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Introduction

 

The clinical relevance of the vascular 

 

L

 

-arginine/nitric oxide
(NO)

 

1

 

 synthase system to vascular biology lies in the oft-
repeated observation that it is altered by a variety of patho-
physiological conditions. Such alterations of NO production
and/or bioavailability have been shown to occur both in exper-
imental animal models and in human subjects, in the setting of
such diverse disorders as hypertension, hypercholesterolemia,
aging, cigarette smoking, diabetes, and heart failure (1). The
mechanisms underlying the alteration of this important func-
tion of the endothelium are varied and likely multifactorial.
During the past several years an enormous amount of research
has been devoted to understanding these abnormalities, which
has led to new insights into regulation of vascular tone, redox
state, inflammation, growth, and the prothrombotic/antithrom-
botic properties of the vessel wall. This 

 

Perspective

 

 will high-
light some of these important new observations, as they relate
to the pathology of the endothelial cell 

 

L

 

-arginine/NO synthase
(NOS) system. In addition, future directions of research that
may be particularly informative will be indicated.

 

Alterations of the substrate for the NOS enzyme

 

The substrate for NOS is the basic amino acid 

 

L

 

-arginine (with
a 

 

K

 

m

 

 of approximately 5 

 

m

 

M, reference 2). 

 

L

 

-Arginine is syn-
thesized as a product of the urea cycle and circulates in the
blood in concentrations of 

 

z

 

 100 

 

m

 

M (3). In endothelial cells,
however, the concentration of 

 

L

 

-arginine has been estimated to
be several hundred to several thousand micromolars (4, 5).

 

L

 

-Arginine is actively transported into the endothelium by a
y

 

1

 

 transporter, and this process is subject to regulation by cy-
tokines (6–9). Even in the absence of extracellular 

 

L

 

-arginine,
the endothelium can resynthesize this amino acid from 

 

L

 

-citrul-
line using a recently described novel biosynthetic pathway (5).

Given the fact that the intracellular levels of 

 

L

 

-arginine far
exceed the 

 

K

 

m

 

 of the NOS enzyme, it appears unlikely that ad-
ministration of the enzyme affects cellular NO production. In-

deed, in isolated organ chambers, we have found that 

 

L

 

-arginine
has no effect on endothelium-dependent vascular relaxations
of aortas from normal and cholesterol-fed rabbits (10). How-
ever, numerous other studies have demonstrated beneficial ef-
fects of 

 

L

 

-arginine on vascular responses in vivo, both in exper-
imental animals and in humans in several conditions, including
hypercholesterolemia, hypertension, and diabetes (11–16). Even
oral feeding of 

 

L

 

-arginine, which only doubles plasma levels,
appears to have beneficial effects not only on vasomotion, but
also on atherosclerosis development in cholesterol-fed rabbits
as well as on hypertension in rats (16, 17).

The mechanisms by which 

 

L

 

-arginine exerts these effects
are unclear. Infusions of the amino acid may produce effects
independent of its role as a substrate for NOS, such as by stim-
ulating insulin release or acting as a direct vasodilator (18).
One potential explanation for the beneficial effect of 

 

L

 

-argi-
nine is that it may overcome the effect of endogenous antago-
nists of NOS, such as asymmetric dimethyl arginine (ADMA).
ADMA has been shown to accumulate in the plasma of cho-
lesterol-fed rabbits, in humans with renal failure, and in elderly
subjects with peripheral vascular disease (3, 19). However, the
plasma levels of ADMA in these conditions are 

 

z

 

 3 

 

m

 

M (only
a fraction of the plasma 

 

L

 

-arginine levels) and therefore un-
likely to antagonize 

 

L

 

-arginine as substrate for NOS (3, 19).
Nevertheless, the intracellular levels of ADMA in these condi-
tions are not known, and it is thus conceivable that they are
higher than plasma levels and that disordered synthesis of

 

L

 

-arginine and ADMA might impact the cellular production of
NO. Future studies of 

 

L

 

-arginine and ADMA cellular metabo-
lism in various disease states should be very informative.

Another consideration regarding the modulation of 

 

L

 

-argi-
nine levels in the endothelium is the presence of the enzyme
arginase, which can convert arginine to ornithine and urea. Ar-
ginase I is constitutively present in endothelial cells, while the
so-called “extrahepatic” form, arginase II, can be induced in
endothelial cells by lipopolysaccharide and 

 

g

 

-interferon (20).
Interestingly, arginase activity is inhibited by 

 

N

 

-hydroxyargi-
nine, the intermediate of the NOS pathway (20). Therefore, in-
duction of arginase could limit 

 

L

 

-arginine as a substrate for
NOS, and may be important in modulating cellular NO pro-
duction. Future experiments are clearly needed to examine ar-
ginase expression and activity in various disease states where
NO production and/or bioactivity is altered.

Overall, existing data strongly suggest that arginine supple-
mentation can modulate in vivo NO production, but the mech-
anisms are far from clear. Additional work is needed to under-
stand if this is a direct or indirect effect. It is possible that the
concentration of 

 

L

 

-arginine in microdomains of the cell (e.g., in
the caveolae) is not reflected in the total cellular concentra-
tion. It is also possible that the rate of transport of 

 

L

 

-arginine
into these regions may be more critical than the absolute cellu-
lar concentrations.
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Alterations of NOS expression/structure

 

Another factor that may affect endothelial NO production in
various pathophysiological conditions is the level of expression
of the eNOS enzyme. Although eNOS is constitutively ex-
pressed, both in vivo and in vitro studies have made it clear
that its expression is subject to modest (but likely important)
degrees of regulation. In cultured cells, eNOS expression is in-
creased by shear stress (21), cyclic strain (22), exposure to lyso-
phosphatidylcholine (23), low concentrations of oxidized low
density lipoprotein (24), and cyclic GMP analogues (25). In
vivo, it has been demonstrated that exercise training in dogs
increases eNOS expression and the ability of blood vessels
to dilate in response to agonists that release endogenous NO
(NO

 

•

 

) (26).
Several potential pathophysiological factors have been

shown to lower eNOS expression. Exposure of cultured endo-
thelial cells to TNF-

 

a

 

, hypoxia, and high concentrations of oxi-
dized low density lipoprotein decrease eNOS levels (for review
see reference 27). Under these conditions, posttranscriptional
changes in mRNA half-life play an important role in the down-
regulation of eNOS expression. For example, the expression of
eNOS is markedly reduced in endothelial cells overlying ad-
vanced atherosclerotic lesions (28). Obviously, such a loss in
eNOS expression would have a significant impact on endothe-
lial regulation of vasomotion.

Recently, a polymorphism of the human eNOS gene has
been identified that appeared to be linked to hypertension in
the Japanese (29), although such a linkage was not observed in
another population (30). Therefore, whether or not changes
in eNOS expression and or function occur as a result of such
polymorphisms remains controversial and needs further study.
Furthermore, studies linking physiological measurements to
genetic analyses would provide important additional informa-
tion.

 

Alterations of NO signaling

 

A factor that is likely altered by various disease states is the
way in which the NOS enzyme is activated. Endothelium-
dependent vasodilation in response to the calcium ionophore
A23187 is, in general, not altered to as great an extent as are
responses to receptor-mediated stimuli (31). Because calcium
ionophores elicit NO release by promoting calcium influx into
the endothelium independent of receptor activation, this sug-
gests that there is a defect in either the membrane receptors or
the signaling mechanisms activated by these receptors. There
has been substantial interest in alterations of G protein cou-
pling and/or expression in various diseases (32). It is known
that the acute administration of pertussis toxin alters endothe-
lium-dependent vascular relaxation to some, but not all, ago-
nists. Cholesterol feeding of pigs produces a defect in endothe-
lium-dependent vascular relaxation that resembles the defect
produced by pertussis toxin (32). One explanation for these al-
terations of G protein signaling is related to changes in mem-
brane fluidity, which could prevent the interactions of the G
proteins with the receptors responsible for eNOS activation. In
tissue culture, expression of G

 

a

 

i2 is inhibited by oxidized LDL
(33). In human coronary arteries, G

 

ia

 

 expression is impaired by
age, hypertension, and hypercholesterolemia (34). Such a de-
fect could explain how these various diseases alter endothe-
lium-dependent vasodilation in response to a variety of recep-
tor-dependent agonists.

Understanding alterations of eNOS signaling is currently

hampered because the mechanisms by which the eNOS is acti-
vated in the endothelial cell are still incompletely understood.
It is clearly more complex than simple interactions between
eNOS and calcium/calmodulin. Movement of the enzyme in
and out of the caveolae and association with caveolin are prob-
ably important, as discussed by Thomas Michel and Olivier
Feron in the accompanying 

 

Perspective

 

 (see reference 37).
Likewise, the state of phosphorylation of the eNOS protein
may be important (35).

More work aimed at understanding eNOS signaling and
how it is altered by various disease processes is clearly re-
quired. This should include studies of the G proteins involved
in eNOS signaling (different agonists versus shear), other pos-
sible signaling functions (e.g., phosphorylation and subcellular
movement of eNOS), any inhibitory factors as they relate to
eNOS function (e.g., anionic phospholipids [36], caveolin [37],
and other molecules), and how all of these can be altered by
diseases.

 

Alteration of tetrahydrobiopterin availability

 

Tetrahydrobiopterin is a critical cofactor for the NOSs and ap-
pears to contribute to the ability of the enzymes to bind 

 

L

 

-argi-
nine. Interestingly, in the absence of tetrahydrobiopterin, the
enzyme transfers electrons to molecular oxygen to produce the
superoxide anion (38). Mammalian cells generate tetrahydro-
biopterin via the activity of the enzyme GTP cyclohydrolase I.
One important property of tetrahydrobiopterin is that it is very
redox-active, and is capable of both generating and scavenging
oxygen radicals (39). Although levels of tetrahydrobiopterin
have not been measured in the endothelium in various patho-
physiological states, recent physiological studies suggest that it
may be deficient in conditions like diabetes and hypercholes-
terolemia (40, 41). These are very provocative findings, but it
is conceivable that the tetrahydrobiopterin is simply acting as
an antioxidant under such conditions. Future work to examine
the manner in which various disease states affect tetrahydro-
biopterin biosynthesis, insertion of tetrahydrobiopterin into
NOS, and oxidative modification of tetrahydrobiopterin are
clearly warranted.

 

Destruction of NO by reactive oxygen species

 

Both superoxide and NO are free radicals (i.e., they contain an
unpaired electron in their outer orbital). When exposed to
each other, they undergo a facile radical–radical reaction that
proceeds at a rate recently estimated to be 6.7 

 

3

 

 10

 

9

 

 M

 

2

 

1

 

/s

 

2

 

1

 

(42). This is approximately three times faster than the reaction
rate for superoxide with either the manganese or copper/zinc
SODs. Thus, in a compartment in which both NO and SOD ex-
ist, there may be a propensity for superoxide to preferentially
react with NO rather than SOD, depending on the relative
concentrations of NO and SOD present.

Evidence from both experimental animals and humans sug-
gests that oxidative inactivation of NO may also be important
in various pathological conditions. For example, large amounts
of nitrogen oxides are released from vessels in an oxidatively
degraded state in cholesterol-fed rabbits (43). Treatment of
these rabbits with polyethylene-glycolated SOD dramatically
increased endothelium-dependent vascular relaxation, further
suggesting a role for superoxide (44). Vascular superoxide pro-
duction in cholesterol-fed rabbits appeared to be from xan-
thine oxidase, because production was inhibited by oxypur-
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inol. More recently, it has been shown that levels of xanthine
oxidase are increased in the plasma of cholesterol-fed rabbits,
and that this circulating xanthine oxidase binds to heparin-
binding sites on the vessel, where it acts to produce excess
superoxide (45). There is also evidence that reactive oxygen
species also diminish NO bioactivity in humans. For example,
infusion of ascorbic acid improves vascular responses to acetyl-
choline in cigarette smokers, diabetic individuals, and in hy-
pertension (46–48).

 

The vascular NADH/NADPH oxidase as a major source
of superoxide

 

One of the most exciting developments in vascular biology in
the last few years is the observation that both the endothelium
and vascular smooth muscle contain membrane-bound oxi-
dases that use NADH and NADPH as substrates for electron
transfer to molecular oxygen (49–52). These recently discov-
ered oxidases are similar to the neutrophil NADPH oxidase
(53, 54) in that they possess flavin- and heme-binding regions
that are likely important in the transfer of electrons. They also
share at least one protein subunit, p22phox (see below). How-
ever, there are also important differences between the vascular
and the neutrophil oxidases. First, the output of the vascular
oxidase is much lower than that of the neutrophil oxidase
(nmol vs. 

 

m

 

mol/min/mg protein). Second, the vascular oxidase
does not exhibit “bursts” of activity, as does the neutrophil
form (55, 56). However, this low-output property does not de-
tract from the importance of the vascular oxidase system. The
neutrophil oxidase system plays a bactericidal role, while the
vascular oxidase probably fulfills other roles, such as the mod-
ulation of NO activity. Finally, unlike the neutrophil oxidase, the
smooth muscle oxidase uses NADH in preference to NADPH.

One particularly important aspect of the vascular NADH/
NADPH oxidases is that their activity is regulated by angio-
tensin II (49), as well as by several cytokines. Studies have
shown that a 4-h treatment of cultured vascular smooth muscle
cells with nanomolar levels of angiotensin II markedly in-
creases NADH and NADPH oxidase activity. Recent studies
have extended these findings to an in vivo model of angio-
tensin II–induced hypertension (57). Vessels from rats made
hypertensive by chronic (i.e., 5-d) infusions of angiotensin II
produce increased amounts of superoxide, show increased
NADH/NADPH oxidase activity, and have abnormal endo-
thelium-dependent vasodilation. Furthermore, the abnormal
endothelium-dependent vasodilation can be improved with a
cell-targeted form of SOD. These abnormalities of vascular
function are not present in rats made hypertensive by chronic
infusion of norepinephrine, suggesting that hypertension alone
is not responsible for activation of the oxidase. This conclusion
was supported by additional experiments in which low concen-
trations of angiotensin II were infused, resulting in only a small
(10 mmHg) increase in blood pressure. In these animals, a per-
turbation of vascular superoxide production was observed,
similar to that observed in rats made overtly hypertensive by
angiotensin II infusion. This perturbation probably extends to
the resistance circulation, because treatment of rats with lipo-
some-entrapped SOD ameliorates angiotensin II–induced hy-
pertension (58).

Interestingly, chronic nitroglycerin therapy is also associ-
ated with an increase in vascular NADH/NADPH oxidase ac-
tivity and total vascular superoxide production (55). Treatment
of vessels with liposome-entrapped SOD corrected the nitro-

glycerin tolerance, suggesting that activation of oxidases may
be important in this clinical entity (59).

As discussed above, an important component of the vascu-
lar smooth muscle NADH/NADPH oxidase is p22phox, the
small protein subunit of the membrane oxidase cytochrome
(60). Stable transfection of vascular smooth muscle cells with a
full-length p22phox antisense transgene results in a marked
decrease in the capacity of these cells to produce superoxide in
response to angiotensin II (61). Furthermore, the vascular ex-
pression of p22phox is dramatically increased during angioten-
sin II infusion, and the time courses of p22phox expression,
NADH/NADPH oxidase activity, and the development of hy-
pertension parallel each other (62). Taken together, these data
strongly support a role of p22phox in control of vascular super-
oxide production and its modulation by angiotensin and hy-
pertension. Interventions to modify vascular p22phox expres-
sion and/or function could prove to be very helpful in
modulating production of reactive oxygen species and the bio-
activity of endothelium-derived NO. Future studies to exam-
ine other components of the vascular oxidase system and their
roles in various disease states should be extremely informative.
Likewise, studies examining other sources of reactive oxygen
species in vascular tissues and how they are modulated will be
helpful in understanding regulation of NO bioactivity. Finally,
studies of regulation of the major antioxidant defense systems
(i.e., the SODs, cellular thiols, and antioxidant vitamins) will
likely provide additional insight into how various diseases af-
fect the NOS system.

 

Conclusion

 

In this 

 

Perspective

 

, I have discussed multiple potential causes
for alterations of vascular NO release and/or bioactivity. Al-
though the diseases that are associated with impaired NO func-
tion are diverse, it is interesting to note that the ultimate effect
on endothelial NO production is similar, and that this may be
because of similar underlying causes. The “read-out” in most
of these studies has been an impairment in endothelium-
dependent vasodilation, but it is clear that NO has a number of
other important functions in the vessel wall, such as inhibition
of platelet aggregation and of adhesion molecule expression,
prevention of smooth muscle proliferation, and modulation of
vascular growth. Thus, NO influences vascular homeostasis in
many ways beyond simple modulation of vasomotion. In fact,
NO may be considered an antiatherogenic, antiproliferative,
and antithrombotic factor. Because of this, the loss of NO pro-
duction and bioactivity could explain why diverse pathological
conditions such as hypercholesterolemia, hypertension, diabe-
tes, and cigarette smoking are all considered risk factors for
atherosclerosis. Further studies of endothelial cell NO produc-
tion, NOS expression, cofactor availability, and NO degrada-
tion will, undoubtedly, provide greater understanding of how
these various disorders modulate vasomotion and predispose
to vascular disease.
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