

One of the first observations that established that macrophages and hepatocytes were a source
of NO was the formation of N-nitrosamines from the nitrosation of amines 86, 87. This provided
evidence that nitrosative stress can be locally generated from iNOS. Other studies showed that
NO and RNS inhibit Dopamine β–hydroxylase and that the endogenous NO generated from
macrophages co-cultured with neuroblastoma cells was only mimicked by mM NO donor that
generated > µM NO 88. When macrophages were co-cultured with A549 cells latent TGFβ
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was converted to active TGFβ 62. Again, this could only be recapitulated with NO-donors that
gave µM fluxes of NO. Yet another example is the cystostatic effect of NO on Listeria 70. This
pathogen propagates in the macrophage. When the thiol dependent protease becomes nitrosated
by NO generated from iNOS, the organism is unable to escape the macrophage. Similarly this
NO microenvironment effect could only be replicated by mM amounts of the NO donor DETA/
NO which gave > µM NO for a prolonged period of time. In a study of astrocytes co-cultured
with human microglial cells with HIV, iNOS activity was essential to inhibit the reverse
transcriptase activity 89. To mimic this, mM amounts of an NO donor was required giving >
µM NO flux. Taken together these results indicate that in the Petri dish NO fluxes can be
sustained at µM levels for prolonged periods of time in this microenvironment.

Though these levels can be achieved in a Petri dish, the next question is whether µM levels of
NO and indirect chemistry occur in vivo. Several studies have indicated that in murine and
human models these upper level fluxes of NO can be achieved in tissue. Inhibition of P450
and COX-2 have provided evidence that locally, high levels of NO can be achieved by inflamed
liver cells 90–92. Nitric oxide mediated inhibition of P450 may have important consequence
under inflammatory conditions 93, 94. It was found that under sepsis or endotoxmia P450
inhibition correlate with the presence of NOS 95–98. Inhibition of expression and activity
requires >100 nM to µM levels of NO to effectively inhibit these proteins. For example in
HePG2 cells, 500 µM of DETA/NO with fluxes generating >500 nM NO is required to inhibit
P450 1A1 (data not shown). Though oxygen tension in vivo may change this value, this does
suggest that high levels of NO can be achieved under inflammatory conditions.

There are some examples in humans that µM NO levels may be achieved in vivo. Human tissue
samples from ulcerative colitis found that serine 15 P-p53 co-localized with iNOS. Since
relatively high levels of NO are required to phosphorolate p53 in vitro, this indirectly suggests
that these levels of NO can be achieved in human. In colorectal cancer, there is a correlation
of iNOS with HIF-1α indicating that the levels of NO are > 100 nM 99. Though not definitive
they are suggestive that NO can regulate protein function beyond the activity of sGC in vivo.

For instance N-nitrosamines, such as nitrosoproline are generated in vivo under septic
conditions 100, 101. Nitrosamine formation can be achieved by two distinct mechanisms,
nitrosation and oxidative nitrosylation. Oxidative nitrosylation is where the substrate is first
oxidized to a radical which then is followed by radical-radical coupling with NO to form the
nitrosated product. Although this is chemically plausible, it remains to be demonstrated under
biological conditions. Nitrosation is the direct addition of a nitrosonium equivalent (NO+) from
a species such as N2O3. Oxidative nitrosylation occurs from NO under very limited conditions
with amines that have low oxidation potentials. Proline and other secondary amines have high
oxidation potentials (>1.5 V) and therefore undergo exclusively nitrosative chemistry. Other
studies have found increased nitrosated thiols (RSNO) in pathological conditions in human
lungs indicating that RNS are generated in vivo. 102 The observation of amine and thiol
nitrosation under inflammatory conditions indicates that nitrosative stress mediated from
N2O3 species does occur in vivo.

Another indirect indicator of RNS formation is the detection of 3-nitrotyrosine (3-NT). The
immunohistochemical staining for this species has been used as a footprint for NO and RNS
in tissue. Though peroxynitrite had long been assumed to be the sole source of 3-NT, further
investigation revealed that that this species could not be not responsible for all the 3-NT
observed in vivo 103, 104. Oxidation of nitrite by one electron to form NO2 through Fenton
type or peroxidase chemistry is an alternate mechanism for generation of 3-NT 105, 106.
NO2 is unique in that if generated in the absence of NO it can migrate through cells 107. This
radical is thiophilic and may have its own signal transduction mechanism such as activation
ARE (antioxidant-responsive element) 108. Unlike O2

− which is an anion, and OH radical
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which reacts at its point of generation, NO2 can readily diffuse to adjacent cells and tissue
similar to NO, providing a mechanism for signal transduction in vivo. Thus, 3-NT may
represent the formation of NO2 from nitrite rather than high levels of NO. Taken together, there
is evidence that indirect effects do occur and that the upper end of the NO concentration
spectrum can be achieved in vivo.

Nitric oxide is responsible for a surprising array of responses in the nervous system. cGMP
levels can be increased endogenously with nM levels of NO 109, 110. Nitric oxide also
mediates catecholamine (such as dopamine) release in the stratium 111. Interestingly when
this response was compared to synaptosomes and isolated cells, it required a surprisingly high
amount of NO (near 1 µM of NO) to replicate this effect. This suggests that the threshold for
NO generated in the postsynaptic neurons mediating dopamine release has to be > 200 nM
over a short period of time. This is a surprising concentration of NO but isolate the response
to a very localize area. The diffusion from this area would result in rapid dilution and not
regulate other processes in the region. More importantly the high threshold for this response
indicate NO derived at lower levels from other sources will not randomly activate this response.
Thus, nNOS in the microenvironment can achieve NO levels 100 times higher than required
to stimulate vasorelaxation of vascular smooth muscle cells. Therefore, NO at higher
concentration can be used to mediate specific physiological responses in a very confined area
over short periods of time.

Burke and coworkers have used microelectrodes successfully to measure these same levels
(300 nM) in NMDA stimulated activity in the cerebral cortex. This could indicate that NOS
translocated to Ca2+ channels such as that in NMDA may be regulated under inflammatory
conditions via the generation of RNS. This mechanism would serve to protect neurons from
Ca2+ overload due to increase glutamate release. It also suggests that nitrosation of thiols within
this channel via N2O3 is possible in isolated regions of the cell. One interesting aspect of NO
regulation of the NMDA channel is that low doses of NO under oxygen-glucose-deprivation
(OGD) conditions results in increase opening of the channel. This suggests that under hypoxia,
lower concentrations of NO are needed to increase vasodilation to the area. Moreover, it is
plausible that direct effects of NO may modulate an increase in channel function while indirect
effects close the channel.

The examples cited above demonstrate that there is an upper range of NO concentrations in
vivo and that this range can be mimicked by mM concentrations of NO donors. However, what
are the lower limits of NO concentration that mediate biological effects? The relaxation of
vascular smooth muscle cells (VSMC) requires between 10–30 nM levels of NO to facilitate
vasodilation. This was thought to be the lower limit of response to NO. However, several
studies using very low fluxes of NO showed that there are different biological effects. Using
DETANO, a NO releasing compound with a 24 hr half-life, cellular effects in endothelial cells
were observed at NO fluxes less than 1 nM 112. At this level, the NO concentrations escape
the detection range of our current methodologies. Bogdan and coworkers showed that these
levels of NO occur in immune cell response in NK cells 113. These observations indicate that
the concentration range of NO “physiological” responses can occur in sub nM range.

There is evidence of a wide range of NO concentrations that mediate discrete biological
responses which depend on both the concentration and temporal profile of NO. The range from
sub nM to > µM indicates that NO can elicit different responses over a 1000-fold concentration
range. These simple concepts can explain much of the complexity of the biological response.
However, how can these different ranges of NO be achieved and what are the factors that enable
these different environments to occur. In addition, the NO signaling can be antagonized by
ROS. This implies that NOX and other ROS generating enzymes can readily influence the
redox environment, fine-tuning the biological response. Ultimately, it is NO's wide range of
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responses, reactivity, and rapid chemistry make it an ideal and versatile signal transduction
agent.

Kinetic Determinants for Molecular Target Interactions
From the above discussion, endogenously generated nitric oxide provides a spectrum of
biological responses based on concentration and duration of NO exposure. There are a number
of different factors that influence the concentration of NO in vivo and therefore indirectly
determine which signaling cascades are activated. Since endogenously generated NO ranges
from basal levels in endothelial cells (<1 nM) to that generated by fully activated macrophages
(>1 µM), this wide range of concentrations combined with its unique chemical reactivity makes
NO a remarkably versatile signal transduction agent. The cellular and biochemical factors that
shape these responses are important in understanding the complete mechanism of NO
signaling. These factors, referred here as Kinetic Determinants for Molecular Target Interaction
are: rates of NO production, diffusion distance, rates of consumption, and reactivity of the
nitrogen oxide with the target (Fig. 3). This section discusses the interplay that goes into
creating the NO responses in physiology and pathophysiology with respect to the direct and
indirect effects.

Formation
Although there are alternative mechanisms to generate NO, such as acidification or reduction
of nitrite, the vast majority of mammalian NO is derived enzymatically from nitric oxide
synthase (NOS). This family of enzymes converts arginine to citrulline and NO in an NADPH-
and O2-dependent process. There are three NOS isoforms that provide a wide range of
concentration and temporal NO profiles. Two of these are constitutive (NOS-1; nNOS neuronal
and NOS-3 eNOS endothelial) and one is inducible (iNOS; NOS-2) 29. These isoforms are
differentially regulated at numerous levels including transcription, translation, post-
transcriptional, and biochemical 114–116. There are two major differences between these
isoforms, the duration of NO generation, and the local concentration of NO that can be
produced. Calmodulin dependency is important for the constitutive forms of the enzyme where
calcium fluxes regulate their activity providing short burst of NO. In contrast, iNOS has
calmodulin as a subunit and is therefore permanently activated and capable of generating NO
for long periods of time. Post-transcriptional modification such as phosphorylation of eNOS
can convert this constitutive isoform from generating NO in short bursts to prolonged fluxes
117.

The enzymatic activity of NOS is tightly controlled depending on substrate and cofactor
availability, as well as the rate of electron transfer 29, 118. The amount of enzyme and location
within the cell determines the concentration of NO in the microenvironment of the molecular
target. The substrate and cofactors that control NOS activity are also involved in other major
metabolic pathways in the cell, thereby connecting NOS activity with other metabolic
pathways.

In the presence of sufficient cofactors (NADPH, FMN, BH4, FAD), the NOS activity is
dependent on the arginine and oxygen availability. There are three major arginine pathways
that influence the activity of NOS: 1) competition by arginase, 2) arginine uptake and
methylation, and 3) proteolysis to form asymmetric dimethylarginine (ADMA) 119. Arginase,
the first enzyme in polyamine synthesis, can have significant influence on NOS activity by
competing for the cellular arginine pool 120. Though the Km for arginine is higher for arginase
as compared to NOS, the cellular concentration of arginase is considerably higher making the
portioning of arginine consumption between arginase and iNOS nearly equivalent. In the case
of nNOS and eNOS, arginase would then be expected to consume most of the arginine.
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Several studies suggest that NOS activity is controlled by arginine availability. Cellular
arginine uptake is facilitated by the cationic amino acid transporter (CAT). There are several
factors that regulate this transporter. Lysine directly competes for arginine uptake 120, 121.
Interestingly the RNS, nitroxyl (HNO), and not NO, decreases the activity of this transporter
which may be a feedback mechanism for NOS activity 122. One of the consequences in
reducing arginine availability is that NOS becomes a superoxide rather than NO generator
123–125, therefore switching from NO-mediated regulation to ROS generation. This may
explain why NOS is beneficial under some conditions while deleterious under others.

Another important aspect of arginine metabolism is the generation of ADMA a known inhibitor
of NOS, which is derived from arginine methylation of proteins and subsequent proteolysis
126. One study has shown that ADMA not only inhibits nNOS but converts this enzyme from
an NO to superoxide generator 127, which may have major implications in various diseases
states. Therefore, NO production and cellular signaling can be influenced by arginine uptake,
competitive metabolic pathways and the generation of endogenous NOS inhibitors.
Additionally, changes in arginine metabolism may not only affect the rate of NO production
but may also be important in the production of superoxide.

Oxygen is another major substrate that regulates the activity of NOS. Changes in pO2 have a
profound influence on NOS activity. The oxygen dependency is one of the major differences
between the NOS isoforms and is the factor that may provide the most insight into the role
each isoform plays in vivo. The Km (i.e. the concentration of oxygen at which the activity of
the enzyme is half maximal) for O2 towards each NOS isoform is considerably different. When
the O2 concentration in the Km range or lower, the enzyme activity is highly dependent on its
concentration, resulting in a direct correlation between NO production and oxygen
concentration. However, when O2 concentration is significantly greater than the Km value, the
dependency on O2 is lessened as the activity is less affected by increases in oxygen. This
becomes important when comparing the Km values for the different NOS isoforms. The Km
for eNOS is 23 µM, iNOS is 135 µM, and nNOS is 350 µM 29. These vast differences in
Km values indicate that the rate of NO synthesis from nNOS, for example, will be substantially
more affected by oxygen fluctuations over a greater range of O2 than eNOS. In other words,
nNOS can provide a direct O2 detection system that perhaps is linked to a different subcellular
compartimentalization for nNOS vs eNOS (i.e. mitochondria). In contrast, eNOS could be at
near full activity even with low oxygen tension allowing regulation of critical functions of the
cardiovascular system such vascular tone under these conditions.

Normal tissue oxygen tension range from 5–15 torr (10–20 µM) to as high as 50 torr (60 µM)
128. Therefore the isoforms will have different activity depending on the specific tissue bed.
Further complicating this relationship is that NO inhibits the primary mechanism of O2
consumption in tissue, mitochondrial respiration 128, 129. Increases in NO will thus increase
O2, which further increases NOS activity. It should be noted that at low O2, NOS generates
superoxide rather than NO 130. Though these cellular mechanisms may imply that NO
production could spiral out of control, there are two feedback mechanisms that limit this
augmentation cycle. The first is that high NO levels retard the enzymatic activity of NOS
thereby limiting its production 29. The second is that cellular NO consumption is O2 dependent,
and proportional to the oxygen concentration 130. As O2 levels increase, so does the rate of
NO metabolism 131. Taken together we see that there is an intimate relationship between these
two diatomic gases, which is critical in the regulation of tissue oxygenation and perfusion.

Another important factor of NOS regulation is its location within the cell. Hydrophobic regions
of a cell such as membranes have about 10 times higher concentrations of gases (NO, O2, CO)
compared to aqueous regions of a cell simply based on their solubility 132. The activity of
eNOS can be increased 10 times by simply translocating to the membrane, presumably because

Thomas et al. Page 11

Free Radic Biol Med. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of increased oxygen availability 116. Translocation of iNOS in activated macrophages may
affect the activity and ultimate NO released from macrophages. The amount of NO detected
from cytokine activated and LPS activated is very different despite similar amount of NOS. It
has been shown that this increase in NO release from the cell is accompanied with increased
membrane iNOS 133. Translocation of nNOS to glutamate recpetor may also increase its NO
activity. NOS can exist in both membrane and cytosol. Translocation to a different O2
environment changes its activity and can have a significant effect.

Diffusion
Another important physical characteristic of NO and an important determinant of its
concentration is diffusion. Nitric oxide has a low molecular weight, it is uncharged, and soluble
in both aqueous and hydrophobic environments. This makes it highly diffusible. The diffusion
coefficient for O2 is 2800 µm2 s−1 and NO is 3300 µm2 s−1 134. In tissue, cells are usually
within 50–300 µm, or between 1 and 30 cell lengths, from a blood vessels where NO is rapidly
consumed. Since NO diffuses as much as 5–10 cell lengths in 1 second, the diffusion to the
blood vessel becomes a kinetic barrier in determining which reactions are viable. It suggests
that in tissue there is a significant lifetime compared to the lumen of the blood vessel. Thus,
compartmentalization between the vessel and tissue allows different gradients to occur.

Simulations (low tissue NO consumptive rate) have demonstrated that large increases in NO
concentration can be achieved in tissue which only decreases near blood vessel barriers 134,
135. Therefore it is theoretically feasible to generate high levels of NO. Since p53 is only
phosphorylated > 400 nM 40 and some studies have shown that iNOS and P-p53 colocalized
in inflamed tissue 65, these concentrations of NO are achieved.

Another important aspect of diffusion is dilution. Under three dimensional conditions, such as
tissue, random diffusion of NO away from a single cell producing it ultimately results in rapid
dilution. Since the volume of a sphere increases by the cube of its radius, when NO moves a
distance of one cell length there is an 8 fold dilution, at 2 lengths a 27 fold dilution, at 4 lengths
away there is a 125 fold dilution, and so forth. Within 1 second NO concentration from a single
cell has been diluted over 200 times. NO production can be confined to specific areas in the
cell resulting in high local concentrations. However short distances away its concentration can
diminish substantially. For example, NOS is confined to a specific location such as a synaptic
region which is less than a µm across. The NO concentration required to stimulate
catecholamine release can be estimated to be 1 µM, which is very high. However, at the
equivalent of one cell length away (10 µm) there would be a 1000 fold dilution to <1 nM. This
diffusion and subsequent dilution of NO allows for specific sites to be exposed to higher and
lower fluxes of NO even within the same cell. In cases such as the vascular endothelium, NOS
is located in the junction between the endothelial layer and the vascular smooth muscle cells
(VSMC). Since this is juxtaposed to the smooth muscle, its proximity allows NO to migrate
to sGC in the VSMC without the interference of the scavenging effects of the blood vessel.
Computer simulations of the vessel wall have shown that fluxes of NO in the endothelial VSMC
is about 100 nM enough to cause relaxation 134. Microelectrode studies suggest that > 200
nM NO can be generated in this perivascular space 136.

Leukocytes are engineered to fight a bacterium, virus, or tumor cells. For example, if there are
four leukocytes surrounding a target pathogen, then NO levels can be additive at the region of
NO flux intersection focusing high levels where it is most effective. As discussed above, in
the case of Listeria which propagates in macrophages, high NO levels (< 1 µM) induces a
cytostatic effect by nitrosateing the protease required for liberation from the leukocyte 70.
However, NO dilutes rapidly from the macrophage where 4 cell length away µM levels are
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diminished to lower than 1 nM. Thus, orientation of the iNOS can determine the shape of the
NO concentration under a variety of conditions.

Consumption
Though NO synthesis and diffusion are partial determinants of NO concentrations in vivo, there
is another important factor that needs to be considered; consumption. There are several
important general mechanisms for NO consumption including RBC reactions, cellular
metabolism, and reaction with ROS. An important and fundamental characteristic of NO
consumption is that, similar to NO synthesis, most consumptive mechanisms of NO are O2
dependent. This indicates that O2 will be a key factor in determining rate of NO consumption
and the scope of its reaction with target molecules. Cellular consumption of NO albeit much
slower than its reaction with RBC’s is an important determinant in establishing NO
concentration gradients extravascularly 131. Reported values for cellular consumption of NO
vary from a rate of 0.01 s−1 at the low end 137, 138 to as high as 7.5 s−1 131. By choosing the
upper limit value for NO consumption, simulations have shown that consumptive processes
are competitive with diffusion and significantly influence the shape of the NO profile 139.
Models using the lower limit demonstrate diffusion is the primary determinate 139. Models
and measurements in different vascular beds suggest regulatory NO for vasodilation can reach
> 300 nM for brief periods of time 134. However the rate of NO consumption in different tissue
beds and the biochemical mechanisms remain to be determined.

The rate of NO consumption by cells is directly dependent on, and proportional to, the oxygen
concentration 131 suggesting an important regulatory relationship between NO signaling and
oxygen concentration in tissue. While increased oxygen levels will increase NO consumption
the converse is that NO regulates oxygen consumption via inhibition of mitochondrial
respiration. This important interdependent relationship between NO and O2 provides a direct
feedback mechanism to regulate their respective concentrations 140. The respiratory inhibition
by NO depends on a number of factors such as the rate of mitochondrial respiration129. At
high respiratory rates the IC50 for NO is about ~100 nM at 150 µM O2 which compared to µM
levels of NO at lower turnover rates of mitochondria. Thus inhibition of mitochondria in cells
with low respiratory rate will require levels of NO that mediate nitrosative stress while higher
levels would mediate Akt-P. In tissue, models suggest that at low respiratory rates 200–300
nM NO is required to competitively inhibit by 50% mitochondrial O2 consumption 129. This
suggests that the interdependent relationship between NO and O2 depends on the metabolic
state of the cell.

It should be noted that despite intense investigation by numerous investigators, the dominant
mechanism for general cellular NO consumption has yet to be elucidated. Here, cellular NO
consumption refers to the disappearance of NO in the presence of non-erythrocytic cells which
represents the sum of various independent cellular NO-consumptive processes. A major
mechanism for NO consumption, and a subset of cellular consumption, is via reaction with
ROS. The reaction of NO with ROS results in scavenging NO as well as producing
intermediates associated with indirect effects 41. This interaction alters NO signaling by
lowering its concentration while creating potentially new signaling mechanisms through RNS
generation. There are two primary mechanisms for ROS mediated NO consumption; reaction
with superoxide and peroxidase/Fenton chemistry. As discussed above, NO reacts with
superoxide at near diffusion control rate resulting in peroxynitrite (ONOO−), which is
converted in the presence of excess NO to NO2 and N2O3. These species are particularly
thiophilic and may provide thiol mediated signaling 21.

Another mechanism for ROS mediated consumption of NO is through interaction with
peroxidases and Fenton type reactions 54, 141. It has also been shown that H2O2 through
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reaction with heme proteins like peroxidases can decrease NO concentrations 142. This
reaction leads to nitrite, which in the absence of NO can be oxidized by the same metal catalyst
to NO2. Like peroxynitrite, NO2 can nitrate tyrosine residues and oxidize other substances
59, 105, 106. It is possible that the observation of nitrotyrosine indicates lower NO levels
despite high NOS output. Thus, the decrease in NO via O2

− scavenging, increases NO2 and
may serve to change the cellular signaling paradigm.

Two important sources of non-mitochondrial ROS are NADPH oxidase (NOX) and xanthine
oxidase (XO). It should be kept in mind that hydrogen peroxide (H2O2) generated from these
enzymes has its own signal transduction mechanisms 143. When the Km for O2 for XO (~70
µM) is compared to the NOS isoforms only iNOS falls in this range, while eNOS is far below
and nNOS is far above. For this reason translocation of O2

−-producing NOX can play role in
controlling NO-elicited signaling. Translocation of NOS to the proximity of oxidases or
peroxidases may therefore become important. Recently, it has been shown that COX-2 forms
a complex with iNOS providing an interesting possibility for regulation of NO and ecosinoid
products like PGE2 144.

It has been calculated that the lifetime of NO in vivo is between 10 – 100 ms. Since the reaction
rate constant is 1010M−1 s−1 for the NO/O2

− reaction, ablation (95% reduced) by superoxide
of the NO signaling occurs when the effective NO concentration is above 10–20 nM. Therefore
NO concentration less than 1 nM, such as those found in some endothelial responses 112,
145, will be relatively unaffected by this reaction. However, with NO mediated processes that
lower blood pressure or suppress MCP-1 and ICAM-1 expression 146–148, superoxide
antagonizes these mechanisms.

Another factor to consider is that O2
− is primarily generated in the aqueous environments and

by virtue of being an anion does not readily migrate into or through membranes. Therefore
based on their respective solubility’s, the reaction between NO and O2

− occurs mainly in the
aqueous layer. The concentration of NO in the aqueous layer will be the determining factor for
the magnitude of this reaction. One of the important consequences of this is that translocation
of eNOS to the membrane in the proximity of sGC decreases the EC50 while limiting the
reaction with superoxide, which is in the aqueous compartment 149.

In endothelial cells, NO mediated angiogenic processes occur below 1 nM, therefore, O2
−

should have a negligible chemical effect on these mechanisms at sufficient levels of NO
production. The more sensitive the target is to NO, the less the effect O2

− will have on
diminishing its response to NO. However, as the requirement for NO concentration begins to
increase such as to levels that stimulate sGC in VSMC, superoxide can have a significant role.
The cellular junction between the endothelial cell and VSMC provides an isolated area where
superoxide can regulate NO migration to VSMC. In this region, increase NOX or other
superoxide producing enzymes would be an important control mechanism for vascular tone.
The same may be true for nNOS in the synaptic region may be controlled by O2

−. This spatial
relationship may be important in shaping the NO mediated signaling.

Another issue to consider when talking about the regulatory effects of O2
− on NO signaling is

the influence of superoxide dismutase (SOD). This enzyme is responsible for removing O2
−

by converting it to H2O2 and O2. This becomes important because, like the reaction of NO
with O2

−, SOD reacts with O2
− extremely rapidly and will therefore compete against NO for

O2
−. Since the rate of reaction of SOD with O2

− is about half as fast as the rate of NO with
O2

−, there must be twice as much SOD than NO for each to scavenge 50% of the O2
−.
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Where k1 is the rate constant for the reaction of NO with O2
− and k2 is the rate constant for the

reaction of SOD with O2
−. Under biological conditions, SOD at sufficient concentrations, 3

−15 µM, has the ability to restore the bioactivity of NO when O2
− is present. When SOD

removes O2
− before it reacts with NO, NO is free to diffuse and perform its signaling functions.

Therefore even when O2
− is generated concomitant with NO synthesis, if there is sufficient

SOD present NO signaling will be unaffected41.

Factors for RNS signaling
As discussed above, NO and derived species are important cell signaling agents. A variety of
targets for these NO-derived species (i.e. NO2, ONOO−, N2O3, etc.) exist within cells and
include thiols, lipids and aromatic amino acids.44 Clearly, if the normal signaling biochemistry
associated with the chemical modification of these targets by nitrogen oxides occurs to an
extreme, then this has the potential to have a severe toxicological outcome. Thus, at high NO
concentrations, where this chemistry may occur indiscriminantly or to an extreme, toxicity,
rather than normal cell signaling may result. However, with normal signaling processes and
pathways, the amplification of signals allows reactions to occur at low levels and yet be
important in signal transduction.

The formation of the RNS occurs by both the NO/O2
− and NO/O2 reaction, which occur at

distinct sites in the cell depending on hydrophobicity or hydrophilicity. There are some
important factors that dictate the signal transduction mechanism for RNS. These reactive
intermediates are electrophilic, thus pKa of the substrate such as thiols will be an important
determinate in the reaction dynamics. The three primary NO derived RNS are N2O3 NO2 and
peroxynitrite 19, 44. As we discussed above, the later is an important product of the NO
consumptive mechanism, while N2O3 and NO2 can be derived from both NO autoxidation and
the NO/O2

− reaction. As with NO, formation, diffusion, consumption/scavenging and rate of
reactivity with the molecular target are important kinetic determinates.

The reaction between NO and O2
− to form peroxynitrite (ONOO−) is one of the fastest reactions

known in chemistry 150. Since O2
− is short-lived and is produced in the aqueous layer, this

reaction occurs in the aqueous compartments of tissues. In biological media, peroxynitrite
rapidly reacts with CO2 converting it in milliseconds to the anionic species ONOOCO2

− (eq.
7). This species decomposes within 15 ms to a radical complex NO2/CO3

− (possibly a caged
solvent complex) (eq. 8) 26.

7)

8)

9)

The short lifetime and anionic character of these species limits the chemistry of peroxynitrite
to a finite distant from the source of O2

− in the aqueous media. Under conditions where excess
of O2

− and NO is produced, scavenging of NO2 and CO3
− occur with near diffusion controlled

rate constants resulting in abatement of peroxynitrite nitration and oxidation (eq. 9) 151. While
the overall reaction between superoxide and ONOOCO2

− yields nitrite and carbonate, the
reactions with NO form nitrite, carbonate and NO2 (eq 3). The latter then further reacts with
NO to give N2O3 (eq. 2) 44. Thus this reaction provides a RNS shunt which can convert NO
from a directly acting species to predominantly nitrosative chemistry. This may provide the
ability to target oxidation and nitrosative mechanism to specific locations within the cell.

The autoxidation reaction is third order overall with a second order dependency on NO 152
This second order dependency on NO dictates that the relevance of this reaction is highly
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dependent on the concentration of NO. Since the lifetime of NO is approximately 0.1 second
(depending on consumption rate in that tissue bed) mM concentrations would be required for
this reaction to be the primary pathway of NO. However, the rate is increased dramatically in
membranes and other hydrophobic regions where both O2 and NO are present at a 10 times
higher concentration 132. Thus, a fraction of the NO chemistry in cells may occur through the
autoxidation reaction in the membrane 153. In the nM range, this reaction in the membrane
would be predicted to account for only 0.001 % of the consumptive mechanism of NO.
However, a 1 µM NO concentration in the microenvironment of activated macrophage
indicates that membrane concentrations may be as high as 10 µM. This reduces the half-life
of NO to 50–80 seconds of this reaction suggesting that 1–5% of NO in cells may react through
the autoxidation reaction. After prolonged periods of time accumulation of RNS will occur
which can react with targets that are thermodynamicly favorable. Since it would take
considerable time, due to their low yield, this mechanism serves as a temporal switch directing
NO towards specific targets during prolonged NO exposure at defined concentration.
Therefore, RNS formation from this reaction is confined to specific areas that are hydrophobic
and may serve as sources of unique signaling species after prolonged NO exposure.

The diffusion of these species is an important consideration. The species ONOOCO2
− cannot

migrate appreciably or cross membranes due to is anionic character and short lifetime. N2O3
is constrained by the hydrolysis reaction to nitrite which has a 1 ms halftime 154. In the
cytoplasm the lifetime of N2O3 is further reduced from the reaction with GSH (1 –10 mM) to
form GSNO 24. In the membrane where there are fewer nucleophiles and limited water, this
species has a longer lifetime, which may increase its probability to interact with specific
molecular targets.

In contrast, NO2 is not hydrolyzed in aqueous medium directly. In order to degrade in water,
this radical needs to first react with NO to form N2O3 (eq 2) or dimerize to form N2O4, which
subsequently hydrolyzes. At high NO2 concentrations, the dimerization is a major reaction,
however, these concentrations are unlikely to occur in vivo. Thus, NO determines the NO2
lifetime in water.

The rate constant for the NO-dependent degradation of NO2 and subsequent nitrite formation
is 6 ×106 M−1 s−1 (eq 2, 3) indicating that at near µM NO concentrations its lifetime would be
limited in aqueous media. Therefore at sub µM NO concentrations NO2 would be able to diffuse
between cells 154. It has been found that low fluxes of NO2 readily diffuse into cells such that
cells serve as an important "sink" for NO2. Therefore, unlike peroxynitrite and N2O3, which
have limited diffusion, NO2 can readily diffuse several cell lengths. There are several studies
that show that NO2 can diffuse readily from the extracellular space into cells 59, 60. Since it
formed from either the autoxidation or the NO/O2

− reaction, this may be an alternative
quintessential signal transduction intermediate.

NO2 can be generated in the absence of NO through the oxidation of nitrite from peroxidase
reactions or Fenton type reactions. The oxidation of nitrite leads to an increase in nitrotyrosine
formation, consistent with the idea that nitrotyrosine is an indicator of the presence of NO2
106. The signal transduction mechanism of NO2 may therefore be very important 155.

The scavenging of these intermediates is an important kinetic determinant of the potential
relevance of the signaling processes associated with these species. Peroxynitrite anion is
scavenged by GSH but rather slowly 156. In the presence of CO2 the formation of
ONOOCO2

− is predominant even in the presence of GSH. The decomposition of
ONOOCO2

−, oxidation of nitrite, and the autoxidation of NO all generate NO2 as a common
product and it can be argued that NO2 is an important reactive species associated with the
indirect effects of NO. This radical reacts with urate, ascorbate and GSH at >107 M−1 s−1 
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108. Therefore, in the cytoplasmim where GSH > mM, there is very little probability of these
radicals react with specific targets.

In the plasma and extracellular fluids, urate and ascorbate are 100–200 µM, which limits the
lifetime of these radicals to less than milliseconds. Thus, the movement of NO2 is limited by
the amount of these ubiquitous antioxidants. In the case of N2O3, mM ascorbate and 100 µM
GSH but not urate is competitive. Thus, GSH is the more important limiting agent for N2O3
as well as the reaction with water.

The above discussion suggests that the RNS reactivity is limited to the vicinity of its formation
(Fig. 4). Thus, site-specific generation of these RNS provides a logical possibility for
accomplishing the chemical modification of specific biological targets. It also suggests the
proximity of the molecular target (or possibly translocation of the target to the vicinity of the
NO source) will be a very important factor in the signaling function of NO. Another important
consideration is the concentration of O2, which would have to be high for much of the discussed
chemistry to be relevant. Thus, the level of mitochondrial activity, which consumes O2 under
certain conditions, generation of O2

−, is critical to predicting the likelihood of much of the
chemistry discussed here.

Summary
The multitude of possibilities in biological responses to NO makes it a fascinating molecule
for study. Unlike other simple signaling molecules, there are numerous layers of regulation to
consider when assessing possible outcomes of NO exposure. A complex relationship exists
between the fundamental chemistry of NO and the important influences of the cellular
microenvironment. The importance of concentration when talking about NO-signaling can be
appreciated when one considers the distinct concentration-dependence of NO-regulated
proteins. Since all biological responses to NO are ultimately a function of its concentration,
dynamic fluxes in NOS substrate availability in addition to changes in rates of NO metabolism
will have dramatic influences on NO signaling (Fig. 5). The concentration of NO will determine
its chemistry (direct vs. indirect), the distance it diffuses, and the type of signaling targets it
interacts with. The combination of these factors will establish the cellular phenotype. Many
potentially different cellular responses and vastly diverse outcomes are possible through a
range of NO concentrations. The presence of other radical species is also a key regulator of
NO concentration and will partially dictate its influence on target molecules. By viewing NO
in this context it enables us to understand why there can be a seemingly infinite number of
biochemical responses to a single signaling molecule. Additionally these principals illustrates
how deregulation in NO catabolism or metabolism will be import determinants in the natural
course of various disease states.
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Figure 1.
The Chemical Biology of NO. The direct versus the indirect effects.
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Figure 2.
Concentration dependent for the release of NO from SPER/NO and the correlation with
different cellular responses. Data from ref 40.
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Figure 3.
Formation and consumption processes that influence NO Concentration
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Figure 4.
The reactive nitrogen species processes of formation and scavenging.
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Figure 5.
Discrete level of NO cellular responses.
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Table 1
Classifications of NO-regulated proteins in MCF7 cells.

Immediate Delayed
Sustained HIF-1α

ERK p44/p42
sGC

HO-1
Bcl-2

Transient pAMPK
Akt

p53-P-Ser15
MMP-9
Tsp-1
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