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ease, insulin resistance and type 2 diabetes mellitus. NO-en-
riching therapy would be expected to be of benefit not only 
for its hemodynamic but also for its metabolic impact. In 
contrast, strategies are needed to curtail excessive NO in 
states such as septic shock.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Nitric oxide (NO) is best known for its actions in the 
vasculature. In addition, NO plays a key role in cell me-
tabolism and is instrumental in coordinating tissue en-
ergy demand with supply  [1] . Physiologic NO signaling
is pivotal to metabolic and cardiovascular homeostasis. 
Dysregulation of NO signaling pathways is associated 
with the pathogenesis of cardiometabolic disorders  [2] .

  History 

 NO has a fascinating and colorful scientific history. 
Based on discoveries, to this day, characterizations of NO 
run the gamut of being considered a toxic air pollutant, a 
component of explosives, a proinflammatory and proox-
idant mediator or a healthful regulator of vascular and 
metabolic health.
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 Abstract 
 Nitric oxide (NO) has long been known as endothelium-de-
rived relaxing factor. It is a vasodilator, modulating vascular 
tone, blood pressure and hemodynamics, a role exploited by 
nitrate donor therapy for angina, heart failure, pulmonary 
hypertension and erectile dysfunction. In addition, its pow-
erful antioxidant, anti-inflammatory and antithrombotic ac-
tions are antiatherogenic with antiatherothrombotic im-
pact. NO signaling modulates skeletal muscle and myocar-
dial contractility and metabolism and is intimately linked 
with insulin signaling. Vascular and muscle NO signaling co-
ordinate skeletal muscle and myocardial energy demand 
with supply and are critical for both carbohydrate and fatty 
acid total-body homeostasis. NO signaling in mitochondria 
underlies much of NO’s metabolic effect, which, at low phys-
iologic levels, links cellular energy demand with mitochon-
drial energy supply, while beneficially affecting mitochon-
drial oxidative stress and calcium handling. Mitochondria are 
also the site for the life-threatening deleterious effects aris-
ing from inflammation-related excessive NO levels. NO-defi-
cient states are characterized by cell senescence, oxidative 
stress, inflammation, endothelial dysfunction, vascular dis-
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  NO, a colorless, toxic gas, was first studied by the Brit-
ish theologian and chemist Joseph Priestley in 1772. 

  In the mid-19th century the French chemist Theo-
phile-Jules Pelouze worked with explosive materials such 
as guncotton and other nitrosulphates. His student, the 
Italian chemist Ascanio Sobrero, discovered nitroglycer-
in (glyceryl trinitrate) in 1847 and noted at that time that 
exposure to minute quantities of this chemical reproduc-
ibly caused severe headaches. Another student of Pelouze, 
the chemist and engineer Alfred Nobel, combined this 
very unstable compound with kieselguhr and patented it 
in 1867 as the more stable commercial explosive dyna-
mite, from which he made his fortune. A serendipitous 
observation at the time was that factory workers suffering 
from angina pectoris who were involved in the produc-
tion of nitroglycerin would find their condition improv-
ing during the work week but deteriorating on Sundays 
upon nitroglycerin withdrawal  [3] . 

  Interestingly, Nobel’s links with NO go further. In 
1879, the British physician William Murrell introduced 
nitroglycerin as a therapy for angina pectoris. Nobel suf-
fered from angina later in life but refused nitroglycerin as 
treatment. Nearly 100 years later, in 1977, Ferid Murad 
found nitroglycerin’s beneficial pharmacological effects 
on vascular smooth muscle to derive from its release of 
NO  [3] . In his last will, Alfred Nobel bequeathed his for-
tune to the creation of five yearly prizes for individuals 
who confer the ‘greatest benefit on mankind’. One such 
Nobel Prize was later to be awarded for ‘NO as a signaling 
molecule in the cardiovascular system’, which had been 
termed ‘Molecule of the Year’ by Science magazine 1992; 
the 1998 Nobel Prize in Physiology or Medicine was 
awarded jointly to Ferid Murad, Robert F. Furchgott, 
who, with John Zawadski in 1980 recognized the impor-
tance of an endothelial-derived relaxing factor in acetyl-
choline-induced vasodilation, and Louis J. Ignarro, who, 
with Salvador Moncada, identified endothelial-derived 
relaxing factor as NO in 1987  [4] .

  Since the discovery of NO’s role in cell signaling, NO 
has become one of the most researched molecules in re-
cent history. Close to 115,000 scientific articles have been 
published on NO and its diverse physiologic effects  [5] .

  Nitric Oxide Synthase 

 NO is produced in many tissues by four distinct iso-
forms of NO synthase (NOS):

  (1) neuronal NOS-1 (nNOS),
  (2) inducible NOS-2 (iNOS),

  (3) endothelial NOS-3 (eNOS) and
  (4) mitochondrial NOS (mtNOS)  [6] .
  Whereas iNOS is inducible, eNOS and nNOS are con-

stitutively expressed, continuously elaborating NO. NOS 
tissue expression is less strict than implied by the nomen-
clature, and all three isoforms may be constitutive or in-
ducible  [6] .

  NOS consists of a reductase and oxygenase domain. 
Coupling of the reductase domain of one NOS monomer 
with the oxygenase domain of its partner is required for 
proper NO production. The NOS dimer requires nicotin-
amide adenine dinucleotide phosphate oxidase (NADH/
NADPH), tetrahydrobiopterin (BH 4 ) cofactor and oxy-
gen (O 2 ) to convert its substrate,  L -arginine, to  L -citrul-
line, with the release of the oxidized nitrogen terminal of 
 L -arginine, NO  [6] :

              (NOS dimer) 
   L -arginine  ]   L -citrulline + NO!

  Molecular O 2 , rather than  L -arginine, becomes the 
substrate for the uncoupled NOS monomer, generating 
superoxide O2

–! in lieu of NO, thus increasing prooxidant 
stress.

  Nitric Oxide Signaling 

 NO Bioavailability
  NO is a structurally simple, low-molecular-weight, 

highly lipophilic free radical. It is extremely reactive, 
readily forming other nitrogen oxides, which curtails NO 
bioavailability temporally and spatially:
  • NO has a very short half-life; 
 • NO can travel only limited distances before being ox-

idized  [7] . 
 Nitrite and nitrate NO reaction products, derivative 

S- or N-nitrosoproteins and iron-nitrosyl complexes, are 
not just inert metabolic waste products. They can be re-
duced back to release free NO via several pathways  [7] .

 NO bioavailability thus resides not only in the NO rad-
ical, but also in NO-containing compounds. These NO 
products serve as storage pools of bioactive NO and ap-
pear to participate in NO-related processes as they, in 
contrast to NO, can travel via the circulation to remote 
tissues  [7] .

 Intracellular Signalosome 
Cytosolic oxidants limit NO bioactivity even intracel-

lularly, foiling its diffusion to molecular targets more 
than approximately 100  ! m removed from NOS  [8] . This 
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restricted diffusion, combined with the specific subcel-
lular localizations of NOS, confers specificity and effi-
ciency to NO signaling by confining its actions to protein 
targets colocalized with NOS within complex multipro-
tein signalosomes.

 NO Signaling  
  NO signals via three mechanisms:
  (1) Guanylate cyclase activation. By binding to its 

heme group, NO activates soluble guanylate cyclase, 
which produces 3 " -5 " -cyclic guanosine monophosphate 
(cGMP) from guanosine 5 " -triphosphate (GTP), the 
amount generated being proportional to the amount of 
NO. cGMP activates protein kinase G (cGK) as down-
stream effector  [9] :

   (NO:guanylate cyclase) 
  GTP  ]  cGMP  ]  activated cGK effector

  (2) S-Nitrosylation. NO covalently and reversibly 
forms S-nitrosothiol groups with reactive cysteine thiols 
in a wide range of target proteins  [10] .

  (3) Mitogen-activated protein kinases (MAPKs). The 
intracellular formation of peroxynitrite leads to activa-
tion of MAPKs.

  Most NO effects are mediated via S-nitrosylation in a 
cGMP-independent manner  [10] .

  Nitric Oxide Functions 

 NO is a potent signaling molecule, a key determinant 
of endothelial function, metabolic and vascular health, 
also affecting the nervous and immune systems. Protec-
tive effects occur at pico- to nanomolar NO concentra-
tions. At higher concentrations, NO and its derivatives 
become cytotoxic.

  Mitochondria 
 NO effects on mitochondria have considerable impli-

cations for cell physiology and cell death. Mitochondria 
are primary cellular targets for NO.

  mtNOS is linked to mitochondria at several sites of
the mitochondrial electron transport chain (ETC), most 
notably at Complex I (NADH dehydrogenase)  [11]  and 
Complex IV (cytochrome c oxidase, CcOX)  [12] .

  mtNOS is highly activated by activation of the ETC 
and Complex I, which serves as its source of electrons to 
produce NO. Conversely, inactivation of Complex I ter-
minates normal mtNOS activity  [11] .

  Metabolism 
 mtNOS-derived NO effectively controls mitochondri-

al respiration, O 2  consumption, transmembrane proton 
gradient and potential and adenosine triphosphate (ATP) 
synthesis  [12] .

  Acutely, NO  reduces  mitochondrial oxidative metabo-
lism  [13] :

  (1) Physiologic NO levels acutely and reversibly bind to 
and inhibit several ETC complexes, the most sensitive 
target being Complex IV  [12] . The result is a transient 
NO-induced reduction of mitochondrial respiration with 
partial mitochondrial membrane depolarization  [14] . 
Since mtNOS derives its electrons from Complex I, there 
is reciprocal regulation between mtNOS and the mito-
chondrial ETC  [11] .

  (2) Very high NO levels, generated upon inflamma-
tory iNOS induction, compete with O 2 , engendering 
NO-dependent hypoxia (‘nitroxia’)  [15] . Nitroxia pro-
motes the generation of high levels of reactive oxygen 
species (ROS)/reactive nitrogen species (RNS)  [12] . NO/
RNS can then shut down mitochondrial respiration at 
multiple sites by irreversibly inhibiting ETC complexes 
at the expense of ATP production, with cytotoxic effect 
 [16] .

  Chronically, NO  increases  cellular oxidative metabo-
lism  [13] :

  (1) NO-guanylate cyclase signaling increases mito-
chondrial biogenesis in diverse cell types. NO increases 
sirtuin-1 expression  [17] , and, with 5 " -AMP-activated 
protein kinase (AMPK)- " 1, synergistically upregulates 
peroxisome proliferator-activated receptor- #  coactivator 
(PGC)-1 " , a master regulator of mitochondriogenesis 
 [13] .

  ATP formation via mitochondrial oxidative phos-
phorylation increases in association with the NO/cGMP-
stimulated increase in mitochondrial content  [13]  in a
variety of tissues.

  (2) NO modulates mitochondrial content and total-
body energy balance in response to physiological stimuli, 
such as exercise or cold exposure, functioning as a unify-
ing molecular switch to trigger the entire mitochondrio-
genic process  [13] .

  Reactive Oxygen Species 
 Mitochondria are the main intracellular source of 

ROS. Normal oxidative phosphorylation continually pro-
duces low ROS/RNS levels, as several ETC redox centers 
leak electrons to partially reduce O 2  to the superoxide 
anion  [18] . Between 0.4 and 4% of O 2  consumed is con-
verted to superoxide.
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  The mitochondrial membrane potential is the princi-
pal parameter regulating ROS production  [18] . Since 
physiologic NO lowers this potential, NO reduces ROS 
production  [12] . However, disturbed mtNOS function, 
excessive or deficient NO and dysregulation of NO sig-
naling pathways increase ROS/RNS production while 
lowering antioxidant levels  [19] .

  Efficient Mitochondria 
 Any increase in energy demand is matched by a coor-

dinated rise in oxidative metabolism, which increases mi-
tochondrial membrane potential and thus ROS genera-
tion.

  It is paradoxical that NO/cGMP signaling decreases 
oxidative metabolism in any single mitochondrion while 
increasing cellular mitochondrial function. However, in 
the process, NO/cGMP renders mitochondria ‘efficient’, 
with an organized ETC that generates sufficient ATP, 
while lowering oxygen consumption, mitochondrial po-
tential and ROS production. 

  The result is of major benefit. Exercise training increas-
es energy demand but also stimulates NO, since NO cou-
ples demand with cellular and total-body energy genera-
tion  [20] . Instead of the expected ROS increase, oxidative 
stress is reduced due to ‘efficient’ mitochondria, forestall-
ing ROS-induced cellular aging by protecting the integrity 
of mitochondria, telomeres or the endoplasmic reticulum.

  Mitochondrial Calcium 
 Mitochondrial energy homeostasis responds to chang-

es in mitochondrial Ca 2+ . Key mitochondrial enzymes, as 
in the tricarboxylic acid cycle, are upregulated by higher 
intramitochondrial Ca 2+ , enhancing the provision of re-
ducing equivalents to the ETC and increasing mitochon-
drial potential and ATP generation  [16] .

  Cytoplasmic Ca 2+  signals correspond to higher energy 
demand from secretory, contractile or other work. Thus, 
a primary function for mitochondrial Ca 2+  uptake ap-
pears to be the Ca 2+ -dependent coordination of mito-
chondrial energy production with cellular energy con-
sumption.

  Ca 2+  uptake into mitochondria is partly driven by the 
mitochondrial membrane potential. Excessive mitochon-
drial Ca 2+  accumulation is implicated in disease.

  Lowering the mitochondrial potential limits mito-
chondrial Ca 2+ . Such conditions not only lower mito-
chondrial metabolic activity but also protect against del-
eterious Ca 2+  overload  [16] .

  NO/cGMP reduces the mitochondrial potential, there-
by decreasing mitochondrial Ca 2+   [14] . In fact, NO pro-

vides negative feedback on mitochondrial Ca 2+  uptake: 
whereas higher mitochondrial Ca 2+  activates mtNOS, in-
creasing NO inhibits respiration, lowering the mitochon-
drial potential and further limiting Ca 2+  uptake  [14] .

  Cell Protection 
 Ischemic preconditioning provides powerful cardio-

protection against myocardial ischemia-reperfusion in-
jury. Physiologic NO levels are involved in cytoprotec-
tive effects of early and late preconditioning. Not only 
eNOS-, but also exogenous nitrate-donor-derived NO 
can effect endothelial and myocardial cytoprotection 
 [21] .

  NO/cGMP may protect against mitochondrial perme-
ability transition and apoptosis induced by manifold in-
sults. Through its interaction with ETC components, 
such as CcOX, NO affects low-level ROS generation and 
other mitochondrial defense mechanisms, thereby trig-
gering adaptive cell survival signaling  [15, 21] .

  Cell Death 
 High NO concentrations are cytotoxic:
  (1) Excessive NO and RNS, such as peroxynitrite, may 

cause tyrosine nitration of mitochondrial components 
and play a key role in apoptosis  [19] .

  (2) NO-derived ROS/RNS signaling, mitochondrial 
permeability transition or DNA damage may activate mi-
tochondrial pathways to apoptosis or necrosis.

  (3) The irreversible inhibition of mitochondrial respi-
ration at multiple sites by excessive NO can inhibit apop-
tosis and induce necrosis via energy depletion. The ensu-
ing profound mitochondrial failure contributes to the in-
sidious, progressive and fatal end-organ failure of sepsis, 
associated with signs of accelerated and refractory an-
aerobic metabolism  [22] .

  Skeletal Muscle 
 NO signaling in skeletal muscle is implicated in the 

control of multiple functions, including 
  • muscle metabolism, 
 • excitation-contraction coupling and contractility,  
 • immune function, 
 • cell growth and 
 • neurotransmission. 

 Metabolically active skeletal muscle is the most 
abundant tissue, constituting approximately 40% of 
normal-weight body mass, rendering it a critical factor 
in total-body metabolism  [23] . Skeletal muscle NOS 
thus plays a pivotal role in total-body glucose and lipid 
homeostasis.
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  Glucose 
 Higher skeletal muscle NOS expression and activity 

improve insulin action via NO/cGMP/cGK signaling 
 [23] .

  Insulin sensitivity is enhanced 
  • indirectly as NO increases  
 – skeletal muscle microvascular perfusion, delivering 

nutrients and insulin to target tissues  [23] ,  
 – antioxidant and anti-inflammatory actions,  
 – the synthesis of insulin-sensitizing adiponectin;  
 • directly as NO/cGK blocks the inhibitory interaction 

of the small GTPase Rho/Rho kinase with insulin re-
ceptor substrate (IRS)-1  [24] . 
 In contrast, excessive proinflammatory iNOS/NO in-

duction impairs myocyte insulin sensitivity via prooxi-
dant pathways.

  Glucose uptake and myocyte intracellular energy 
stores are also stimulated by NO/cGMP/cGK signaling 
and NOS-derived ROS via mechanisms that are distinct 
from, but additive to, contraction-, insulin-, AMPK- or 
p38 MAPK-dependent glucose uptake pathways  [23, 25] .

  NO stimulates glucose oxidation in skeletal and car-
diac muscle, liver and adipose tissue via cGMP-depen-
dent mechanisms. 

 Fatty Acids 
 Increased physiologic NO/cGMP signaling enhances 

fatty acid catabolism  [13] . It accelerates adipocyte lipolysis 
while stimulating fatty acid oxidation in skeletal and car-
diac muscle via AMPK activation and PGC-1 "  expression 
 [26] .

  Oxygen Consumption 
 NO reduces myocyte energy demand  [23]  by

  • reducing contractility. NO reduces myofilament Ca 2+  
sensitivity through nitrosation of target proteins, de-
pressing submaximal and isometric skeletal muscle 
force, shortening contraction velocity and accelerating 
relaxation; 

 • downregulating metabolism. NO lowers glycolysis. It 
reduces mitochondrial respiration, the breakdown of 
creatine phosphate and the transfer of high-energy 
phosphates. 

 Contractile Dysfunction 
 Cardiac pump failure is a life-threatening response to 

severe inflammation in myocarditis, heart transplant re-
jection, sepsis or trauma. Excessive myocardial iNOS/
NO/cGMP/cGK induction has a profound negative ino-
tropic effect  [27]  as it 

  • inhibits aerobic enzymes, including CcOX,  
 • depresses cAMP levels, thereby reducing Ca 2+  influx 

through L-type Ca 2+  channels and 
 • phosphorylates troponin I, lowering myofilament 

Ca 2+  sensitivity. 

 Myocyte Loss 
 Human diseases, ranging from heart failure to cancer, 

induce skeletal muscle catabolism via proinflammatory 
induction of excessive iNOS/NO, which impairs myocyte 
differentiation and is associated with myocyte apoptosis. 
There is also a significant association between iNOS 
abundance, cardiomyocyte apoptosis and cardiomyopa-
thy.

  Vasculature 
 Vascular NO is produced by endothelial cells.

  Vasodilation 
 NO is the most potent endogenous vasodilator, pre-

dominantly of conduit vessels rather than the microvas-
culature.

  NO/cGMP/cGK signaling accomplishes vasodilation 
through
  • the autocrine increase of NO and BH 4  within the en-

dothelium  [9] , 
 • the paracrine relaxation of subjacent vascular smooth 

muscle cells (VSMCs) by 
 (1) lowering cytoplasmic Ca 2+  concentrations and
  (2) reducing myofibrillar Ca 2+  sensitivity  [9, 24] .
  NO mediates flow-mediated vasodilation and opposes 

vasoconstrictor effects. It counteracts vascular stiffness 
and lowers blood pressure. NO is a critical modulator of 
blood flow, vascular tone and blood pressure  [28] .

  Vascular Repair and Angiogenesis 
 The endothelium is continuously exposed to mechan-

ical, chemical or ischemic insults. At the site of injuries, 
bone marrow-derived endothelial stem and progenitor 
cells (EPCs) participate in repair processes, normalizing 
endothelial function. NO protects the functional ability 
of EPCs to participate in vascular repair and angiogenesis 
 [29] .

  Inhibition of Platelet Activation 
 NO inhibits platelet activation, aggregation and adhe-

sion to the endothelium via cGMP-dependent  [9]  and -in-
dependent mechanisms.
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  Oxidative Stress 
 Physiologic NO levels reduce oxidative stress. NO in-

hibits superoxide production by inactivating NADH/
NADPH oxidase. NO increases the endogenous antioxi-
dant potential by inducing endothelial superoxide dis-
mutase (SOD), extracellular SOD in VSMCs, myocardial 
SOD, mitochondrial S-nitrosoglutathione synthesis  [11]  
and thioredoxin activity  [30] , thus thwarting oxidative 
NO inactivation. NO inhibits low-density lipoprotein 
(LDL) oxidation.

  In contrast, induction of high levels of NO/iNOS is 
highly prooxidant. NO, reacting with superoxide, gener-
ates the oxidant anion peroxynitrite (ONOO – ):

  NO + O2
–! ] ONOO – 

  Peroxynitrite engenders lipid peroxidation and nitro-
sation of amino acid residues, disrupting cell membranes, 
cell signaling and cell survival  [30] . Peroxynitrite also has 
proinflammatory effects.

  Anti-Inflammatory and Antiatherogenic Activities 
 Physiologic NO levels are anti-inflammatory. By pre-

venting proinflammatory cytokine activation, NO pro-
tects blood vessels from endogenous injury, interfering 
with early and later stages of conduit vessel atherogenesis 
 [28] . NO
  • delays endothelial cell senescence and senescence-re-

lated proinflammatory signaling, 
 • reduces endothelial cell apoptosis, 
 • inhibits the transcription of nuclear factor- $ B, 
 • inhibits redox-sensitive, cytokine-induced vascular 

cell adhesion molecule-1, intracellular adhesion mol-
ecule-1 and monocyte chemoattractant protein-1, pre-
venting leukocyte adhesion to the endothelium,  

 • decreases endothelial permeability, reducing the in-
flux of oxidized lipoproteins into the vascular wall, 

 • interferes with leukocyte migration into the vascular 
wall by decreasing the expression of factors, including 
the surface adhesion molecules CD11/CD18 and P-se-
lectin, 

 • powerfully inhibits inflammatory cell activation and 
monocyte activity, 

 • blocks VSMC migration, 
 • thwarts VSMC proliferation, 
 • inhibits the synthesis and secretion of extracellular 

matrix proteinases, which degrade extracellular ma-
trix proteins,  

 • increases the expression of tissue inhibitor of matrix 
metalloproteinases, 

 • inhibits transforming growth factor- % /Smad-regulat-
ed gene transactivation  [31, 32] . 

 Causes of Reduced NO 

Diminished NO bioactivity reflects an imbalance be-
tween its synthesis and degradation. There may also be 
impaired VSMC responsivity to NO. The pathophysio-
logical mechanisms involved are multifactorial and differ 
with diverse etiologies.

 Decreased eNOS Expression 
In advanced coronary heart disease (CHD), eNOS ex-

pression may be reduced due to reduced transcription of, 
and/or cytokine- or lipid-induced instabilities of, eNOS 
mRNA  [33] , impairing NO release.

 Decreased eNOS Activity 
 Gene Polymorphism 
eNOS gene polymorphisms, such as Glu298 ] Asp, 

may lower enzyme activity and basal NO production. 
This substitution is responsible for a significant frequen -
cy of endothelial dysfunction, hypertension, vasospastic 
 angina, CHD and cardiovascular mortality  [34] .

 Arginase 
 L -Arginine deficiency is rare but may occur with in-

creased  L -arginine metabolism. Arginases hydrolyze  L -
arginine, thus lowering eNOS activity by competing for 
 L -arginine. Arginase plays an important role in the patho-
genesis of reduced NO and endothelial dysfunction with 
proinflammatory conditions, aging and diseases like dia-
betes mellitus (DM)  [35] .

 Asymmetric Dimethylarginine 
Endogenously produced competitive inhibitors of  L -

arginine, such as asymmetric dimethylarginine (ADMA) 
and N-monomethylarginine, can create a relative defi-
ciency of the natural substrate for eNOS, thus curtailing 
NO production. These endogenous inhibitors of NOS 
activity may be responsible for the endothelial dysfunc-
tion of individuals with CHD risk factors and/or CHD 
 [9, 33] .

 Decreased Cofactor Availability 
BH 4  is very susceptible to oxidation. BH 4  deficiency un-

couples NOS, thus lowering NO output, increasing ROS 
production and engendering endothelial dysfunction  [9] .
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 Decreased NO Half-Life 
Once released, NO half-life is reduced with oxidative 

stress, causing endothelial dysfunction. Superoxide scav-
enges NO to form peroxynitrite and other prooxidants 
 [33] . Myeloperoxidase catalytically consumes NO. 

 Mixed Effects 
Oxidative stress also inhibits NO production by im-

pairing eNOS expression and activity. Oxidized LDL in-
activates NO directly and decreases NO release  [31] .

 Inflammation 
Inflammation reduces NO bioavailability  [32] .
 Tumor Necrosis Factor-".  Proinflammatory tumor ne-

crosis factor (TNF)-" downregulates eNOS expression. It 
inhibits shear stress-mediated NO production. TNF-" and 
interleukin-1% increase iNOS expression with cross-activa-
tion of protein kinase A, downregulating cGK expression. 
TNF-" increases oxidative stress by increasing NADH/
NADPH expression, undermining NO bioavailability [36].

 Angiotensin II.  Proinflammatory upregulation of an-
giotensin II potently increases prooxidant stress through 
stimulation of vascular/leukocyte NADH/NADPH. It 
also decreases NO/cGMP/cGK action by stimulating 
phosphodiesterase (PDE), which increases cGMP hydro-
lysis, decreasing cGMP/cGK levels and action [9].

 Endothelin-1.  High inflammatory endothelin (ET)-1 
levels lower NO production via ET A receptor action. 
ET-1 also induces endothelial NADH/NADPH, increas-
ing oxidant stress at the expense of NO bioavailability.

 Rho/Rho Kinase.  Inflammatory cytokines and vaso-
constrictors signal via RhoA/Rho kinase. RhoA/Rho ki-
nase suppress both eNOS activity and expression, causing 
rapid and prolonged reduction of NO production [24].

 Glucocorticoids.  Stress activation of cortisol signifi-
cantly decreases eNOS expression in a dose-dependent 
manner and reduces agonist-induced NO release. Gluco-
corticoids also impair BH4 synthesis.

 Insulin Resistance 
 Under normal physiological circumstances, insulin 

stimulates NO production in endothelial cells.
  Insulin resistance elicits disturbances of intracellular 

signal transduction that lower NO bioavailability: 

  impaired phosphatidylinositol 3-kinase-Akt pathway
   f 

  decreased eNOS activation
   f 

  decreased NO bioavailability.

  For example, a mouse model for knockout of the insu-
lin receptor or IRS-1, in addition to the expected meta-
bolic defects, engenders impaired endothelium-depen-
dent vascular relaxation and hypertension. IRS-1/2-null 
mice develop atherosclerosis. A mutation of IRS-1 
(Arg792) creates abnormal vasoreactivity, lower eNOS 
expression and a higher incidence of CHD  [37] .

 As insulin resistance worsens and progresses to the 
metabolic syndrome, components of the syndrome sec-
ondarily worsen NO bioavailability  [38] , as shown in  ta-
ble 1 .

 Shear Stress 
 The physiologically most important determinants of 

NO generation and local blood flow regulation are fluid 
shear stress and pulsatile stretch. Laminar shear stress, 
the tangential, mechanical dragging force exerted by flu-
id flow over the endothelial surface, is one of the most 
important physiologic stimuli for NO release from the 
vascular endothelium  [39] . Laminar shear stress elicits 
multiple synergistic mechanisms to enhance NO
  • acutely, by activating eNOS and NO release to dilate 

the blood vessel, reducing shear stress toward normal, 
and  

 • chronically, by enhancing eNOS expression. 
 Endothelial function is preserved with steady laminar 

flow at approximately 12 dyn/cm 2  on the endothelium or 
oscillatory flow that remains unidirectional.

  NO production and endothelial cell function are dis-
turbed by 
  • stasis,  
 • low net flow, 
 • low shear stress at approximately 0.4 dyn/cm 2 , 
 • turbulence,  
 • local shear gradients,  
 • rapidly changing flow and 
 • oscillatory flow with flow reversal,  

Table 1. Factors that reduce NO bioavailability

Hypertension

decreased NO production/activity

Dyslipidemia
Free fatty acids
Hyperuricemia
Angiotensin II
NADH/NADPH activation
Proinflammatory cytokines
Glucose intolerance

!
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 which promote inflammatory activation, oxidative stress 
and atherogenesis  [40] . Additionally, decreased arterial 
wall compliance and higher pulse pressure adversely 
modulate flow signal effects on the vessel wall. 

Although the entire vasculature is exposed to identical 
risk factors, early atherosclerosis develops in regions of 
bifurcations, branches and inner curvatures, where blood 
flow characteristics are complex and associated with dis-
turbed and/or low shear stress conditions. The presence 
of systemic risk factors further modifies regional endo-
thelial phenotype and focal susceptibility to atheroscle-
rosis  [40] .

 Inactivity.  Physical inactivity is associated with low 
net blood flow, low shear stress and stasis. Inactivity be-
gets NO deficiency, insulin resistance and its inflamma-
tory and catabolic pathways. Prolonged rest reduces 
eNOS expression and impairs endothelium-dependent 
vasodilation [41]. Even short-term sedentary living im-
pairs endothelial function in the absence of other cardio-
vascular risk factors. 

 Cell Senescence.  Senescent cells are proinflammatory, 
prooxidant and insulin resistant. With advancing age, 
cell aging becomes a predominant cause of impaired NO 
bioavailability. Aging-related cardiometabolic dysfunc-
tion is greatly compounded by the toll of inactivity.

 Cardiovascular Risk Factors 
 All traditional, as well as new, cardiovascular risk 

markers, including 
  • physical inactivity, 
 • weight gain and obesity, 
 • postprandial state following a high-fat, carbohydrate-

rich meal, 
 • oxidative stress,  
 • infection/inflammation, elevated C-reactive protein 

and proinflammatory cytokines,  
 • mental stress,  
 • insulin resistance, hyperglycemia, metabolic syn-

drome, DM, 
 • dyslipidemia, 
 • hyperhomocysteinemia, 
 • hypertension,  
 • a family history of premature atherosclerotic disease, 
 • established CHD, peripheral/cerebrovascular disease 

and heart failure, 
 • increasing age and  
 • cigarette consumption, 
 activate diverse pathways that impair NO bioavailability 
 [42] . 

 Manifestations of Reduced NO 

Reduced physiologic NO signaling and increased su-
peroxide formation by dysfunctional NOS are pathogen-
ic and contribute to the clinical course of cardiometa-
bolic disease  [43] .

 Abnormal Vascular Function 
Impaired NO bioavailability is a key feature of vascu-

lar dysfunction  [42] .

 Endothelial Dysfunction 
 Decreased NO bioavailability attenuates NO-depen-

dent flow-induced vasodilation in conduit and resistance 
vessels, defining endothelial dysfunction  [42] .

 Impaired NO bioavailability and endothelial dysfunc-
tion are a necessary first stage in the transition from
normal vascular function to vasoconstriction, inflam-
mation, atherogenesis, overt atherosclerosis and throm-
bosis. An abnormal brachial or coronary vasodilatory re-
sponse of the endothelium to increased blood flow is a 
major independent predictor of atheromatous disease 
progression and cardiovascular event rates in individuals 
at risk for CHD  [42] . 

 Vasoconstriction 
 Decreased NO bioavailability engenders loss of other 

endogenous vasodilators, including endothelium-de-
rived hyperpolarizing factor and prostacyclin, with an 
increase in vasoconstrictors  [42] . 

  Flow-induced vasodilation is attenuated with aging 
due to impaired NO bioavailability and augmented va-
soconstriction, one of the earliest markers of vascular 
dysfunction. In patients with hypercholesterolemia and 
coronary atherosclerosis, coronary and systemic arter-
ies may constrict during exercise, reflecting both the 
loss of vasodilatory capacity and the increased respon-
siveness to vasoconstrictors, such as norepinephrine 
and ET-1  [39] .

 Mice deficient for the eNOS gene have hypertension 
 [44] . Diminished NO signaling contributes to the clinical 
course of systemic and pulmonary hypertension. The 
elaboration of ET-1, vasoconstrictor prostanoids and an-
giotensin II engenders VSMC contraction, salt and water 
retention and mitogenic effects, promoting the develop-
ment of hypertension  [42] .

 Inflammation 
Impaired NO bioavailability promotes inflammation. 

Vascular inflammation is increased in eNOS(–/–) mice 
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 [45] . Upregulation and activation of nuclear factor- $ B 
and activator protein-1 initiate the release of inflamma-
tory cytokines, such as TNF- "  and interleukin-1. As T 
lymphocytes migrate into the vascular intima, they pro-
duce further cyto- and chemotactic factors, as well as ad-
hesion molecules, to recruit VSMCs and monocytes, ini-
tiating atherogenesis  [42] .

 Atherogenesis 
 NO bioavailability is inversely related to the progres-

sion of atheromatous vascular disease  [43] .
  The dysfunctional endothelium engenders an endo-

thelial phenotype that promotes vascular remodeling. 
Chronically deficient NO activity contributes to medial 
thickening, myointimal hyperplasia and increased con-
duit vessel stiffness  [42] .

 In the absence of NO, the continued elaboration of 
proinflammatory factors promotes further T cell and 
monocyte adhesion, foam cell formation, extracellular 
matrix digestion, VSMC migration and proliferation, ini-
tiating and accelerating atherosclerotic plaque formation 
 [33] .

 Atherothrombosis 
 Deficient vascular NO activity engenders the loss of 

antithrombotic factors. There is decreased expression of 
cell surface-based thrombomodulin, attenuating antico-
agulation. Reduced NO and prostacyclin allow for en-
hanced platelet activation and aggregation  [42] .

  Deficient NO increases prothrombotic factors. Pro-
duction of the fibrinolytic antagonist plasminogen acti-
vator inhibitor-1 is enhanced  [42] . Dysfunctional endo-
thelial cells produce the powerful coagulant tissue factor. 
These developments elevate the risk for atherothrombo-
sis, particularly in the later disease stages, culminating in 
plaque rupture, thrombus formation and acute ischemic 
syndromes  [33, 43] .

 The cardiovascular event rate among patients with se-
vere coronary endothelial dysfunction is 14% over 2 years 
of follow-up and approximately 20% over 8 years, versus 
 ! 5% for individuals with normal endothelial function 
 [13] .

 Abnormal Muscle Metabolism 
 Abnormal NOS/NO function curtails muscle mito-

chondrial content, oxidative phosphorylation and aero-
bic exercise capacity  [39] .

  Mutant eNOS-null(–/–) mice have reduced mito-
chondriogenesis and metabolic rate but accelerated 
weight gain relative to wild types. Their brain, kidney, 

liver, heart and gastrocnemius muscle display markedly 
reduced mitochondrial content and size with signifi-
cantly lower oxygen consumption and ATP content. The 
markedly lower beta-oxidation in subsarcolemmal mi-
tochondria of such mice is associated with a significant 
increase in ectopic intramyocellular lipid content rela-
tive to controls, a risk for the development of insulin 
resistance  [2] .

 Dysfunctional NO signaling contributes to impaired 
exercise capacity in insulin resistance: while dysfunc-
tional NOS reduces NO-mediated capillary recruitment, 
nutritive skeletal blood flow and glucose uptake during 
exercise, insulin resistance diminishes muscle perfusion, 
glucose uptake and glycogen restoration during recovery, 
lowering functional exercise capacity, the anaerobic 
threshold and peak oxygen consumption. It also lowers 
meal-induced thermogenesis, engendering a tendency to 
gain weight when compared to individuals with normal 
metabolism  [23] .

 Insulin Resistance 
 Dysfunctional NOS links vascular and metabolic 

pathways and cardiovascular and metabolic disease  [44] . 
Deficient NO is implicated in the pathogenesis of insulin 
resistance. Insulin-resistant states have reduced expres-
sion of endothelial and skeletal muscle NOS with reduced 
activity  [23] .

  Loss of NOS expression at endothelial and skeletal 
muscle sites engenders insulin resistance, hyperlipid-
emia and impaired insulin-stimulated glucose uptake 
 [44] . eNOS(–/–) mice are insulin resistant  [45]  with in-
creased triglycerides and free fatty acid levels. Dimin-
ished NO availability, caused by ADMA administration 
to wild-type mice, impairs insulin sensitivity within 
hours.

  Decreased NO bioavailability and endothelial dys-
function develop at an early stage, prior to carbohydrate 
intolerance, and may constitute an early link not only to 
insulin resistance and hyperglycemia but also to the car-
diometabolic pathophysiologic sequelae of the metabolic 
syndrome.

  NO-Directed Therapy 

 Physiologic NO levels play a key role in metabolic and 
cardiovascular homeostasis. Well-preserved NO signal-
ing predicts good mitochondrial function, exercise toler-
ance, endothelial function, insulin sensitivity and the ab-
sence of cardiometabolic disease.
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  In the setting of deficient systemic NO, exogenous NO 
delivery is an attractive option for improving cardiomet-
abolic health. A number of lifestyle changes and medical 
interventions that enhance NO bioavailability also im-
prove insulin sensitivity and cardiometabolic risk and are 
highly effective treatments for cardiovascular disease 
 [46] .

 NO has a feature in common with the Goldilocks sto-
ry; although too little is not good, too much is devastat-
ing. NO bioavailability has to be just right.

 Diet 
 Systemic NO levels are generated not only through en-

dogenous NOS. Diet is a safe and inexpensive mode of 
increasing NO bioavailability.

  Calorie restriction induces eNOS expression and 
cGMP generation. This is accompanied by the enhanced 
expression of Sirt1 and mitochondriogenesis  [17, 47] .

  Black, green, oolong or white tea polyphenols, includ-
ing epigallocatechin gallate, promote catalytic eNOS ac-
tivity. Tea consumption may reverse endothelial dysfunc-
tion and beneficially affect weight control and insulin 
sensitivity.

  Red wine polyphenols, including resveratrol, querce-
tin and gallic acid, upregulate eNOS expression and NO 
production, which, in turn, significantly enhance the 
function of circulating EPCs, with beneficial cardiomet-
abolic effect.

  Flavonol-rich cocoa consumption increases circulat-
ing NO with vasculoprotective, insulin-sensitizing im-
pact. In general, fruit- and vegetable-derived flavonoids 
increase NO bioactivity.

 Green leafy vegetable consumption raises levels of vas-
culoprotective nitroso-compounds. Vegetables, the dom-
inant dietary nitrate source, increase tissue and plasma 
levels of bioactive nitrogen oxides, improving blood pres-
sure and reversing a prediabetic phenotype.

 Exercise 
 The cardiometabolic toll of inactivity is reversible, 

even in the aged  [1] . Since skeletal muscle is the most 
abundant tissue, barring excessive adipose expansion, 
adaptations in the skeletal, cardiac muscle and vascular 
NO systems account for many of the significant cardio-
metabolic benefits of exercise training.

  Exercise training augments endothelial and skeletal 
NOS expression and activation, comprehensively match-
ing higher energy supply with increased demand. Exer-
cise-induced repetitive increases in laminar shear blood 
flow, as well as in acetylcholine diffusion from neuro-

muscular junctions, enhance NO signaling, endothelial 
function, capillary density and nutritive blood flow, 
while upregulating oxidative metabolism, metabolic 
rate, insulin sensitivity and glucose uptake and reducing 
incident DM. Exercise attenuates norepinephrine-me-
diated abnormal coronary vasoconstriction even in 
CHD patients and raises parasympathetic input to the 
heart.

  Exercise-mediated increases in NO also enhance telo-
meric integrity and mitochondrial efficiency, reducing 
oxidative stress and proinflammatory signaling.

 Exercise effects are greatest in vascular beds subtend-
ing working muscle groups. However, due to changes in 
heart rate, pulse pressure, blood viscosity and flow, exer-
cise-related vascular shear stress enhances NO bioactiv-
ity systemically, also in hypertensive, CHD and heart
failure patients  [39] .

 Intensity 
Moderate exercise (25–75% maximal oxygen con-

sumption) enhances plasma nitrite/nitrate levels, SOD 
activity and endothelial function. Mild exercise has no 
impact. However, strenuous physical training ( 1 75% 
maximal oxygen consumption) increases oxidative stress, 
undermining the benefits of exercise.

 Time 
 NO training adaptations reduce resting blood pres-

sure after as little as 4 weeks  [23] :
  • Short-term adaptations focus largely on NO-mediated 

vasodilation. 
 • Longer-term (weeks to years) adaptations entail NO-

mediated vascular remodeling, such as increases in 
vessel diameter. 

 Pharmacologic Approaches to Increasing NO 
 NO inhalation is used in limited applications, such as 

in pulmonary hypertension and in neonates.
  More commonly, NO donor drugs, including organic 

nitrates and sodium nitroprusside, are employed to en-
sure the stable delivery of NO for its vascular/hemody-
namic effects in a range of applications, including angina, 
heart failure, pulmonary hypertension, hypertensive cri-
ses or erectile dysfunction. Their long-term use has been 
limited by the development of nitrate tolerance and tox-
icity issues.

  NO’s high reactivity has allowed the development of 
novel NO donors with varying modes or rates of NO re-
lease. However, despite significant research efforts, no 
novel NO donors have met approval for clinical use  [8] .



 Vascular and Metabolic Effects of Nitric 
Oxide 

Cardiology 2012;122:55–68 65

 A number of drugs do increase NO bioavailability or 
its downstream signaling.

 Angiotensin-Converting Enzyme Inhibition 
 Traditionally, angiotensin-converting enzyme (ACE) 

inhibitors elicit their effects by inhibiting the conversion 
of angiotensin I to angiotensin II, thus diminishing the 
local, vascular and systemic adverse effects of the latter.

  ACE inhibitors also improve endothelial-derived NO 
production, endothelial function, VSMC relaxation and 
vascular compliance with beneficial hemodynamic im-
pact. ACE inhibitors
  • reduce oxidant inactivation of NO,  
 • increase bradykinin levels, enhancing NO production, 
 • upregulate eNOS expression and activity,  
 • reduce plasma levels of ADMA and  
 • increase plasma levels of nitrate and nitrite. 

Although they may not reverse atherosclerosis, ACE 
inhibitors clinically stabilize and slow the progression of 
atherogenesis, reducing clinical cardiovascular events 
and stroke. ACE inhibitors improve insulin sensitivity 
and glucose metabolism and lower the rates of new-onset 
type 2 DM in high-risk individuals by up to 14%  [48] .

 Angiotensin II Receptor Blockade 
 Although the mechanisms of action of ACE inhibitors 

and angiotensin receptor blockers (ARBs) differ, their 
clinical effects are similar, and ARBs share many of the 
beneficial effects of ACE inhibitors.

  ARBs improve endothelial function, reverse endothe-
lial dysfunction and have vasculoprotective effects likely 
due to antagonism of the vascular renin-angiotensin-al-
dosterone system with reduced AT 1  receptor-mediated 
effects, lowered oxidative stress, anti-inflammatory mod-
ulation, decreased plasma levels of ADMA and increased 
NO bioavailability.

  The concomitant elevation in plasma and tissue angio-
tensin II levels with ARB therapy may provide vascular 
protection also via unopposed AT 2  receptor stimulation, 
the effects of which may be mediated in part via NO and 
bradykinin generation. These beneficial vascular effects 
also occur in patients with hypertension and CHD and 
are independent of a blood pressure-lowering effect.

 ARBs improve insulin sensitivity and glucose toler-
ance and reduce the new onset of type 2 DM  [49] .

  % -Adrenergic Blockade 
 Third-generation, vasodilating  % -blockers have bene-

ficial metabolic and vasculoprotective effects. Different 
drugs have distinct effects: 

  • Nebivolol, a  % -blocker highly selective for  % 1-adrener-
gic receptors, causes vasodilatation by augmenting 
eNOS activity, NO release and bioavailability and en-
dothelial function. It reduces NADH/NADPH activity 
and oxidative stress, increases adiponectin levels and 
lessens systemic insulin resistance  [50] . 

 • Celiprolol, a selective  % 1-blocker, stimulates eNOS ex-
pression and has  % 2-stimulating properties. It induces 
vasodilation and may improve insulin action. 

 • Carvedilol is an  " 1-,  % 1- and  % 2-adrenergic receptor 
blocker which augments eNOS activity. It has ancil-
lary vasodilatory capacity, anti-ischemic and antioxi-
dant effects. Carvedilol improves endothelial function 
and insulin sensitivity and may lower the incidence of 
type 2 DM. 

 PDE-5 Inhibitors 
PDE-5 inhibitors, which include sildenafil, vardenafil 

and tadalafil, may be of potential benefit for vascular and 
metabolic health [51].

 PDE-5 is abundant in most vascular beds, particularly 
in VSMCs of the corpus cavernosum and the pulmonary 
artery. PDE-5 mediates the breakdown of cGMP.

  By increasing intracellular cGMP, PDE-5 inhibition 
exerts a potent vasodilatory effect. PDE-5 inhibitors may 
also improve eNOS expression and activity and release 
endogenous vasodilators, such as adenosine and bradyki-
nin, that may, in turn, trigger NO release. PDE-5 inhibi-
tors thus effectively enhance penile blood flow and re-
duce pulmonary vascular resistance, and are used in the 
therapy of erectile dysfunction and pulmonary hyperten-
sion, respectively.

 PDE-5 inhibitors protect endothelial function in gen-
eral, in chronic heart failure and CHD patients. They may 
have antioxidant effects and improve insulin sensitivity 
and pancreatic  % -cell function.

 The 3-Hydroxy-3-Methylglutaryl-Coenzyme A 
Reductase Inhibitors 
 The 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-

CoA) reductase inhibitors, also termed statins, are the 
only lipid-lowering drugs conclusively shown to save 
lives. In a systematic review of 97 randomized, con-
trolled trials of lipid-lowering interventions, statin use 
was the most favorable pharmacologic lipid-lowering 
strategy that reduced risks for overall and cardiac mor-
tality.

  As their name implies, statins inhibit HMG-CoA re-
ductase, which catalyzes the rate-limiting step in hepatic 
cholesterol synthesis, the conversion of HMG-CoA into 



 Levine   /Punihaole   /Levine    Cardiology 2012;122:55–6866

mevalonate. By competitively binding to hepatic HMG-
CoA reductase, statins interfere with cholesterol and iso-
prenoid synthesis.

  Statin effects on dyslipidemia do not account for all of 
the observed improvements in vascular risk reduction. 
eNOS plays an important role in mediating their benefi-
cial pleiotropic effects. However, statins may vary in their 
efficacy to enhance NO release:
  • in endothelial cells, statins increase eNOS mRNA 

half-life without changing eNOS gene transcription; 
 • statins may increase eNOS activity by enhancing 

eNOS phosphorylation by Akt; 
 • statins may potentiate eNOS activation by promoting 

agonist-induced eNOS association with the chaperone 
heat shock protein 90; 

 • statins prevent eNOS downregulation by oxidized 
LDL, and 

 • statins lower plasmalemmal caveolin levels, thus de-
creasing caveolin-mediated eNOS inhibition  [52] . 

 iNOS Inhibition 
 Too little NO over the long term engenders cardio-

metabolic disorders. At the opposite extreme, the acute 
inflammatory induction of iNOS, as during sepsis, ana-
phylactic or cardiogenic shock or transplant organ rejec-
tion, drastically elevates NO levels. Excessive NO de-
stroys mitochondrial function and is cytotoxic. It can 
evoke profound vasodilation, refractory hypotension, 
acute catecholamine-resistant cardiac pump failure and 
failure of multiple end-organs  [22] .

  Such acute hemodynamic decompensation would be 
expected to benefit from an inhibition of NO overpro-
duction. In contrast to the detrimental effects of nonse-
lective NOS inhibition, selective iNOS inhibition may 
have therapeutic promise. In various animal studies, se-
lective iNOS inhibition appears to attenuate sepsis-in-
duced organ dysfunction and improve survival  [53] .

  Conclusion 

 Vascular and metabolic health are interdependent. 
Anabolic metabolism requires not only nutrient intake 
but also vascular delivery of nutrients and anabolic hor-
mones, like insulin, to target tissues.

  Both the insulin receptor and NOS are expressed in 
the vascular endothelium, where they regulate vascular 
tone, as well as in skeletal and cardiac muscle, where they 
participate in metabolic processes. In fact, the insulin
receptor and NOS are closely linked anatomically and 
functionally. In reciprocal fashion, insulin activates NOS, 
while NO/cGMP/cGK signaling enhances insulin sensi-
tivity. Not surprisingly, preservation of normal NO sig-
naling correlates with insulin-mediated glucose homeo-
stasis.

  In contrast, stress and inflammation are catabolic pro-
cesses. Inflammatory processes prioritize nutrient utili-
zation by insulin-independent immune organs at the ex-
pense of the needs of insulin-dependent tissues, such as 
the musculature. Inflammation engenders not only resis-
tance to anabolic insulin actions but also vascular dys-
function with impaired nutrient delivery, in effect, the 
parallel disruption of metabolic-vascular insulin and NO 
signaling. This linkage between NO and insulin signal-
ing is exemplified by murine insulin-receptor- or IRS-1-
knockout models, which develop endothelial dysfunction 
together with insulin resistance. It is also evident in mu-
rine eNOS-knockout models that acquire insulin resis-
tance together with endothelial dysfunction. In practice, 
endothelial dysfunction compromises insulin sensitivity, 
insulin resistance worsens endothelial function, and the 
degree of endothelial dysfunction correlates with the se-
verity of insulin resistance and contributes to its deterio-
ration.

  Any substrate of chronic stress and inflammation, 
even that associated with advancing age, will thus present 
with parallel manifestations of dysfunctional NO signal-

Table 2. The parallel evolution of vascular and metabolic disease

Chronic infection
Inflammatory disease mitochondrial dysfunction

dysfunctional NO signaling
+
insulin resistance

hypertension
Mental stress telomere erosion cardiomyopathy
Irritants senescence coronary and peripheral vascular disease
Insomnia inflammation metabolic syndrome
Sleep apnea oxidative stress type 2 DM
Age

! ! !
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ing and insulin resistance affecting many tissues, includ-
ing the vasculature, the myocardium and the muscula-
ture. The ensuing vascular dysfunction and metabolic 
disturbances over time evolve into cardiometabolic dis-
eases, as shown in  table 2 .

  The serious nature of the cardiometabolic diseases 
warrants preventive and therapeutic measures. Thera-
peutic lifestyle changes, such as calorie restriction, main-
tenance of optimal body weight, an anti-inflammatory 
diet rich in polyphenols, nitrate and nitroso-compounds 
and regular moderate physical training, are strategies 
that increase NO bioavailability and effectively prevent 
and/or reverse the systemic progression of cardiometa-
bolic derangements.

  In addition, effective prevention or intervention may 
require pharmacologic measures. Established NO donors 
are used in the treatment of angina, cardiomyopathy or 
pulmonary hypertension but have not been applied to in-

sulin-resistant metabolic disease. However, the intricate 
NO-insulin linkage provides a rationale for the future 
study of NO-based therapies for such disease. Potential 
therapies may target the release of small, physiologic NO 
amounts, or increases in the expression/activity of con-
stitutional NOS, or upregulation of downstream NO-
cGMP signaling. 

  For the time being, a number of pharmacologic inter-
ventions, including statins, ACE inhibitors/ARBs and 
vasodilating  % -blockers, do concomitantly enhance NO 
bioactivity and endothelial function coupled with an 
improvement in insulin sensitivity. Many are of proven 
benefit in improving cardiovascular prognosis, reduc-
ing macrovascular disease and mortality and lessening 
the risk of incident type 2 DM. Combination therapy 
with such agents, where indicated, may demonstrate not 
only additive beneficial effects but also positive syner-
gisms.
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