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■ Abstract Nitric oxide (NO) is synthesized from L-arginine by NO synthase
(NOS). As an endothelium-derived relaxing factor, a mediator of immune responses,
a neurotransmitter, a cytotoxic free radical, and a signaling molecule, NO plays cru-
cial roles in virtually every cellular and organ function in the body. The discovery of
NO synthesis has unified traditionally diverse research areas in nutrition, physiology,
immunology, pathology, and neuroscience. Increasing evidence over the past decade
shows that many dietary factors, including protein, amino acids, glucose, fructose,
cholesterol, fatty acids, vitamins, minerals, phytoestrogens, ethanol, and polyphenols,
are either beneficial to health or contribute to the pathogenesis of chronic diseases par-
tially through modulation of NO production by inducible NOS or constitutive NOS. Al-
though most published studies have focused on only a single nutrient and have generated
new and exciting knowledge, future studies are necessary to investigate the interactions
of dietary factors on NO synthesis and to define the underlying molecular mechanisms.
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INTRODUCTION

Animal and human diets contain a complex mixture of nutrients and factors that
are beneficial to health. An excess or deficiency of dietary nutrients causes a wide
array of chronic and life-threatening diseases. For example, high dietary intake of
fructose or saturated fat results in insulin resistance and cardiovascular abnormal-
ities (125). Likewise, a dietary deficiency of protein, vitamin A, or iron impairs
immune function and increases the susceptibility of the host to infection (128).
Furthermore, dietary factors are now considered to be the principal environmental
risk determinants for colorectal cancer (111). Whereas diet-associated diseases
have been explained in nutrition textbooks by altered metabolic processes, a uni-
fying mediator of these disorders was not identified until the discovery of the
arginine-dependent synthesis of nitric oxide (NO) in 1988.

NO is one of the most widespread signaling molecules and participates in
virtually every cellular and organ function in the body. For example, physiological
levels of NO produced by endothelial cells (EC) are essential for regulating the
relaxation and proliferation of vascular smooth muscle cells (VSMC), leukocyte
adhesion, platelet aggregation, angiogenesis, and thrombosis (68). In addition, NO
produced by neurons serves as a neurotransmitter, and NO produced by activated
macrophages is an important mediator of the immune response (14). However, as
an oxidant and as an inhibitor of the enzymes containing an iron-sulfur center,
excess production of NO is detrimental to tissues and to cardiovascular function
(14, 68). Increasing evidence over the past 10 years shows that many dietary factors
affect health and contribute to the pathogenesis of chronic diseases partly through
modulation of NO synthesis. The major objective of this article is to review the
recent advances in this rapidly growing area of research.

NO SYNTHESIS IN MAMMALIAN CELLS

Isoforms of NOS

NO is synthesized from L-arginine and O2 by NO synthase (NOS) (EC 1.14.13.39)
in almost all mammalian cells (3). Three distinct isoforms of NOS (nNOS, iNOS,
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and eNOS) have been identified, which are encoded by different genes and dif-
fer in molecular, catalytic, and immunological properties, cellular distribution,
regulation of activity, and sensitivity to inhibitors. nNOS (also known as type I,
NOS-I, and NOS-1) was first identified as constitutive in neuronal tissue. iNOS
(also known as type II, NOS-II, and NOS-2) was originally identified as being in-
ducible by inflammatory cytokines and lipopolysaccharide (LPS) in macrophages
and hepatocytes. eNOS (also known as type III, NOS-III, and NOS-3) was orig-
inally identified as constitutive in vascular EC. nNOS and eNOS are collectively
termed constitutive NOS (cNOS). However, it is now clear that all three NOS
isoforms can be induced by different, appropriate stimuli through transcriptional
and posttranscriptional mechanisms and can be constitutively expressed in some
tissues or cells (3). In addition, all three isoforms can be found in the cytosol or
particulate fractions of cells, or both.

The known NOS enzymes are dimers in their active states, and two NOS mono-
mers are tightly associated with two calmodulin molecules (3). All NOS isoforms
contain the relatively tightly bound cofactors (6R)-5,6,7,8-tetrahydrobiopterin
(BH4), FAD, FMN, and heme (iron protoporphyrin IX), and also require NADPH
and calmodulin for enzymatic activity. NOS is the most recent addition to a group of
only four other enzymes (phenylalanine hydroxylase, tyrosine hydroxylase, tryp-
tophan hydroxylase, and alkylglycerol monooxygenase) that are known to utilize a
biopterin cofactor (73). Arginine, BH4, and heme promote and stabilize the active
dimeric form of all isoforms of NOS. For human, rodent, bovine, and porcine cells
and tissues, Ca2+ is required for cNOS, but not iNOS, activity. However, such a
distinction is less clear-cut for guinea-pig iNOS (126). When arginine or BH4 is
deficient, superoxide is generated by NOS, indicating an important role of NOS
in cell oxidative stress (89).

NO Synthesis in Mammalian Cells and the Whole Body

A quantitatively small amount of NO is produced by nNOS or eNOS in mammalian
cells, whereas large amounts of NO are generated by iNOS in almost all cell
types stimulated by inflammatory cytokines and LPS. For example, the rate of
NO production by LPS-activated RAW 264.7 macrophages is 3.3 nmol/106 cells/h
(90), which is∼14 times that by unstimulated bovine venular EC (0.24 nmol/106

cells/h) (151). Similarly, in vivo systemic production of NO, as assessed by urinary
excretion of nitrate (the major stable oxidation end-product of NO) is low in healthy
young rats (e.g., 15µmol/kg body wt/24 h) fed a 20% casein diet but can increase up
to 15-fold in response to immunological challenge (150). In addition, NO synthesis
accounts for only 1.2% of the whole body arginine flux in healthy men (18). The
quantitatively low rate of NO synthesis in mammalian cells and the whole body
should not negate an important role of NO in biology. Rather, because deficiencies
or excesses of NO production lead to dysfunctions of numerous and diverse organs
and systems (14, 68), understanding the precise mechanisms for dietary regulation
of NO synthesis is crucial to the health and survival of animals and humans.
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EFFECTS OF DIETARY FACTORS ON
CONSTITUTIVE NO SYNTHESIS

Protein and Amino Acids

There are few published studies on the effect of dietary protein on constitutive
NO production. Feeding a 5% casein diet to young rats resulted in 18% and 52%
decreases, respectively, in plasma arginine concentration and whole body con-
stitutive NO production, compared with rats fed a 20% casein diet (150). Thus,
substrate availability alone does not fully explain the impaired NO synthesis in
protein-deficient rats. One of the underlying mechanisms has been identified to be
a decrease in tissue cNOS expression (150). Similarly, feeding a low protein (6%)
diet to adult rats decreased both systemic and renal NO production, compared with
a high protein (50%) diet (138). These findings help explain the clinical observation
that dietary protein deficiency results in cardiovascular abnormalities (148).

Studies in vitro have shown that increasing extracellular arginine concentra-
tions from 0.1 to 10 mM dose-dependently increases NO production by cultured
EC in the presence of physiological glutamine concentration (0.5–0.6 mM) (5).
Increasing plasma arginine concentrations also increases in vivo constitutive NO
synthesis by eNOS in young mammals (152, 153). For example, feeding a 1%
arginine diet to young rats increased plasma arginine concentration and in vivo
constitutive NO production by 105% and 73%, respectively, compared with rats fed
an arginine-free diet (150). However, such an effect of arginine was not observed
in healthy adult men fed an arginine-free diet for 6 days (19), reflecting an ade-
quate endogenous synthesis of arginine for maintaining short-term NO production.
Importantly, arginine supplementation has been shown to improve NO-dependent
endothelial relaxation in patients with major cardiovascular risk factors (hyper-
cholesterolemia, smoking, hypertension, diabetes, obesity, insulin resistance, and
aging) and with many common cardiovascular disorders (coronary and peripheral
artery disease, ischemia/reperfusion injury, heart failure, and erectile dysfunction)
(89, 152). Remarkably, vascular endothelial dysfunction occurred in a patient with
a natural deficiency of arginine (plasma arginine= 21µM) owing to a defect in
the basic amino acid transporter (69). Thus, compelling evidence exists to show
that endothelial NO synthesis can be regulated by changes in extracellular or in-
tracellular arginine concentrations.

Interestingly, the Km value of eNOS for arginine is only 2.9µM (109), which
is much lower than the intracellular arginine concentration (0.5–3 mM) in almost
all cell types studied (28, 82, 154) except hepatocytes (<0.04 mM) (120). This
“arginine paradox” for NO synthesis has been explained by a number of theo-
ries, which include colocalization of the arginine transporter, CAT-1, and eNOS in
membrane-associated caveolae, insulin release, intracellular compartmentation of
arginine, promotion of NOS dimerization, and competitive inhibition of eNOS by
endogenous inhibitors [e.g., asymmetric dimethylarginine (ADMA)] (89). How-
ever, none of these theories satisfactorily explain the “arginine paradox”. For ex-
ample, an increase in arginine transport by EC overexpressing arginase I and II
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is not associated with a concomitant increase in NO production (82). In addition,
given the high arginine concentration in many cells, including EC, it is unlikely that
compartmental arginine concentration at the site of eNOS is as low as 3µM. Fur-
thermore, the arginine concentration required for promoting NOS dimerization and
stability is<0.1 mM (3). Finally, the plasma concentration of ADMA is very low
(∼0.1µM) in healthy subjects (143) compared with that of arginine (90–250µM)
(154) and is insufficient to block endothelial NO production in vivo.

Glutamine is an important regulator of endothelial NO synthesis. Vane’s group
reported in 1990 that glutamine markedly decreased NO production in porcine
EC (57) and intact blood vessels (134). Subsequent work has shown that increas-
ing extracellular L-glutamine concentrations from 0 to 2 mM dose-dependently
reduces NO synthesis by bovine and porcine EC under both basal and stimu-
lated conditions (5, 91). In addition, glutamine inhibits NO-dependent cerebral
neurogenic vasodilation (81). There is also in vivo evidence showing that dietary
glutamine supplementation inhibits systemic NO production in rats (62). Neither
glutamine nor its metabolites (e.g., ammonia, glutamate, alanine, and aspartate)
have an effect on eNOS expression or intracellular concentrations of NOS sub-
strates and cofactors, including BH4, Ca2+, and NADPH (151). Using cultured
bovine venular EC, we have recently discovered that glutamine metabolism to
glucosamine-6-phosphate is necessary for glutamine inhibition of endothelial NO
synthesis (151).

Glutamate plays an important role in neurological function. Glutamate binds
with the excitotoxic N-methyl-D-aspartic acid receptor, resulting in an increase in
the influx of Ca2+ and its intracellular concentration and consequently activation
of nNOS for NO synthesis (6). The glutamate-induced increase in NO synthe-
sis in brain and other nervous tissues provides a metabolic basis to explain the
long-standing glutamate neurotoxicity, and has important implications for dietary
glutamate supplementation to patients with spinal cord or brain injury.

Lysine shares the same transport system (y+) with arginine for entry into cells,
and thus an increase in extracellular lysine concentration would be expected to
decrease the intracellular availability of arginine for constitutive NO synthesis.
This proposition is supported by findings that the stretch-induced increase in NO
production by rat pulmonary arteries is inhibited by a high concentration of extra-
cellular lysine (64). This effect of lysine is likely more pronounced when plasma
arginine concentration is relatively low, and helps explain, in part, the classical
arginine-lysine antagonism in nutrition.

Homocysteine is an independent risk factor of cardiovascular disease and thus
has attracted considerable attention in recent years (25). This sulfur-amino acid is
synthesized from methionine primarily via the transsulfuration pathway and is con-
verted to methionine by methionine synthase, which requires 5-methyltetrahydro-
folate and methylcobalamin (vitamin B12) as cofactors. There is direct evidence to
show that increasing extracellular concentrations of homocysteine decreases NO
synthesis by EC (157) and platelets (99), thereby impairing endothelium-dependent
relaxation. Similarly, dietary methionine loading or hyperhomocysteinemia causes
endothelial dysfunction, which can be alleviated by agents (e.g., folic acid and
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vitamin B12) that reduce plasma homocysteine concentration (25). Little is known
about the mechanism for the inhibition of endothelial NO synthesis by homocys-
teine. Interestingly, a recent study reported that culture of bovine aortic EC with
either 0.01-1 mM DL-homocysteine or 0.03-1 mM L-methionine increased ADMA
accumulation in the culture medium in a dose- and time-dependent manner (130a).
This effect of homocysteine and methionine was associated with a decreased
activity of dimethylarginine dimethylaminohydrolase, the enzyme that degrades
ADMA. There was also evidence showing that homocysteine dose-dependently
decreased the activity of recombinant human dimethylarginine dimethylaminohy-
drolase in a cell-free system (130a). Although intracellular ADMA concentrations
were not determined in this study, these results suggest that methionine is me-
tabolized to homocysteine in EC and that homocysteine decreases endothelial NO
synthesis by elevating ADMA production owing to an inhibition of its degradation.
It is of nutritional and physiological importance to determine whether EC contain
the complete transsulfuration pathway, or a truncated pathway (via methionine
adenosyltransferase, S-adenosylmethionine-dependent methyltransferase, and
S-adenosylhomocysteine hydrolase), for the production of homocysteine from
methionine.

Citrulline is an effective precursor for arginine synthesis in virtually all animal
cells (154). Thus, increasing extracellular concentration of citrulline can support
constitutive NO synthesis in many cell types, including EC, VSMC, and neurons
(96). Studies in vivo have also demonstrated that dietary supplementation of cit-
rulline reduces blood pressure in salt-sensitive hypertensive rats (27). As a neutral
amino acid, citrulline does not compete with basic amino acids for transport by
cells, its conversion into arginine consumes ammonia in the form of aspartate
(154), and its administration does not require equimolar HCl (27). Thus, enteral or
parenteral provision of citrulline may be particularly useful for patients with ele-
vated ammonia concentrations, impaired arginine transport, or enhanced intestinal
arginine catabolism.

Carbohydrates

Glucose metabolism via the pentose cycle is the major source of NADPH for
NO synthesis (151). Thus, in intact cells, NO synthesis is glucose-dependent,
and a deficiency of glucose results in reduced synthesis of NO by EC and many
other cell types. However, elevated glucose concentrations may be detrimental
to cells and tissues, particularly in diabetic patients. For example, in vitro stud-
ies have shown that increasing extracellular glucose concentrations from 5 to 30
mM dose-dependently decreases NO production in cultured EC, rat mesangial
cells, and VSMC (21, 139). Likewise, acute hyperglycemia impairs NO-mediated
endothelial function and induces insulin insensitivity in healthy subjects in vivo
(149). Similar vascular dysfunction occurs in diabetic patients with chronic hy-
perglycemia owing to poor metabolic control (51). The mechanisms for the in-
hibitory effect of hyperglycemia on NO synthesis are not known at present.
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Glucose metabolism to glucosamine may be necessary for glucose inhibition of
endothelial NO synthesis (151), and advanced glycosylation end products may
also inhibit cNOS expression in EC (21). Interestingly, a recent study reported
that culture of bovine aortic EC with 30 mM glucose or 5-10 mM glucosamine
increasedO-linked N-acetylglucosamine modification of eNOS protein and de-
creased eNOS activity, as compared with 5 mM glucose (38a). Remarkably, anti-
sense inhibition of glutamine:fructose-6-phosphate amidotransferase [also known
as glutamine:fructose-6-phosphate transaminase (EC 2.6.1.16)] reversed the
change in eNOS posttranslational modification and the reduction of eNOS activity
brought about by hyperglycemia (38a). Because glutamine:fructose-6-phosphate
amidotransferase is present for de novo synthesis of UDP-N-acetylglucosamine
in EC and this pathway is modulated by hyperglycemia (151a), prevention of
hyperglycemia-induced activation of the hexosamine synthetic pathway may help
prevent the deficiency of endothelial NO synthesis as well as the development and
progression of vascular dysfunction in diabetes mellitus.

Whereas most published studies have found that hyperglycemia inhibits NO
synthesis in EC from large vessels, a few studies have reported the opposite for
microvascular EC. For example, elevating glucose concentrations increased optic
nerve head circulation via an increase in NO synthesis (78). In addition, hyper-
glycemia increased NO synthesis in capillary EC isolated from rat islets (131) and
in glomerular EC (72). This stimulatory effect of glucose on NO synthesis may
play a role in the pathogenesis of retinal degeneration,β-cell dysfunction, and
nephropathy in diabetes.

Increasing dietary intake of fructose has long been known to impair vascular re-
laxation, cause hypertension, and induce insulin resistance in the rat model (135).
These findings imply, but do not necessarily indicate, an inhibition of endothe-
lial NO synthesis by fructose. Interestingly, administration of BH4 prevented the
fructose-induced vascular dysfunction and insulin resistance (125), suggesting a
deficiency of cellular BH4. However, this view should be supported by a direct
measurement of BH4 in EC.

Saturated Fats, Cholesterol, and Low-Density Lipoprotein

Excess consumption of dietary saturated fat increases plasma concentrations of
cholesterol and low-density lipoprotein (LDL), established risk factors for cardio-
vascular disease (15). For this reason, much research has been directed at studying
the role of saturated fats and fatty acids on endothelial NO production. For exam-
ple, feeding a diet containing high saturated fat impaired endothelium-dependent
relaxation in pregnant rats and their offspring (45), suggesting a decrease in NO
production by EC. Similarly, in both apoE-deficient mice (39) and patients with
type II diabetes (40) fed a Western-type high fat diet, there was a reduction in
endothelial NO generation and endothelium-dependent relaxation. Furthermore,
elevating plasma concentrations of triglycerides and saturated fatty acids impaired
endothelial NO production and insulin-mediated vasodilation in vivo (159). At
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present, little is known about the mechanisms for the inhibitory effect of satu-
rated fats on NO synthesis by EC. However, an increase in acylation of eNOS
by myristate (C14:0) and palmitate (C16:0), which accelerates the association of
eNOS with caveolae and therefore inhibits eNOS activity (3), may contribute to
decreased endothelial NO synthesis.

Much evidence shows that endothelial NO synthesis is impaired in hyper-
cholesterolemic patients, resulting in endothelial dysfunction (89). Thus, there is
an inverse relationship between very low density lipoprotein (VLDL) or choles-
terol and plasma concentrations of nitrite plus nitrate (136). The mechanisms for
the inhibitory effect of LDL and hypercholesterolemia on NO synthesis are com-
plex. First, oxidized LDL inhibits agonist-stimulated arginine transport by EC and
eNOS expression (both mRNA and protein levels), thereby directly inhibiting NO
production (58). Second, oxidized LDL upregulates the synthesis of ADMA in
EC and plasma concentrations of ADMA are elevated in hypercholesterolemic
subjects (12). Third, increased uptake of cholesterol by EC results in increased
abundance of the membrane-bound structural protein caveolin-1 and impairment
of NO production through stabilization of the inhibitory heterocomplex between
caveolin-1 and eNOS (41). Fourth, BH4 availability in EC may be reduced in
hypercholesterolemic patients, as BH4 administration prevents endothelial dys-
function in these patients (129). Finally, oxidized LDL causes an intracellular
dislocation of eNOS in EC, including translocation from the plasma membrane
and disintegration of the Golgi, thereby inhibiting NO production (101). Thus,
through a reduction in plasma concentrations of LDL and VLDL, inhibition of
cholesterol synthesis by statins (3-hydroxy-3-methylglutaryl-CoA reductase in-
hibitors) enhances NO production in EC and alleviates endothelial dysfunction in
hypercholesterolemic patients (58).

Unsaturated Fatty Acids and Sphingolipids

Epidemiological studies have shown that the consumption of fish oils, which are
rich in ω-3 fatty acids, is associated with reduced morbidity and mortality from
coronary heart disease (15). Available evidence shows that polyunsaturated fatty
acids regulate the function of the vascular endothelium partially through alterations
in NO synthesis. For example, eicosapentaenoic acid (C20:5ω3) has been shown
to increase NO synthesis by EC and improve endothelium-dependent relaxation
in vitro through multiple mechanisms, including an increase in intracellular Ca2+

concentration and translocation of eNOS (104, 105). Similarly, treatment of iso-
lated rat aortic rings with docosahexaenoic acid (C22:6ω3) enhances NO synthesis
in EC and relaxation of VSMC (80). These findings provide a biochemical basis
for clinical observations that dietary supplementation of fish oil, eicosapentaenoic
acid, or docosahexaenoic acid markedly increases urinary excretion of nitrate (56)
and has a beneficial effect on cardiovascular function (15).

Addition of linoleic acid (C18:2ω6) to isolated rat aorta has no vasorelaxant
effect, suggesting unaltered NO production in EC (61). Similarly, the 13-hydroxy
metabolites of linoleic acid (13-hydroxylinoleic and 13-hydroperoxylinoleic acids)
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do not affect NO production in canine arteries (36). Interestingly, diets rich in
linoleic acid reduce blood pressure and prevent coronary arterial disease (15).
These apparent discrepancies between in vitro and in vivo observations may be
explained by the fact that linoleic acid is actively used for in vivo synthesis of
trilinolein, which induces NO-dependent vasodilation (61). Note that oxidized
linoleic acid increases NO production in EC through an upregulation of eNOS
expression (113), which may serve as a compensatory mechanism for endothelial
oxidative injury during the early stage of hypercholesterolemia.

In contrast toω-3 andω-6 polyunsaturated fatty acids, oleic acid (C18:1ω9) in-
hibits endothelial NO synthesis by decreasing eNOS activity, resulting in impaired
endothelium-dependent vasorelaxation (34). Likewise, an elevation of rat portal
concentration of oleic acid owing to its intravenous infusion causes an increase in
blood pressure (49). These results suggest that increasing plasma concentrations of
oleic acid or otherω-9 unsaturated fatty acids may contribute to the pathogenesis
of endothelial dysfunction.

Sphingolipids are natural metabolites of lipids and are inhibitors of carcinogen-
esis (92). Interestingly, sphingolipids can regulate NO synthesis in a cell-specific
manner. For example, sphingosine-1-phosphate stimulates NO synthesis in EC
through the Gi/phosphoinositide-3-kinase pathway and eNOS phosphorylation
(95). Ceramide also stimulates NO production in bovine aortic EC through eNOS
translocation and activation (67). In contrast, sphingosine inhibits nNOS activity
in differentiated cerebellar granule cells through interfering with the calmodulin-
dependent activation of eNOS (142).

Vitamins

Vitamin C (ascorbate) (65), vitamin E (α-tocopherol) (74), folic acid (130), and
vitamin A (all-trans retinoic acid) (2) all increase NO synthesis in EC, consistent
with their role as antiatherosclerotic agents. In addition, vitamin C antagonizes
the inhibition of endothelial NO synthesis by hyperglycemia (9), whereas both
vitamin A and vitamin E promote NO production in neuronal cells (108). Thus,
dietary supplementation of vitamin E and 5-methyltetrahydrofolate (the active
form of folic acid) restores endothelial NO synthesis and improves endothelium-
dependent relaxation in hypercholesterolemic patients (15). As expected from their
diverse chemical properties, vitamins promote endothelial NO synthesis through
different mechanisms. For example, vitamin C increases cellular BH4 availability
in EC by stabilizing BH4 (65), and vitamin E stimulates agonist-induced eNOS
activation (74). Also, 5-methyltetrahydrofolate directly enhances eNOS activity in
both recombinant enzyme and cultured EC (130). Interestingly, vitamin A reduces
the cellular concentration of ADMA in EC by inhibiting the expression of dimeth-
ylarginine dimethylaminohydrolase (2), while increasing nNOS expression (108).

Minerals

The chemical properties of NOS exemplify the crucial roles of minerals in NO
synthesis. Ca2+ is required for eNOS and nNOS activity, and thus, increasing
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extracellular or intracellular Ca2+ concentrations stimulate NO production by EC
(5, 91). This aids in explaining the finding that a high calcium diet attenuates the
development of hypertension in the spontaneously hypertensive rat (86). The iron-
containing heme is also an essential component of NOS, and thus, iron availability
can modulate NO synthesis. Indeed, an iron deficiency has been reported to reduce
nNOS (133) and ileal NOS (47) activity in rats. In addition, zinc is bound to
all isoforms of NOS (3) and dimethylargininase (13), thereby modulating NOS
activity. At elevated concentrations zinc inhibits nNOS and eNOS activity (107), as
well as NO production by brain tissues (103), rat VSMC (1), and bovine pulmonary
artery EC (1).

Several other minerals have been reported to affect constitutive NO synthesis.
For example, an elevated concentration of copper inhibits nNOS activity and NO
production in glial cells (29). In contrast, increasing extracellular concentrations
of manganese stimulates NO synthesis in murine astrocytes (127). Similarly, ad-
ministration of manganese or lead increases the expression and activity of nNOS
in various regions of the rat brain (114), suggesting that an increased exposure
to toxic levels of these elements may interfere with Ca2+-mediated NO synthe-
sis and lead to neuronal dysfunction. In addition, consistent with its well-known
vasodilator effect, increasing plasma magnesium concentrations (via infusion of
MgSO4) in healthy humans dose-dependently enhances endothelial NO produc-
tion and blood flow in the forearm vasculature (35). Thus, a deficiency of mag-
nesium (commonly observed in patients undergoing cardiac operations) results in
decreased NO synthesis by EC, but magnesium supplementation restores normal
endothelium-dependent relaxation (106).

Glucosamine

Glucosamine is a natural metabolite synthesized from fructose-6-phosphate (a
glucose metabolite) and glutamine. Glucosamine is taken up by EC via glucose
transporters for conversion to glucosamine-6-phosphate, a competitive inhibitor of
glucose-6-phosphate dehydrogenase (70). Interestingly, Holmang et al. reported
that infusion of glucosamine to rats markedly decreased blood flow in hindlimb
femoral muscles (60), implying an inhibition of endothelial NO synthesis by glu-
cosamine. Using cultured EC, we have recently shown that glucosamine inhibits
NO production in a concentration-dependent manner by decreasing cellular free
NADPH availability owing to an inhibition of pentose cycle activity (151). These
novel findings may have important implications for endothelial insulin resistance
and cardiovascular complications in diabetic and obese subjects.

Phytoestrogen

Phytoestrogens are a group of dietary substances with structures similar to estra-
diol, a steroid hormone that increases eNOS activity and NO production by EC
(83). Thus, phytoestrogens enhance NO synthesis and endothelium-dependent re-
laxation in isolated rat aorta (158) or isolated pulmonary arteries from chronically
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hypoxic rats (71). Similarly, global myocardial ischemia-reperfusion injury is at-
tenuated in hearts from female rats fed a phytoestrogen-supplemented diet (156).
In support of the in vitro findings, the infusion of genistein to healthy humans dose-
dependently induced NO-dependent dilation of the forearm vasculature, as did 17-
β-estradiol (145). These findings explain the beneficial effect of phytoestrogen-rich
foods, such as soybeans and their products, on the cardiovascular system (83).

Ethanol and Polyphenols

Epidemiological studies suggest that moderate consumption of red wine is asso-
ciated with a decrease in the risk of cardiovascular disease. For example, people
living in certain regions of France, where red wine is customarily consumed during
meals, have a low mortality from coronary heart disease, despite a high dietary
intake of saturated fat (155). Thus, there has been considerable interest in the past
decade in resolving this so-called “French paradox”. Because red wine contains
both ethanol and polyphenolic compounds, numerous studies have been conducted
to determine their effect on NO production.

Acute exposure of the aorta (79), neurons (23), and hepatic stellate cells (117) to
high concentrations of ethanol inhibits constitutive NO synthesis. In contrast, pro-
longed exposure (24–48 h) of cerebral pial cells to high concentrations of ethanol
increases NO production (121). Unfortunately the nutritional and physiological
significance of these in vitro findings are not clear because the concentrations of
ethanol used (up to 150 mM) are generally much greater than those found in humans
with modest consumption of red wine (155). For example, modest consumption
of ethanol increases systemic NO production in humans (88), which is consis-
tent with the recent report that ethanol, at low concentrations (e.g., 2–17 mM),
stimulates NO production by EC (48, 141). Remarkably, all studies have consis-
tently demonstrated that chronic consumption of relatively high amounts of ethanol
decreases NO-dependent endothelial relaxation and causes cardiovascular injury
in rats (e.g., 54, 131). Interestingly, provision of BH4 restores endothelial function
in rats with chronic alcohol consumption (131), suggesting a decreased availability
of BH4 in EC. This view, however, should be supported by a direct measurement
of BH4.

Early in 1993 Fitzpatrick et al. (42) first reported that red wine, extracts from
grape juices and skin, or quercitin and tannic acid (compounds known to be present
in grape skins) produced endothelium-dependent relaxation through increased NO
synthesis. Subsequent work has shown that some polyphenolic compounds (e.g.,
resveratrol, flavonoids, and leucocyanidol), which are abundant in red wine, also
increase NO synthesis by EC (4, 66) and platelets (43). Thus, administration of
resveratrol to rats increased NO synthesis and reduced ischemia-reperfusion injury
in both kidneys (46) and heart (66). There is also in vivo evidence showing that
dietary supplementation of purple grape juice or red wine phenols to humans
increases NO production by platelets, reduces platelet aggregation, and decreases
blood pressure (38). In addition, modest consumption of red wine increases whole
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body NO production in healthy humans independent of its alcohol content (88).
At present, little is known about the mechanisms responsible for the stimulatory
effect of ethanol or polyphenols on constitutive NO synthesis.

EFFECTS OF DIETARY FACTORS ON
INDUCIBLE NO SYNTHESIS

Protein and Amino Acids

Increasing extracellular arginine or citrulline concentrations from 50 to 400µM
dose-dependently increases NO synthesis in activated macrophages (75, 96), in-
dicating an important role for arginine availability in inducible NO production.
Consistent with this in vitro finding, feeding an arginine- or protein-deficient diet
to young rats reduces plasma arginine concentrations and prevents maximal in-
ducible NO synthesis (150). On the basis of the finding that a deficiency of dietary
protein, but not dietary arginine, decreases iNOS activity in rat tissues (150), it is
likely that a deficiency of a mixture of essential plus nonessential amino acids is
necessary to reduce tissue iNOS expression. In support of these findings, dietary
protein-calorie malnutrition (119) or an arginine deficiency (16) reduces inducible
NO synthesis in wounds. Whereas the arginine-dependent NO synthesis plays an
important role in immune responses, an increase in arginine supply for inducible
NO production would “fuel the fire” and thus be detrimental under conditions such
as hypotension in septic shock, inflammatory bowel disease, renal mesangial injury
and fibrosis, and pancreaticβ-cell destruction by activated immune cells (153).

In contrast to constitutive NO generation, glutamine is required for inducible
NO synthesis by lipopolysaccharide (LPS)- and cytokine-activated macrophages
(11). Maximal inducible NO synthesis by these cells is obtained at 1 mM glutamine,
which is greater than the physiological plasma concentration of glutamine in
healthy subjects. In addition, our recent study has shown that glutamine is required
for the expression of iNOS protein in LPS-activated RAW 264.7 macrophages, with
maximal levels of iNOS protein obtained at 2 mM glutamine (C. J. Meininger &
G. Wu, unpublished data). Thus, lowered levels of circulating glutamine, which
occur often under catabolic conditions such as infection, injury, sepsis, trauma,
and cancer, result in suboptimal inducible NO synthesis, which then contributes
to impaired host responses to immunologic challenge.

Other amino acids also play a role in regulating inducible NO synthesis. For ex-
ample, glutamate has been implicated in iNOS expression in ischemic brain (17).
Also, increasing extracellular lysine concentrations reduces intracellular arginine
concentrations and NO synthesis by activated macrophages (28), further support-
ing the view that intracellular arginine concentrations are critical for inducible
NO production (96). In addition, taurine (aβ-amino acid present only in animal
products) and taurine chloramine inhibit iNOS expression and inducible NO syn-
thesis in various cell types, including hepatocytes (115), macrophages (8), and glial
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cells (84), suggesting that taurine supplementation may protect the host against
oxidant-induced tissue damage.

Carbohydrates

Elevated concentrations of glucose (up to 30 mM) inhibit iNOS expression and
inducible NO production in LPS- or cytokine-activated macrophages (140), aortic
EC (52), VSMC (10), and mesangial cells (112). Likewise, high concentrations
of fructose inhibit inducible NO synthesis, and thus dietary fructose feeding is
beneficial in suppressing LPS-stimulated NO production in vivo (55). Importantly
an exogenous supply of BH4 alleviates the inhibitory effect of hyperglycemia on
inducible NO synthesis in mesangial cells (112), suggesting a deficiency of cellular
BH4. However, such a putative mechanism for the action of hyperglycemia cannot
be firmly established without a direct measurement of intracellular BH4.

Saturated Fatty Acids, Cholesterol, and
Low-Density Lipoprotein

Increasing concentrations of free fatty acids induces iNOS expression and in-
creases inducible NO synthesis in normal rat islets, and to a greater extent in islets
from Zucker diabetic fatty rats (123). Ceramide appears to mediate the induction
of iNOS expression by long-chain fatty acids (124). Similarly, LDL induces NO
synthesis in cultured VSMC (85, 110) and macrophages (94). Interestingly, a re-
cent study with C6 glial cells shows that an increase in cellular concentrations
of very long-chain fatty acids (C22:0 and C:26), an inherited metabolic disorder
with subsequent manifestation of neuroinflammatory disease in humans, enhances
cytokine-induced NO production (77). Consistent with these in vitro studies, feed-
ing a high saturated-fat diet to rats increases iNOS activity in liver (147) and colon
(146). Collectively, these findings suggest an important role for saturated fatty
acids, cholesterol, and LDL in the pathogenesis ofβ-cell destruction or dysfunc-
tion and of liver, gastrointestinal, vascular, and neurological diseases.

Unsaturated Fatty Acids and Sphingolipids

Polyunsaturated fatty acids are involved in inflammation, and thus there have been
extensive studies of their roles in inducible NO production. Arachidonic acid (ω-6)
andω-3 polyunsaturated fatty acids (docosahexaenoic acid, eicosapentaenoic acid,
andα-linolenic acid) inhibit inducible NO synthesis in cytokine-activated macro-
phages by inhibiting iNOS transcription (32, 76, 102). Polyenoic fatty acids with
22 carbons are more inhibitory than those with 20 carbons, and among 22-carbon
fatty acids, those with more double bonds and a double bond in theω-3 position
are more inhibitory (76). In contrast, ceramide and linoleic acid enhance iNOS
expression and inducible NO synthesis in C6 glioma cells and macrophages (32).
Thus, polyunsaturated fatty acids exert differential effects on inducible NO pro-
duction. These in vitro studies provide a biochemical basis for the recent finding
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that dietary supplementation of fish oil (ω-3) reduced NO production by mouse
macrophages in response to ocularHerpes simplextype I infection (30); however,
they cannot be readily reconciled with the report that dietary fish oil enhanced
inducible NO production by rat bronchoalveolar macrophages compared with saf-
flower oil (ω-6) (20). A possible explanation is that the proportion of cellularω-3
andω-6 fatty acid concentrations is a major determinant of in vivo NO production
by iNOS.

Vitamins

Consistent with its anti-infective role, vitamin A stimulates NO synthesis by acti-
vated macrophages via an increase in iNOS expression (7). Intraperitoneal admin-
istration of vitamin A to LPS-treated rats also enhances both iNOS mRNA and
protein levels in several organs, including liver, kidney, and spleen (37), which
may be accounted for largely by macrophages present in these tissues. In contrast,
vitamin A inhibits iNOS gene transcription and inducible NO synthesis in cultured
VSMC (59), EC (50), cardiac myocytes (50), and mesangial cells (33). Such dia-
metrically opposed effects of vitamin A on iNOS expression may be related to cell
types and their functions. For example, an increase in NO synthesis by iNOS in
activated macrophages is crucial for the killing of pathogenic microorganisms and
the prevention of platelet adhesion and foam cell formation. On the other hand,
a decrease in inducible NO production in EC, cardiac myocytes, and mesangial
cells precludes endothelial dysfunction and glomerular inflammatory injury.

1,25-dihydroxyvitamin D-3 (the active form of vitamin D3) enhances iNOS
expression and inducible NO production in a human macrophage-like cell line
(116). 1,25-dihydroxyvitamin D-3 treatment also increased the killing ofMy-
cobacterium tuberculosis, which was inhibited by NG-monomethyl-L-arginine (an
inhibitor of NOS) (116), suggesting an important role for the vitamin D–induced
NO production in host defense. In contrast, 1,25-dihydroxyvitamin D-3 inhibits
iNOS expression in inflammatory cells of the rat brain (macrophages, microglia,
and astrocytes) and alleviates the clinical syndromes of experimental allergic en-
cephalomyelitis (44). Remarkably, the effect of 1,25-dihydroxyvitamin D-3 on the
central nervous system is region-specific and is most pronounced in the cerebellum
and brain stem (44). These results suggest a potentially novel therapeutic role of
1,25-dihydroxyvitamin D-3 in the prevention and treatment of iNOS-associated
diseases of the central nervous system.

Other vitamins also regulate inducible NO synthesis. For example, niacin
inhibits iNOS expression and inducible NO synthesis in the bleomycin-mouse
model of lung fibrosis (53). In addition, many carotenoids are capable of sup-
pressing inducible NO synthesis in human promyelocytic HL-60 cells and mouse
macrophages (98). This finding explains the in vivo observation that dietary sup-
plementation ofβ-carotene to patients with nonatrophic gastritis decreased iNOS
protein expression in gastric antral tissue (87). Furthermore, vitamin K2 inhibits
iNOS expression and inducible NO synthesis in VSMC (118), further supporting
its antiatherogenic effect.
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Minerals

Through regulation of iNOS expression and enzyme activity, several minerals play
an important role in inducible NO synthesis. For example, increasing extracellular
concentrations of nonheme iron enhances iNOS protein expression and NO syn-
thesis in cultured proximal tubule cells and macrophages (26). In contrast, iNOS
protein levels are markedly increased in both thoracic aorta and kidney of iron-
deficient rats, which is associated with increased plasma concentrations and urinary
excretion of nitrate in anemic animals (100). Thus, interactions between iron and
other molecules are likely critical for the regulation of iNOS expression in vivo.

Consistent with its role as an antiinflammatory nutrient, elevated concentrations
of zinc inhibit inducible NO synthesis in LPS-treated aortas and VSMC (1) and
iNOS activity in activated macrophages (137). Accordingly, a dietary deficiency
of zinc enhances iNOS expression in the rat small intestine in response to IL-1α

treatment, which is associated with increased incidence of diarrhea, and dietary
supplementation of zinc to zinc-deficient rats attenuates intestinal iNOS expression
and prevents diarrhea (31). These results implicate an important role of zinc in
modulating vascular, immunological, and intestinal function.

Lead, mercury, cadmium, and copper inhibit, but nickel and cobalt increase,
inducible NO synthesis in cytokine-activated murine macrophages primarily by in-
hibiting iNOS activity and enhancing iNOS expression, respectively (137). Chro-
mium also inhibits iNOS expression in these cells (137). Thus, alterations in NO
synthesis may mediate, in part, the cytotoxic action of environmental metal con-
taminations.

Phytoestrogens

There is little information about the effect of phytoestrogens on inducible NO
synthesis. Using the MCF-7 human breast cancer cell line, Hsu et al. (63) reported
that the phytoestrogen biochanin A dose-dependently inhibited iNOS expression,
inducible NO synthesis, and cell growth. Whether phytoestrogens may protect
against tumorigenesis in vivo (83) through an inhibition of inducible NO produc-
tion remains to be determined.

Glucosamine

Using an in vivo rat model of LPS-induced inflammation, we recently found that
intravenous administration of D-glucosamine (0.5 mmol/kg body wt) 6 h before,
at the time of, and 6 h after intraperitoneal LPS injection (1 mg/kg body wt) de-
creased whole body NO synthesis by 31% and 48%, respectively, at days 1 and
2 post-LPS administration (90). The glucosamine treatment also markedly de-
creased iNOS protein levels in spleen, lung, and peritoneal macrophages. When
cultured macrophages were treated with LPS to induce iNOS expression, addition
of 0.1, 0.5, 1, and 2 mM D-glucosamine decreased NO production by 18%, 38%,
60%, and 89%, respectively (90). Glucosamine had no effect on cellular concentra-
tions of arginine, NADPH, or BH4 but dose-dependently suppressed iNOS protein
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expression (90). Interestingly, glucosamine or N-acetylglucosamine (a metabolite
of glucosamine) has recently been reported to markedly inhibit iNOS expression
and inducible NO synthesis in IL-1β–stimulated human articular chondrocytes
(122). Collectively, these novel findings provide a biochemical basis for the use
of glucosamine in preventing and treating NO-mediated chronic inflammatory
diseases such as arthritis.

Ethanol and Polyphenols

High concentrations of ethanol (up to 150 mM) inhibit inducible NO production
by cytokine-activated macrophages (22, 24) and C6 glioma cells (93). At lower
concentrations ethanol has no effect on iNOS expression in these cells (24, 93).
The polyphenols quercetin (0.1 and 0.2 mM) and resveratrol (0.05 and 0.1 mM)
markedly suppress iNOS expression and inducible NO production in macrophages
(144), indicating a more potent inhibitory effect of the polyphenols than ethanol.
There is a synergy between ethanol (20–150 mM) and the polyphenols in the
inhibition of the iNOS pathway in vitro (22, 24). In contrast to these in vitro studies,
oral administration of red wine polyphenolic compounds (20 mg/kg body wt)
to normotensive rats enhances iNOS protein expression within the arterial wall
(38). Thus, the in vivo interactions between ethanol and polyphenols are complex
depending on cell type and may have important implications for immunological,
neurological, and cardiovascular dysfunction.

PERSPECTIVES AND FUTURE DIRECTIONS

NO is one of the smallest and simplest biologically active molecules with enor-
mous versatility and importance in the body. The arginine-dependent synthesis
of NO plays an important role in mediating the beneficial or detrimental effect of
dietary factors in a cell- or tissue-specific manner. In view of their diverse chemical
properties, dietary factors regulate constitutive and inducible NO production likely
through different mechanisms, including changes in intracellular concentrations of
NOS substrates and cofactors, as well as alterations in NOS expression and kinetic
properties. Although great advances have been made in this rapidly-growing field,
there is a paucity of information about the roles of many dietary substances on NO
production by mammalian cells and thus, this will remain an active area of future
investigations. As arginine plays a crucial role in NO production by all isoforms of
NOS, there is also a need to fully understand the regulation of arginine metabolism
(synthesis and catabolism) at molecular, cellular, and whole body levels (97) and to
explain the long-standing “arginine paradox” for NO generation (89, 152). Further-
more, much work is required to understand the complexity of the role of BH4 in NO
synthesis and how the pathways of BH4 metabolism are modulated by dietary fac-
tors. Finally, while most published studies of NO synthesis have focused on only a
single nutrient, future studies are necessary to investigate the interactions of dietary
factors on NO synthesis and to define the underlying molecular mechanisms.
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