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Nitric Oxide Signaling and
Clinical Alternatives to Nitric
Oxide

• Discovery of biologic functions occurred in
the 1980’s.
• Molecule of the year in 1992
• Nobel Prize in Medicine awarded to Ferid
Murad, Robert Furchgott, and Louis
Ignarro for discovering the signaling
properties of Nitric Oxide.

History of Nitric Oxide

Nitric Oxide Structure

• Non-polar gaseous molecule, that occurs
as a free radical.
• Carries an unpaired electron in its outer
valence shell
• Lipophilic and relatively insoluble in water.
• Short ½ life, approximately 3-5 seconds.

Nitric Oxide Structure

Nitric Oxide Synthesis

Lowson S.M. (2003).

• Synthesized via oxidation of the of the
amino acid L-arginine, requiring Oxygen
and Nicotinamide Adenine Dinucleotide
Phosphate (NADPH) to yield L-citrulline,
and Nitric Oxide. Three different forms of
Nitric Oxide Synthase (NOS) catalyze this
reaction.

Synthesis of Nitric Oxide

http://biomed.brown.edu/Courses/BI108/BI108_2000_Groups/Blood_Substitutes/nomech.html

Lowson, S.M. (2006).

• eNOS (Endothelial Nitric Oxide Synthase)expressed mainly in the vascular
endothelium and in numerous cell type,
which include epithelial cells, platelets,
smooth muscle cells, and neurons.
• iNOS (Inducible Nitric Oxide Synthase)expressed in only a few locations at rest:
respiratory epithelium, gravid uterus, ileac
mucosa.

Nitric Oxide Synthase

Nitric Oxide Signaling Pathway

Lowson, S.M. (2003).

• eNOS and nNOS are calcium (Ca 2+) /
calmodulin dependent, and produce NO in short
bursts.
• Considered the function of basal regulation of
Nitric Oxide production
• iNOS is not influenced by Ca2+ concentrations,
but is influenced by pro-inflammatory cytokines
such as TNF (Tumor Necrosis Factor),
Interleukin, Interferon, and produce large
amounts of NO if the enzyme is activated.

Nitric Oxide Synthase

Lowson, S.M. (2003)

• nNOS (Neuronal Nitric Oxide Synthase)expressed in several tissues including
skeletal muscle and the myenteric
plexuses. In the peripheral nervous
system nNOS-produced NO regulates
smooth muscle in the GI tract and
catecholamine release in the heart and is
found in non-adrenergic, non-cholinergic
nerves in the lung.

Nitric Oxide Synthase

• Increase in eNOS activity can be caused by tissue hypoxia, exercise
training, shear stress, and mechanical forces, estrogens, oxidized
low-density lipoprotien (LDL), and vascular endothelial growth
factor.
• Also regulated by NO through a inhibition feedback mechanism.
• Lipid modifications of eNOS regulate its sub-cellular localization and
its binding to the plasma membrane.
• The membrane associated location of NOS appears to vital for it to
respond appropriately to various stimuli and localized changes in
cytosolic Ca2+ concentrations.
• The localization of NOS facilitates the diffusion of NO into adjacent
cells.
Lowson, S.M. (2003).

eNOS Activity

Lowson, S.M. (2003).

• Located in Caveolae of the Plasma Sarcolemal
Membrane and is bonded with caveolin-1 (CAV1 protein inhibits eNOS)
• The Caveolae are rich with signaling molecules
(G-protiens, and ion pumps, that regulate
intracellular Ca2+ concentrations)
• This regulatory mechanism is modified by heat
shock protein 90 which facilitates the uncoupling
of from CAV-1.

eNOS activity

Lowson, S.M. (2003).

• Furthermore, NOS Activity is regulated by the
concentration of its substrate L-Arginine and its
cofactors Tetrahydrobiopterin.

eNOS Activity

Lowson, S.M. (2003).

Nitric Oxide and Vasodilatation

Loscalzo, J. (2005).

• Inhibitor of platelet aggregation, which is mediated by the
activation of platelet guanylate Cyclase, resulting in
decrease intra-platelet Ca2+.
• The effects of NO are synergistic with prostacyclin,
allowing the endothelium to maintain its antithrobic
properties.

Nitric Oxide and Platelet
Aggregation

• Responsible for the regulation of systemic, and
pulmonary vascular resistances under basal
conditions.
• NO has negative inotropic and chronotropic
effects.
• Arteries tend to generate more NO than veins
showing consistency with the thought of internal
mammary artery bypass grafts remain patent
more often than do venous grafts.

Nitric Oxide and the Cardiovascular
System

Lowson, S.M. (2003).

• cGMP induced activation of PKG-1, phosphorylating
Phospholamban.
• Phosphorylated Phospholamban activates
Sarcoendoplasmic Reticulum ATPase (SERCA)
• Increased (SERCA) activity increases SR concentrations
of Ca2+, and decreasing cytosolic Ca2+ concentrations
• PKG-1 also inhibits Inositoltriphosphate (IP3) induced
release of calcium from the SR.
• A final mechanism for vasodilatation is that there is direct
activation of sarcolemal potassium channels that
produces hyperpolarization and thus closes voltage
gated Ca2+ channels resulting in smooth muscle
relaxation.

Nitric Oxide and Vasodilation

Nitric Oxide and Vasodilatation

Lowson S.M. (2003).

eNOS and nNOS inhibit the expression of (VCAM1) Vascular Intercellular Cell Adhesion molecule,
(ICAM) intercellular cell adhesion molecule,
Monocyte Chemo Attractant Protein of the
inflammatory response (MCP-1).
• Inhibition of transcription factors such as Nuclear
Factor-kB and Activating Protein-1. These
transcription factors are re-dox sensitive and NO
is supposed to produce inhibition through
antioxidative mechanisms

Inflammation and Angiogenesis

Lowson, S.M. (2003).

• Hypercholesterolemia increases the activity of
NAD(P)H and Xanthine Oxidase which in turn
enhances the generation of O2- within in blood
vessels.
Hypercholesteremia also increases CAV-1
concentrations in the Caveolae, thereby
increasing the binding to and inhibition of NOS.

Nitric oxide effects on Inflammation
and Angiogenesis

Lowson, S.M. (2003).

• NO inhibits the oxidation of free fatty acids
reduces the atherogenic implications of oxidized
lipids.
• Intra-coronary Ach-induced changes in
epicardial coronary diameter, measured by
either quantitative angiography or Doppler flow
shows vasodilatation with patients that have
angiographical normal coronary arteries, but
dose-dependent abnormal constriction in
patients with coronary artery disease.

Nitric Oxide Effects Inflammation
and Angiogenesis

Lowson, S.M. (2003).

• NO-mediated vasomotor responses in peripheral arteries
are impaired in patients with hypertension, diabetes,
dyslipidemia, cigarette smoking, and advanced age are
correlated with adverse cardiac events.
• Endothelial function can also be improved by dietary
modifications to decrease LDL cholesterol.
• HMG-CoA reductase inhibitors (statins) have shown to
up-regulate eNOS and restore endothelial function
independent of lowering cholesterol.

Nitric Oxide Effects Inflammation
and Angiogenesis

Lowson, S.M. (2003).

• ACE inhibitors block the metabolism of
bradykinin, which stimulates eNOS.
• Calcium Channel blockers of the 1,4 dihydropyridine class (i.e. Nefidipine) induce
endothelial release of NO, thus restoring
NO availability.

Inflammation and Angiogenesis

Lowson, S.M. (2003).

• All three Isoforms of NOS are present in the heart.
• In cardiac myocytes eNOS is found within the caveolae
in association with Beta receptors and L-type calcium
channels.
• nNOS is found in nerve fibers and cardiac myocytes.
• iNOS is found in cardiac myocytes and endothelial cell
as well as infiltrating inflammatory cells.
• Low levels of NO is a positive inotrope, and chronotropic.
High levels of NO increase myocyte relaxation, and
diastolic function and are negatively chronotropic

Nitric Oxide and Cardiac Function

Lowson, S.M. (2003).

• NO-induced GMP production inhibits L-type
calcium channels
• NO produces reversible inhibition of myocardial
O2 consumption.
• Decreased myocardial O2 consumption is
achieved through down-regulation of
mitochondrial aconitase, and cytochrome
oxidase.
• This down regulation is enhanced under acidic
conditions such as during shock states.

Nitric Oxide and Cardiac Function

Lowson, S.M. (2003)

NO produced by nNOS is thought to
enhance cardiac function through
stimulation of the sarcoplasmic reticulum
ryanodine receptors to release calcium,
thus enhancing cardiac contractility.

NO and Cardiac Function

Wang, P.G., Naoyuki, T.,& Tingwei, B.C,(2005).

• Nitroglycerine is the prototype NO donor
• The pharmacologically available NO
donors in the U.S. are currently
Nitroglycerin, Isorbid Dinitrate, amyl
nitrate, Isosorbide-5-Mononitrate (IS-5N),
and Sodium Nitroprusside

Nitric Oxide Donors and Cardiac
Function

Lowson, S.M. (2003).

• NO can modulate the response to B-Adrenergic
stimulation, with low doses enhancing, and high
doses reducing the response.
• During high doses of NO Cyclic GMP activates
PDE-2, which increases cAMP breakdown thus
decreasing the adrenergic response, and
contractility.
• This is hypothesized through NO produced by
eNOS.

NO and Cardiac Function

Lowson, S.M. (2003).

• May cause detrimental effects in patients
with pulmonary hypertension that is
caused by left ventricular failure.
• If used in left ventricular failure the patient
may incur increased pulmonary artery
pressure and cause pulmonary edema.

INO and CT Surgery

Lowson, S.M. (2003).

• Indicated for patients with RV failure induced by
pulmonary hypertension
• Not indicated for patients who are in Left
Ventricular Failure with Pulmonary
Hypertension.
• Used to decrease Pulmonary Vascular
resistance post-cardiac transplantation,
especially when PVR exceeds 400 dynes/cm.

INO in Cardiothoracic Surgery

Pluta, R.M. (2005).

Nitric Oxide plays an important role in CBF
regulation.
Cerebral blood flow is responsive to changes in
Mean Arterial Blood pressure, Cerebral
Perfusion pressure, PH, and PaC02.
Cerebral blood flow mechanisms are controlled by
vasomotor centers of the brainstem, general
neuronal activity and brain metabolism.

Nitric Oxide and Neurophysiology

http://www.sfn.org/content/Publications/BrainBriefings/nitric.oxide.html

Cooper, C.L. et.al.(2003).

• Excessive production of NO, as a consequence of nitric
oxide synthase induction in activated glia, has been
attributed to participate in neurodegeneration.
• Repeated Administration of cocaine resulted in
increased NMDA receptor affinity in the hippocampus,
and the iNOS inhibitors abolished the change in cocaine
induced NMDA receptor affinity. These results
demonstrate that iNOS activation in the hippocampus is
crucial for cocaine kindling, and lethality phenomenon of
cocaine may be possibly through the NMDA receptor
system.

Nitric Oxide and Neurophysiology

Pluta, R.M. (1997)

Cerebral Vasospasm

(Park,K., Rueben, J.S., & Soliman, K.F.A,. 2001).

• In the brain activation of the NMDA receptor induces an
influx of Ca2+ into the cell, which binds to calmodulin.
Ca2+-Calmoduline binding consequently activates
nNOS, resulting in the production of NO. Nitric Oxide
generated in the brain is thought to diffuse to adjacent
cells and regulate neuronal functions including seizures.
• The administration of iNOS inhibitors before cocaine
injection completely blocked the development of cocaine
induced kindling and protected animals against cocaine
induced death.
• The pretreatment of NMDA antagonists abolish the
development of sensitation tgo cocaine induced
seizures.

Nitric Oxide and Neurophysiology

• Current therapies regimens for delayed cerebral vasodilatation are
aimed specifically to improve CBF by either direct or indirect dilation
of vessels.
• Aggressive volume expansion and induced hypertension (Triple H
therapy) is considered to be the standard for prophylactic and
curative therapy following vasospasm and many patients remain
refractory to these efforts.
• Nimodopine has become a standard for prevention of vasospasm
and has proved statistically significant reductions in both cerebral
infarction and poor outcomes of the patient.
• Nimodopine has failed in reversing vasospasm in the affected
vasculature and a hypotensive effect have been limited to its
usefulness.
Pluta, R.M. (2005).

Treatments for Cerebral
Vasospasm

(Phase I)-NO releasing neurons are destroyed by oxyhemoglobin
leading to diminished availability of NO in the vessel wall and
constriction of the vessels.
(Phase II)-Increased shear stress evoked by arterial lumen narrowing
stimulate release of eNOS. Further metabolism of hemoglobin to
bilirubin oxidized fragments (BOXes) increase asymmetric
dimethylarginine (ADMA), and endogenous inhibitor of eNOS, in the
vicinity of the artery further decreasing of NO availabilty and
sustaining vasospasm.
(Phase III)- The resolution of vasospasm, elimination of BOXes
increase NO production by eNOS resulting in recovery of dilatory
activity of the endothelium
Pluta, R.M. (2005).

Hypothesis for Cerebral
Vasospasm

Wang, P.G., Naoyuki, T.,& Tingwei, B.C,(2005).

• NO produced by activated macrophages play an
important role in modulating the host defense
mechanism against tumor cells.
• NO has demonstrated to be cytotoxic to tumor cells
leading to apoptosis through changing mitochodrial
permeability transition and release of cytochrome C from
the mitochondria.
• There has been evidence that NO released from all
isoforms of NOS may inhibit metastasis at higher
concentrations. At lower concentrations of NO induction
of NO resistance may occur and permit growth of tumor
cells.

Nitric Oxide and Immune Function

•

XU, W. (2002).

Nitric Oxide and Immune function

Borthayre, A. B. & Harrison, D.G. et.al. (1999).

• Show to decrease renal blood flow with long
periods of use.
• Renin – Angiotensin system may play role in
nitrate tolerance.
• Chronic exposure to Nitroglycerin increased the
circulating levels of Angiotensin II leads to
protien kinase C-mediated activation of a
vascular NAD(P)H oxidase and elevated
superoxide levels. The increased superoxide is
seen as reacting with Nitroglycerin induced NO
and so inhibiting vasodilatation.

Nitric Oxide and Renal Physiology

Charr, M.E. Chen, J.C. et. al. (2005):
• Dietary Arginine supplementation during UUO relief did not improve
ERFP or GFR. However renal damage, including fibrosis, apoptosis,
and macrophage infiltration was significantly improved by ARG
treatment, suggesting that increasing Nitric Oxide availability, could
be beneficial in the setting of Unilateral Utreteral Obstruction in Rats.

Araujo, M., William, W.J.(2006).:
• Afferent arteriole diameters measured in the hydronephrotic kidney
model increase in response to nitric oxide dependent acetylcholine.
• Enhancing nitric oxide reduces ischemia/reperfusion, possibly by
suppressing Endothelial-1 acting via Endothelial B receptors.

Nitric Oxide and Renal Physiology

• Contributes to Bronchodilation.
• Formation of NO in the upper airways
could result in selective dilatation of blood
vessels supplying ventilated segments
• Proposed as an important mediator of
ventilation to perfusion matching.
• Exhaled levels of Nitric Oxide is currently
under investigation as a correlative factor
for diagnosing patients with Asthma.

Nitric Oxide and Pulmonary
Function

Lowson, S.M. (2003).

• Inhaled NO diffused into pulmonary vascular
smooth muscle cells, increases intracellular
cGMP and produces vasodilation.
• High Concentrations (>100 ppm) has proinflammatory effects. INO concentrations (5-40
ppm) inhibited ADP and collagen-induced
platelet aggregation, prolonged the bleeding
time, and decreased P-selectin expression and
fibrinogen deposition in studies in healthy
volunteers.

Inhaled Nitric Oxide

Lowson, S.M. (2003).

• Management of ARDS: Decreased (MPAP) from
37+/- 3 mm Hg to 30 +/- 2 mm/hg, without
producing systemic hypotension and increased
PaO2 from 152+/- 15 mm/hg to 199 +/- 23
mm/hg, secondary to decreased intrapulmonary
shunting.
• In Neonates Inhaled Nitric Oxide (INO)
decreased the need for extracorporeal
membrane oxygenation.

Clinical Uses of Inhaled Nitric
Oxide

Wang, P.G., Cai, T.B., & Taniguchi, N. (2006).

• Organic Nitrates such as Nitroglycerine (NTG), release
NO by enzymatic degradation through the Cytochrome
P-450 requiring glutathione.
• Glutathione (thiol) decomposes and releases NO, and
can act as immediate carriers of NO from one cellular
location to the next.
• Thiols contain Sulfhydryl (-SH) are required for drugs like
NTG and SNP to exert their vasodilator effects.
• Exhaustion of these (-SH) groups is one of the
explanations for nitrate tolerance.

Pharmacologic Nitric Oxide Donors

Dosage Recommendations:
• Initial Dose 0.3 mcg/kg/min IV titrated to a max
rate of 10 mcg/kg/min IV
• Rates >2 mcg/kg/min IV have been associated
with accumulation of cyanide and the risk of
cyanide toxicity must be considered.
• Sodium Nitroprusside is a direct venous and
arterial vasodilator.
• Recommended that SNP be mixed only in 5%
glucose in water and that this solution be
protected from exposure to light.

Sodium Nitroprusside

• Tachyphylaxis is the first sign.
• Mixed Venous blood PO2 is elevated in the
presence of cyanide toxicity.
• Metabolic acidosis with plasma Lactate levels of
>10 mM which correlates with blood cyanide
concentrations of >40 mcgM.
• Decreased cerebral oxygen use is evidenced by
the increased cerebral venous oxygen content.

Signs and Symptoms of Cyanide
Toxicity

• Acts primarily on venous capacitance vessels.
• Administered sublingual, IV, or transdermal.
• Recommended dosage: 5 mcg/min IV, increase 5 mcg
every 3-5 minutes to 20 mcg/min; if no response at 20
mcg/min increase by 10 mcg/min every 3-5 minutes up
to 200 mcg/min.
• Dosages >2 mcg/kg/min produce dilatation of veins and
arterioles.
• Nitrite metabolite is capable of oxidizing the ferrous iron
in hemoglobin to the ferric state with the production of
methemoglobin.
• Treatment of Methemoglobin: Methylene Blue 1-2 mg/kg
IV over 5 minutes.

Nitroglycerin

• 1. Exertion of (-SH) groups
• 2. Increased Vascular Production of 02- from
NAD(P)H oxidase and eNOS. The O2- radical
reacts with NO from the NO donor to form
peroxynitrite. Peroxynitrite can be found in the
urine of nitrate tolerant individuals.
• 3. Cross-Tolerance to endothelial-derived NO.
• Precise mechanism is unknown.

Nitrate Tolerance

Wang, P.G., Cai, T.B., & Taniguchi, N. (2006).

• Administration of Substrate L-Arginine-increased
production of endogenous NO.
• Hydralazine, ACE Inhibitors, Angiotensin
Receptor II antagonists. and Folate.
• Nitrate free period every 24 hours and
supplementation of L-arginine and combination
with Hydralizine.

NO Tolerance Reversal

Lowson, S.M. (2003).

• Prostacyclin (PGI2): Product of Arachidonic acid and is
produced primarily by endothelial cells. Works through
the activation of Adenylate Cyclase (AC) resulting in a
increased intracellular Cyclic Adenosine Monophosphate
(cAMP) . cAMP activates protein kinase to decrease
intracellular Ca2+. Been found to enhance the production
of PG12 in human pulmonary artery vasculature.
• PGI2 Plays a large role in protecting the vessel walls
from atherogenosis, and dysfunctional PGI2 synthesis
appears to be involved in the pathogenesis of
atherosclerosis.

Clinical Alternatives to NO

• Phosphodiesterase inhibitors: Particularly
of Type 5. Prolong the action of cGMP and
thereby the biological activity of NO. Can
be given inhaled.

Clinical Alternatives to Nitric Oxide

Lowson, S.M. (2003).

• PGI2 has been shown to have comparable
efficacy over INO and producing selective
pulmonary vasodilatation and improved
oxygenation.
• Similarly to INO, PGI2 has been shown to
produce selective pulmonary
vasodilatation and increased RV ejection
fraction in patients with RV dysfunction.

Clinical Alternatives to INO

Lowson, S.M. (2006)

• Long Acting Analogues of Prostacyclin: In patients with
pulmonary hypertension, inhaled iloprost was shown to
be a selective pulmonary vasodilator, with a duration of
action of about 1 hour.
• Treprostinol can be given IV/SQ, and has been shown to
give functional improvement with patients with
pulmonary hypertension.
• Beraprost is the only commercially active oral analog
with peak concentrations reached in 30 mins and ½ life
elimination of approximately 40 minutes. Has not been
shown to improve functional ability in studies to date.

Clinical Alternatives to INO

Lowson, S.M. (2003)

• Thromboxane Receptor Antagonists:
Thromboxane A2 is a arachidonic acid
metabolite, with biological effects that oppose
those of Prostaglandin (PGI2).
• It produces vasoconstriction, increased
leukocyte adhesion, enhanced platelet
aggregation, and smooth muscle proliferation.
• Terbogrel is an orally active thromboxane
receptor antagonist that was investigated, and
did not show to produce any benefit.

Clinical Alternatives to INO

Lowson, S.M. (2003).

• Endothelin-1 (ET-1) Antagonists: Endothelin-1 is a potent
vasoconstrictor, and proliferative factor produced by endothelial
cells.
• ETA receptors are responsible for vascular smooth muscle and
produce vasoconstriction.
• ETB receptors are located on the vascular endothelium and cause
NO and PGI2 release and ET-1 clearance, and vasodilatation.
• Blockade of ETA receptors are goal of this therapy.
• Bosentan is available for oral prescription, which is a combined
ETA/B receptor antagonist, and has allowed improvement for
patients that have chronic pulmonary hypertension.

Clinical Alternatives to INO

• NO-NSAIDS- Nitiric Oxide releasing nonsteroidal anti-inflammatory drugs. Prototype
NCX-4016 is under phase II trials currently.
• NCX-1015- A nitro-prednisolone has been
designed and showed NO releasing ability in
biological Fluids.
• PF9404C- Combination of Beta Blockers with
nitrovasodilators is an efficient therapeutic
approach in coronary artery disease.

Under Current Phase Trials

• Research aimed towards NOS inhibitors.
• Further research geared toward treatment
of impotence.
• NO Donors against Cancer.
• Osteoporosis
• Treatment of Diabetes
• Thromboresistant Polymeric Films

New Therapeutic Applications of
NO Donors

• Nicox in France has developed the NOreleasing derivative of acetylsalicyclic acid,
NCX-4016. (www.nicox.com)
• Nitromed in Boston has reported that a
nitrosylated a-adrenergic receptor
antagonist had a lower toxicity and fewer
side effects in the treatment of erectile
dysfunction. (www.nitromed.com)

On the Forefront

•

http://tsangenterprise.com/news30.htm

So what does this all really mean?

Questions?

•

•

•

•

•

•

•
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