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1. INTRODUCTION 

The award of the 1998 Nohel prit.c for physiology 
and medicine, while controversial in terms of those 
excluded, was expected in terms of subject matter. 
Nitric oxide (NO), a somewhat reactive and hiahlv 
diffusible gas, participates in numerous biolo;ic~l 
processes. Perhaps most imponantly, NO is a signal 
molecule involved in the regulation of blood flow, in 
neurotransmission, and in the immune response. 

Twenty years ago, while it was known that vaso
dilating drug~ such as nitroglyce1ine produced NO, 
that NO could activate soluble guanylyl cyclase and 
so increase cGMP, and that stimulation of the endo
thelium lining blood vessels releases a relaxing factor 
onto underlying smooth muscle, it took 10 yr to put 
these together. This was coincident with the realiza
tion that activated macrophages produce NO oxida
tion products when engaged in the destruction of 
microorgansisms. The last ten yr have seen not onJ v 
the cloning and sequencing or' cDNAs for NO syn"
thases but also a resunection of nitrogen chemistry. 
In addition, the roles evoked for NO have multiplie~L 
There continues to be debate about precisclv hmv 
NO is produced, and whether it is actually N.O that 
mediates the many functions attributed to ·it. 

From: Principles af JI.Jolecular Regula/ion (P. M. Conn and A. R. 
:vleans, eds.), © Humana Press Tnc., Totowa, NJ. 
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Most famously, and from an increased appreciation 
of the mechanics of NO-induced vasodilation has 
emerged Viagra, one of the most publicized drugs to 
ever come on the market. This selective inhibitor 
of type 5 phosphodiesterase (PDE) is now widely 
prescribed as a remedy for sexual dysfunction. How
ever, changes in therapeutic intervention have not 
been limited to Viagra. Introducing NO is useful in 
pulmonary dysfunction, in rcstenosis, and in wound 
healing. Blocking NO production via NOS inhibitors 
has potential for the treatment of ischemia and also 
for septic shock. 

2. CHEMISTRY AND REACTIVITY 

It seems that nearly all eukaryotic cells, as well as 
some simpler organisms. are capable of synthesizing 
NO (with L-citrulline as the coproduct) from the five
electron oxidation of L-arginine. This reaction is cata
lyzed by nitric oxide synthases (NOS) \Vhich employ 
components familiar from other enzymes but in novel 
and somewhat unconventional ways. 

As a radical, NO reacts rapidly with other species 
containing unpaired electrons (Fig. 1). For example, 
NO binds directly to the heme group of soluble gua
nylyl cyclase (sGC), a major target for the physiologi
cal effects of NO, stimu1ating cGMP formation in a 
cell by many hundreds of fold. Further, NO reacts 
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Fig. 1. The chemical biology of nitric oxide. 

with other metalloproteins such as cis-aconitase, thus 
regulating cellular iron metabolism. Local NO con
centrations of > 1 JlM permit indirect reactions. NO 
reacts with 0 2, forming an intermediate species (N20 3) 

that can efficiently nitrosate thiols and amines. Out
competing superoxide dismutase (SOD), NO reacts 
with 02 to produce peroxynitrite (ONOO-) which, if 
protonated, decomposes rapidly (seconds) to a 
hydroxyl radical. This ONoo- reacts rapidly with 
C02 (acting as a catalyst) in a complex manner that 
produces several short-lived reaction intermediates, 
such as N02 and C03-. These intermediates are proba
bly responsible for many of the reported toxic effects 
of NO. For example, ONoo- nitrates and thereby 
inactivates manganese SOD, an enzyme that dis
mutes superoxide. 

3. REGULATION OF THE NOS GENES 
AND THEIR PRODUCTS 

To date, three major isoforms of NOS have been 
described and these are products of distinct genes. The 
cDNAs share 50-60% homology at the nucleotide and 
amino acid levels. Two of these gene products, NOS
I and NOS-3, are constitutively expressed enzymes 

that are calcium-calmodulin dependent and produce 
small amounts of NO in response to transient eleva
tions in intracellular calcium level. Both NOS-1 and 
NOS-3 are functional only as dimers (head-to-head), 
exhibit alternative splice products, display interactive 
domains in theN-terminal region, and depend upon 
calcium transients for activity. To date, the under
standing of transcriptional regulation of these iso
forms is rudimentary. For NOS-1, first characterized 
in the nervous system, activators of the gene are 
mechanical injury, hypoxia, and sex steroids. For 
NOS-3, responsible for the production of endothe
lium-derived relaxing factor, transcriptional activa
tion follows shear stress, hypoxia, sex steroids, and 
growth factors. 

While the NOS-2 isoform is also active only as a 
dimer, it is soluble and functions independently of 
a rise in intracellular calcium. This isoform is not 
normally expressed but can be transcriptionally 
induced in response to particular stimuli (among many 
others; proinflammatory cytok:ines, bacterial endotox
ins, hypoxia, viral coat proteins). Unlike the constitu
tive isoforms, NOS-2 has calmodulin bound at all 
times, maintaining the enzyme in a tonically active 
state capable of producing a large and continuous flux 
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Fig. 2. Functional elements in the NOS sequence. BH4, tetrahydrobiopterin; CaM, calmodulin; FAD, flavin adenine dinucleotide; 
FMN, flavin mononucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; PDZ, protein interaction domain. 

of NO. The relatively large amount of NO generated 
by NOS-2 over a sustained period is implicated not 
only in the pathogenesis of various disorders but also 
in the response to infectious organisms. This isoform 
has been variously named ("inducible," "immuno
logic," "macNOS"), terms that are somewhat mislead
ing because NOS-2 has also been reported in a wide 
variety of normal and neoplastic cell types, in some 
cases constitutively. The first 500 amino acids com
prise the catalytic center of the enzyme and deletion 
of residues 66-114 denies dimerization and therefore 
a NOS function. The promoter region of the NOS-2 
gene displays a wide variety of potential response 
elements and it appears from in vitro studies that the 
NFKB site in the proximal region is important for 
transcriptional activation. 

Each NOS isoform has similar catalytic domains: 
a C-terminal reductase (homologous with cytochrome 
P450 reductase) exhibiting binding sites for flavins 
and NADPH, and anN-terminal oxygenase domain 
that contains bound heme and the site for H4 biopterin 
(see Fig. 2). The reductase domain transfers electrons 
from NADPH to heme. Calmodulin binds just at the 
N-terminal side of the reductase. Each isoenzyme has 
a different N-terminal extension that is not essential 

for catalysis but functions in intracellular localization 
of that particular protein. For example, in the N
terminal region of NOS-1 there is a PDZ domain that 
mediates subcellular targetting of the enzyme. In the 
CNS, this PDZ domain targets the enzyme to postsyn
aptic sites by binding to postsynaptic density proteins. 
In skeletal muscle, NOS-1 is targetted to the endplate 
owing to association with the dystrophin glycoprotein 
complex. In both cases, this strong association couples 
the enzyme to the source of calcium, resulting in 
enzyme activation. By analogy, NOS-3 is targeted to 
plasmalemmal caveolae and this occurs through dual 
acylation by myristate (irreversible) and palmitate 
(reversible). Caveolae are sites for the sequestration of 
signaling molecules, again leading to NOS activation. 

Phosphorylation of the NOS isoforms allows both 
crosstalk between NO and other signaling pathways 
and also posttranslational modification. Purified pro
tein kinases phosphorylate all three isoforms, gener
ally inhibiting NOS activity. Both NOS-1 and NOS-
3 have associated regulatory proteins, abbreviated as 
PIN and ENAP-1, respectively. Transcript stability 
is another means by which protein expression can 
be regulated. On activation of the NOS-2 gene, the 
transcript is very unstable with a t 112 of 2-3 h. This can 
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be shortened by agents such as transforming growth 
factor. Clearly there are proteins coinduced that are 
responsible for this RNA instability as t 112 is prolonged 
by inhibitors of transcription and also protein syn
thesis. 

The regulation of dimer assembly is of interest, as 
this leads to a functional NOS. The degree to which 
H4 biopterin is required depends on the isoform and 
the cell type in which the enzyme is expressed. 
Whether arginine and/or heme limits intracellular 
NOS assembly is still unclear. Certainly, in activated 
cells, NOS-2 exists as a mixture of dimer and mono
mer, implying either that dimers are unstable or that 
assembly is limited. Cell culture studies point to the 
former and that accumulating NO limits dimerization, 
perhaps by preventing heme insertion into the protein. 

4. MOLECULAR TARGETS FOR NO 

As depicted in Fig. 1, NO can interact with a wide 
variety of biomolecules. The following survey aims 
at being comprehensive but not exhaustive. 

4.1. DNA 
The chemical alteration of DNA underlies a variety 

of pathological states. NO can potentially damage 
DNA through reactive nitrogen species (e.g., ONoo-, 
N20 3), inhibition of DNA repair processes, or 
increased production of genotoxic (e.g., alkylating) 
agents. A species such as N20 3 causes mutations in 
cells, chemically altering DNA. Deamination of cyto
sine, adenine, and guanine results in conversion to 
uracil, hypoxanthine, and xanthine, respectively. As 
well as modification, NO can form or modulate the 
activity of carcinogens. Nitrosamines are metabolized 
to alkylating species that lesion DNA. 

4.2. Proteins 
The ability to nitrosate and to nitrate key amino 

acids in proteins (transcriptional regulators, enzymes, 
receptors) explains many of the actions of NO in 
terms of gene regulation and alterations in cell signal
ing pathways. 

4.2.1. TRANSCRIPTION fACTORS 

Transcription factors are regulatory proteins that 
bind to specific DNA sequences and recruit RNA 
polymerase. Transcriptional activators display 
sequences specific for DNA binding and also a trans
activation domain. A number of transcriptional activa
tors have been shown to be regulated by NO, either 
posttranslationally through direct modification of the 

protein, or indirect regulation via alteration in the rate 
of their own transcription. In so doing, NO may either 
turn off constitutively expressed genes, activate tran
scriptionally regulated genes, or prevent their activa
tion. The best examples to date are the transcription 
factors NFKB and AP-1, whose activation can be 
blocked by NO and these proteins can also be directly 
nitrosated, with a reduction in promoter association. 
These two transcription factors are involved in the 
regulation of expression of a very large number of 
genes. Serine substitution of a cysteine residue at the 
N-terminal region of the p50 NFKB subunit reduces 
DNA binding. Specific binding ofNFKB is also inhib
ited reversibly by NO, and these effects appear to be 
mediated by nitrosation of the same cysteine residue. 
There is also good evidence that NO stabilizes the 
NFKB inhibitory protein IKBa and activates its tran
scription, thus inhibiting NFKB translocation from the 
cytoplasm to the nucleus. AP-1 is a dimeric complex 
of Jun-Jun or Jun-Fos proteins. The key to dimer 
formation resides in two cysteine residues in the leu
cine zipper and basic regions of Fos and Jun, and 
nitrosation of Cys252 in the DNA binding domain 
decreases AP-I binding to DNA. 

4.2.2. ENZYMES 

Critical signaling proteins can be influenced by 
NO, functioning at the transcriptional and/or posttran
scriptional level either as an activator (poly[ADP
ribose] synthetase, p21ras, sGC) or inhibitor (adenylyl 
cyclase type I, protein kinase C, cytochrome P450, 
nitric oxide synthases, lipoxygenase). 

The heme protein cyclooxygenase (COX) is inhib
ited by NO at high concentrations but activated by low 
concentrations. The mitochondrial respiratory chain is 
susceptible. NO inhibits cytochrome c oxidase (com
plex IV) in a reaction that is reversible and competi
tive with oxygen, while ONoo- irreversibly inhibits 
respiratory complex I-III as glutathione levels 
decrease. 

Nitric oxide can have diverse effects on cell death, 
initiating or protecting against apoptosis depending 
on the cell type, NO concentration, and redox environ
ment. The family of protein-cleaving enzymes known 
as caspases are targets for NO, which inhibits their 
activity in a reversible manner. 

4.2.3. CYTOKINES 

Exposing cells to NO, coupled with the use of 
NOS inhibitors, has revealed complex effects on the 
production of cytokines. Some members of the 
caspase family participate in the maturation of cyto-
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kines. Precursors of interleukin-1 ~ (IL-l~) and IL-
18 are cleaved by caspase-1, and NO reversibly blocks 
this process, thereby acting as an antiinflammatory 
agent. However, NO can be proinflammatory, increas
ing release of other cytokines such as tumor necrosis 
factor-a (TNF-a) and IL-6. 

Chemokines, small chemoattractant cytokines, can 
be quite specific in determining the immigration pat
terns of lymphocytes and macrophages to certain 
inflammatory regions. There appears to be an interest
ing crosstalk between NO and chemokines in that the 
expression of IL-8 and MCP-1 is inhibited by NO, 
whereas MCP-1 can prevent the expression of NOS-2. 

4.2.4. MEMBRANE RECEPTORS 

Excessive activation by glutamate of theN-methyl
D-aspartate (NMDA) receptor in mature neurons 
mediates cell death through calcium entry and down
stream events that may or may not involve the activa
tion of NOS-1. In addition, NO in its various redox 
states can down-regulate NMDA receptor activity at 
modulatory sites consisting of critical cysteine sulf
hydryl or thiol groups. 

The induction of MHC class II by interferon-y 
(IFN-y) is blocked by NO donors and NO inhibits the 
induction of adhesion molecules such as intercellular 
adhesion molecule (ICAM) and VCAM-1 via effects 
on NFKB. 

4.2.5. STRUCTURAL PROTEINS 

The nitration of tyrosine residues in proteins is a 
convenient marker of reactive nitrogen-centered oxi
dants being produced. Whether it is ONoo- or 
another oxidation product that is responsible for this 
nitration in vivo is the subject of debate. If these 
tyrosine residues are sites for regulation via PTK
mediated phosphorylation, then functional activity of 
the target protein can be affected. 

Important structural proteins such as neurofilament 
L show evidence of nitration in diseases of the nervous 
system, such as amyotropic lateral sclerosis. Nitration 
converts a negatively charged hydrophilic residue and 
so dirupts assembly into polymers, so important for 
axonal integrity. 

5. ROLES FOR NO 

5.1. Nervous System 
Survival, differentiation, and the removal of excess 

cells via apoptosis are essential for the proper devel
opment of the nervous system. A role for NO in 
these processes is suggested by the transient high 
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expression of NOS found within specific brain and 
spinal cord sites during the maturation process. Inter
estingly, NO serves to activate pathways of pro
grammed cell death as well as pathways that promote 
cell survival and differentiation. The balance between 
NO-induced death and protection rest on the quantity 
and the redox state of NO and the cellular targets 
of NO present at the site of production. Apoptotic 
pathways leading to cell death may be activated by 
damage to cellular structures, particularly the mito
chondria, by excessive levels of NO or ONoo-. Direct 
upregulation of the tumor suppressor p53 by NO may 
lead to activation of proapoptotic caspases and a cell 
death cascade. On the other hand, interaction of NO 
with NMDA receptors and NO-mediated regulation of 
intracellular calcium levels may serve as a protective 
mechanism against cell death. Cell survival and dif
ferentiation is enhanced through the NO activation 
of p21 WAFl, a cyclin-dependent kinase inhibitor. In 
addition, cell maturation is promoted through a 
cGMP-independent NO activation of the protoonco
gene p2lras. 

Further functions of NO in the developing nervous 
system include roles in the maturation of the retino
tectal system and the formation of ocular dominance 
patterns within the visual cortex. Olfactory neurons 
may require NO to establish appropriate synapses and 
for the creation of odor memory. Neurite targeting 
and growth appear to be regulated by NO interactions 
with cytoskeletal proteins. 

NO acts as a neurotransmitter for nonadrenergic 
noncholinergic (NANC) synapses found in peripheral 
tissues. Often released as a cotransmitter with neuro
peptides, NO activates sGC with the subsequent pro
duction of cGMP. Elevations in cellular cGMP levels 
induce relaxation of smooth muscle. Activity of the 
NANC innervation of the respiratory tract is a compo
nent of ventilation/perfusion (VIQ) matching. NO 
generated by nitrergic innervation and the respiratory 
epithelium mediate the relaxation of the bronchiolar 
and vascular smooth muscle. In males, stimulation of 
NOS-containing neurons of the pelvic plexus results 
in the vasodilation of cavernosum vessels and penile 
erection. Similarly in the female, relaxation of uterine 
smooth muscle during pregnancy is modulated by 
NANC neurons. Gastrointestinal peristalsis is regu
lated in part by NO release from neurons located in the 
submucosa and myenteric plexus, which stimulates 
smooth muscle relaxation. Intestinal absorption and 
secretion of fluid and electrolytes may be mediated 
in a similar NANC-NO-dependent fashion. 

Within the central and peripheral nervous systems, 
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the function of NO as a neurotransmitter is linked to 
glutamate receptor activity. Activation of glutamate 
receptors, specifically the NMDA receptors, results 
in NO production due to an increase of intracellular 
calcium levels and subsequent stimulation of NOS. 
As a permeable molecule, NO may act on enzymes, 
transcription factors, or structural proteins of the NO
producing cell or diffuse to act within neighboring 
cells. NO may also alter the neurotransmitter release 
in targeted neurons via the phosphorylation of synap
tic vesicle proteins by cGMP-dependent kinase 
(PKG), a downstream consequence of sGC activity. 
The function of the NMDA receptor and calcium 
channel activity may be regulated in a similar fashion 
by NO-stimulated phosphorylation or nitrosylation of 
receptor regulatory sites. The neurotransmitter func
tion of NO may play a role in tolerance to ethanol
induced motor deficits as well as the alcohol with
drawal syndrome. Nociception and hyperalgesia may 
be modulated by NO, as might tolerance to the anti
nociceptive actions of opioids. Autonomic nervous 
system activity is modulated by NO including the 
sinoatrial and atrioventricular nodes of the heart. Skel
etal muscle and some associated neurons contain 
NOS. The strength of muscle contraction is modulated 
by NO effects on energy production in fast twitch 
fibers. 

The neurotransmitter activity of NO may be 
involved in long-term potentiation (LTP), a model of 
learning and memory in the hippocampus. The pro
cess of LTP is initiated by the activation of postsynap
tic NMDA receptors with the subsequent production 
of NO. NO produced by the postsynaptic neuron acts 
as a retrograde messenger activating sGC in the pre
synaptic neuron and effecting changes in the amount 
or ease of release of neurotransmitter during a future 
depolarization. This NO signaling from post- to pre
synpatic neuron results in an increase in the synap
tic strength or efficiency. Glutamate, a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid 
(AMPA) receptor activation, and NO are components 
of long-term depression (LTD), a similar model of 
learning and memory in the cerebellum. In the model 
of LTD, however, NO acts as an anteriograde messen
ger and synaptic strength and efficiency are reduced. 

NO plays a dual role in ischemic events in the 
brain. Neuron death that is a result of reduced blood 
flow and hypoxia initiates a chain reaction of excito
toxicity in neighboring cells. Cells damaged by hypox
ia, trauma, or infection release excessive levels of the 
excitatory NMDA receptor ligand glutamate. The 
ensuing hyperactivation of the NMDA-NO signaling 

pathway initiates destructive cellular events within 
surrounding neurons. The increased release of NO 
may cause direct cellular damage or, more likely inter
act with 02 to form the very reactive ONoo-. DNA 
damage caused by NO or ONoo- activates poly 
(ADP-ribose) synthetase (PARS). PARS is a DNA 
repair enzyme that utilizes NAD and through the 
repair process may exhaust cellular energy stores 
resulting cell death. Inhibition of oxidative phosphor
ylation through interactions of NO or ONoo- with 
the mitochondrial respiratory complexes may result 
not only in the loss of cellular energy production but 
also in enhanced free radical formation and further 
oxidative stress. The function of the glycolytic 
enzyme glyceraldehyde-3-phosphate dehydrogenase 
(G3PDH) may be reduced following nitrosylation by 
nitrogen reactive molecules. NO produced during 
excitotoxic events may induce loss of cellular energy 
production, increased formation of free radicals, or 
activation of the p53 apoptotic pathway resulting in 
neuronal death. 

NOS-1 is considered the primary source of toxic 
NO in acute ischemic events. Delayed damage 
observed in ischemia may be due to cytokine induc
tion of NOS-2 in glial cells that are observed at the 
infarct boundary. Counter to these damaging effects, 
NO produced by vascular endothelial NOS-3 is neuro
protective. Relaxation of vascular smooth muscle, 
stimulated by endothelial-derived NO, acts to limit 
the effects of ischemia by maintaining blood flow to 
the tissues. 

Several degenerative brain diseases are considered 
to result from the death of critical neuronal popula
tions due to the overabundance of free radicals or 
oxidative stress. The precise etiologies for the pres
ence of increased free radicals and other highly reac
tive molecules believed to be at work in these disor
ders are not known. Increased generation of damaging 
oxidative species by the activation of enzymes such 
as xanthine oxidase and NOS may play crucial roles 
in the observed pathology. Equally damaging is the 
loss of protective antioxidant pathways such as gluta
thione peroxidase or superoxide dismutase. 

Amyotrophic lateral sclerosis (ALS) is a progres
sive and fatal loss of motor neurons in the central 
nervous system. A mutation of superoxide dismu
tase-1 (SOD-1) is thought to play a major part in the 
etiology of this disease. The SOD-1 mutation may 
be a gain of function that utilizes ONoo- to produce 
a nitrogen reactive species that may damage vital 
proteins of the motor neurons resulting in cell death. 
The neurodegeneration of Alzheimer's disease (AD) 
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results in progressive memory loss and dementia. Glu
tamate activation ofNMDA receptor, subsequent NO 
production, and a resulting excitotoxicity may be 
mechanisms of neuronal death in AD. Huntington's 
disease may result from a similar excitotoxic mecha
nism. NO may play a role in the oxidative stress 
believed to result in the loss of nigrostriatal dopamin
ergic neurons which is characteristic of Parkinson's 
disease (PD). Evidence from experiments utilizing 
the dopaminergic specific toxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) as a model for PD 
supports a role for NO in the pathogenesis of PD. 
Multiple sclerosis (MS) is the progressive demyelin
ation of central nervous system axons. The etiology 
of MS is not known. Oligodendrocytes may be dam
aged by an immune-mediated increase in NO and 
ONoo- production and therefore be unable to synthe
size myelin. Human immunodeficiency virus (HIV) 
coat protein gp 120 may precipitate the dementia that 
is associated with acquired immunodeficiency syn
drome (AIDS). Excessive levels of NO generated by 
gp120-stimulated excitotoxicity and through a direct 
gp120 activation of NOS-2 may play a key role in 
the neuron loss noted in AIDS dementia. 

5.2. Immune System 
Bacterial endotoxins, exotoxins, and host cell 

derived cytokines induce the expression of NOS-2, 
resulting in the production of high levels of NO. 
When so stimulated, cells of the immune system 
(macrophages/monocytes, neutrophils, T lympho
cytes, microglia) as well as nonimmune cells (astro
cytes, neurons, cardiac myocytes, pancreatic cells) 
express NOS-2. Viruses, bacteria, fungi, and parasites 
are activators of NOS-2 as well as the targets of 
cytotoxic NO effects. Actions of NO and reactive 
nitrogen molecules damage nucleic acid and vital 
structures in the target organism, resulting in stasis 
or death. NO released during the immune response 
is nonspecific and may potentially interact with or 
damage host cells. The signs of inflammatory diseases 
such as asthma, arthritis, and colitis may be associated 
with excessive immune-derived NO production. Sep
tic shock results from massive activation of NOS in 
response to multiple inflammatory mediators released 
from immune cells in response to bacterial invasion. 
Vasodilation, hypotension, and myocardial depres
sion are a direct result of the high level of NO that 
is generated in septic shock. Elevated production of 
NO resulting from an activated immune system may 
play a role in carcinogenesis and metastasis as well 
as tumor cell killing. Diabetes mellitus may result 
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from apoptosis of pancreatic cells stimulated by NO 
released from activated T cells and macrophages. 
Death of cells may result from NO activation of the 
p53 pathway or from NO induced cell expression of 
the proapoptotic Fas receptor. 

5.3. Cardiovascular System 
Normal blood pressure and maintenance of blood 

flow to body tissues requires a balance between vaso
constrictor and vasodilator substances. Vascular 
endothelial cells, by virtue of their production and 
release of multiple vasoactive molecules, are central 
to cardiovascular function. NOS-3 is abundant within 
the vascular endothelium and generates a basal level 
of NO that by counteracting vasoconstrictor influence 
serves to regulate vascular tone. Stimulation of the 
endothelial cell receptors by shear stress, or vaso
active substances such as ATP, 5-hydroxytryptamine, 
and bradykinin, activates NOS-3. A primary target 
for endothelial-derived NO is vascular smooth muscle 
sGC. The activation of the NO-sGC-cGMP signaling 
cascade results in vascular smooth muscle relaxation. 
Vessel wall architecture is regulated in part by the 
NO inhibitory effect on vascular smooth muscle pro
liferation and migration. Monocyte and leukocyte 
adhesion to vessel walls is modulated by an NO
induced reduction of endothelial cell expression of the 
adhesion molecules ICAM-1 and VCAM-1. Platelet 
adhesion and aggregation are blocked by an NO
mediated reduction in the expression of the glycopro
teins lib/Ilia and P-selectin. Vascular endothelial 
permeability may be altered by NO. Together with 
modulation of cardiac myocyte contractility, the 
effects of NO on the vasculature and cellular blood 
components are vital for the maintenance of the circu
latory system. 

Dysfunction of the vascular endothelial cell regula
tion of blood vessel tone is a feature of hypertension. 
Whether this functional disruption is a cause or a 
consequence of elevated blood pressure is not known. 
In either case, the vasoactive effects of endothelial 
derived NO are attenuated. One explanation for this 
phenomenon is a decrease of the endothelial produc
tion of NO. The drop in NO release may be due to 
a reduced availability of or a decreased NOS affinity 
for the substrate L-arginine. A similar effect may 
occur during a reduced availability of the NOS cofac
tor tetrahydrobiopterin. Stimulated endothelial cell 
production of NO may be limited owing to a reduc 
tion in the levels of bradykinin. Bradykinin is a vaso
dilator that activates endothelial cell receptors to stim
ulate NOS activity. In hypertension, levels of the 
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bradykinin inactivator angiotensin converting enzyme 
(ACE) are increased. Therefore, the ACE metabolism 
of bradykinin blocks a stimulus for NO production. 
A second mechanism for the reduced NO effects 
observed in hypertension is the sequestering of avail
able NO through its reaction with superoxide. The 
reaction between NO and 02 is highly efficient, which 
when 02 is in excess, may limit the amount of NO 
available to interact with vascular smooth muscle 
sGC. In addition, NOS may produce 02 if L-arginine 
is limited, further reducing the levels of free NO. 
Endothelial NOS-mediated vascular relaxation may 
not be able to overcome the effects of a possible 
excessive release of vasoconstrictors such as angio
tensin II (Angll) and endothelin-1 (ET -1 ). Angll also 
sequesters available NO by stimulating the cellular 
production of 02. Regardless of the exact cause, loss 
of NO actions allows for the vasoconstrictor sub
stances to act unopposed, leading to smooth muscle 
contraction, leukocyte and platelet adhesion, and ves
sel wall remodeling. Loss of NO function in the vascu
lature, if not the initial cause, certainly aids in sustain
ing hypertension. 

Hypertension is a risk factor for the development 
of atherosclerosis. Therefore, the mechanisms respon
sible for the loss of endothelial function discussed 
above are also likely to play a role in the vessel 
wall remodeling (plaques) that are the hallmark of 
atherosclerosis. In addition to the functional changes 
observed in hypertension, the vascular effects of NO 
are further altered by elevated levels of serum choles
terol and low-density lipoproteins (LDL) of athero
sclerosis. NOS-3 protein expression in vascular 
endothelial cell levels is lowered owing to a cytokine
mediated reduction in the transcription of the NOS-3 
gene. Oxidized LDL is believed to be the stimulus 
for the release of the downregulatory cytokines from 
immune cells. Production of endothelial-derived NO 
may also be reduced by the actions of elevated blood 
cholesterol. NO production may be reduced via the 
cholesterol-stimulated increase of the endogenous 
NOS inhibitor asymmetric dimethylarginine 
(ADMA). The diversion of NO by reactions with 
superoxide, similar to that described for hypertension, 
reduce the level of NO available to act within normal 
cellular pathways. The G protein receptor signaling 
pathways of endothelial cells used by vasodilators 
substances to activate NOS may be disrupted by oxi
dized LDL. Through these mechanisms, NO
mediated endothelial cell function is inhibited. This 
decrease in function allows for the unregulated adhe
sion and infiltration of leukocytes into the vessel wall. 

Adherent migrating macrophages engulf oxidized 
LDL to become foam cells, a common finding in 
atherosclerotic plaques. Vascular smooth muscle pro
liferation and migration is unchecked. NO reaction 
with 0;:, generating reactive molecules such as 
ONoo-, may damage or alter the normal function 
of vessel wall components. Cytokine expression by 
infiltrating immune cells may stimulate the expression 
of NOS-2 in smooth muscle cells with high levels of 
NO produced. Depending on the redox environment, 
the induced NO may serve to cause further vascular 
damage or protect and promote healing of the cells 
of the atherosclerotic plaque. 

Restoration of endothelial function by the transfec
tion of NOS eDNA into the vascular endothelial cells 
is a possible strategy for treatment of both hyperten
sion and atherosclerosis. Interestingly, estrogen 
replacement may serve to preserve vascular function 
in postmenopausal women. Estrogen appears to 
enhance endothelial NO production. Local dysfunc
tion of the endothelial NO component of vascular 
tone regulation may also play a role in the occurrence 
of angina or migraine. 

6. REAL AND POTENTIAL THERAPEUTICS 

Broadly, there are three strategies: introducing NO 
(or amplifying its downstream effects, in the case of 
Viagra), blocking NO production via NOS inhibitors, 
and scavenging NO oxidation products. 

Inhaled NO is utilized as a therapeutic agent in 
pathological states in which pulmonary arterial hyper
tension is present. Indeed, the use of NO in patients 
with severe adult respiratory distress syndrome 
(ARDS) is now commonplace. Inhaled NO (5-80 
ppm) results in improved hemodynamics and oxygen
ation status in a variety of pathological states. In 
addition, inhaled NO extends far beyond the pulmo
nary site and affects peripheral microvascular beds, 
making it a potential means of treating reperfusion 
injury associated with trauma. Major potential toxici
ties of inhaled NO, such as pulmonary edema, are 
related to the formation of N02 (a strong oxidizer). 
There is also the risk of methemoglobinemia, but 
this is rarely a problem as NO delivery is confined 
to 0.5-4%. 

With its vasoprotective properties, local NO deliv
ery is a promising approach for the prevention of 
intimal hyperplasia associated with vascular injury 
and atheroscleosis. In addition, adequate rates of NO 
production are essential for normal wound healing as 
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it promotes angiogenesis and endothelial and epithe
lial cell proliferation/migration. From animal studies, 
viral transfer of the NOS-2 gene appears to be an 
ideal strategy for restenosis and in the promotion of 
excisional wound healing. 

Another potentially therapeutic application of NO 
lies in its ability to inhibit caspases and thus to block 
apoptosis. Programmed cell death contributes to 
dysfunction or failure in many organs, including the 
heart and liver, resulting in the need for radical thera
pies such as transplantation. The generation of mole
cules capable of delivering NO to a specific organ 
without causing widespread systemic effects is cur
rently underway. On the other hand, chronic inflam
mation and infection are risk factors for cancer, situa
tions in which the NOS-2 gene is persistently 
expressed. The inactivation of tumor suppressor genes 
and the activation of oncogenes involve damage to 
DNA, and NO can deaminate purines and pyrimidines 
and also cause oxidative damage to DNA. 

Most of the current NOS inhibitors have no appre
ciable isoform selectivity. Recently, however, several 
compounds with selectivity have been reported, such 
as L-N'-(1-iminoethyl)lysine and N-(3-(aminometh
yl)benzyl)acetamidine for NOS-2, and also pteridine 
antagonists. The main indications for NOS-I inhibi
tors would be disease states involving brain ischemia, 
but there is a much wider spectrum for NOS-2 inhibi
tors (septic shock, inflammatory and infectious dis
eases, transplantation). While their development is at 
an early stage, scavengers of ONoo- (more appropri
ately, with the intermediates derived from the reaction 
of ONoo-/C02) may prove useful in protecting tis
sues from the effects of reperfusion injury. 
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