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Abstract

The endothelial layer is a key component of the cardiovascular system. Recent evidence indicates that strategies aimed at pre-
serving the endothelium may have important implications in the battle against cardiovascular disease. Nitric oxide remains the
critical factor determinant of endothelial function. Understanding the regulatory components involved in nitric oxide produc-
tion may elucidate novel targets for improving compromised vascular function. The caveolae/caveolin system has recently be-
come of interest due to its ability to regulate endothelial nitric oxide synthase activity. The caveolae/caveolin system is a
multifaceted structure in the plasma membrane, which plays an integral role in cellular signaling. Recognizing the potential of
this specialized domain may provide the fundamental knowledge to target the endothelium in disease. (Mol Cell Biochem 247:
101–109, 2003)
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Introduction

Endothelium-derived nitric oxide (NO) plays a pivotal role in
the regulation of vascular homeostasis. Decreased bioactivity
of NO has been implicated in the development and clinical
course of almost every cardiovascular disease. Diminished
NO availability leads to endothelial cell dysfunction with the
resultant expression of a pro-thrombotic, pro-inflammatory,
pro-mitogenic and atherosclerotic phenotype.

A number of mechanisms ranging from transcriptional
regulation to post-translational modification modulate the
synthesis of NO. The production of NO by endothelial cells
is critically dependent on the function of endothelial nitric
oxide synthase (eNOS). This enzyme catalyzes the conver-
sion of L-arginine into NO and L-citruline. The activity of
eNOS is specifically targeted by various regulatory factors
within the caveolae/caveolin system that control NO levels.
Assessing eNOS function within these caveolae/caveolin
domains is of interest because significant portions of both the

temporal and spatial activation systems of this enzyme are
harbored in the caveolae [1].

Caveolae are unique lipid spheres in the plasma membrane
that play a crucial role in regulating NO availability. The func-
tions attributed to these microdomains include transcytosis,
cholesterol transport, and most importantly, the control of
signal transduction pathways [2–5]. Caveolae membranes are
characterized by a group of structural proteins called the
caveolins. Caveolin-1, a widely expressed isoform in en-
dothelial cells, has attracted much attention due to its ability
to anchor eNOS. The binding of eNOS to caveolin-1 inhib-
its eNOS activity and can be reversed by elevated levels of
Ca2+/calmodulin. Uncovering the role played by caveolae/
caveolin in eNOS regulation may reveal new pathogenic
mechanisms linking signal transduction molecules localized
in these microdomains to the decreased production of NO.
Furthermore, strategies that reduce caveolin expression may
have important therapeutic implications in augmentation of
NO availability in cardiovascular disease states.
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What are caveolae and caveolins?

Caveolae were first identified during the 1950’s as small
flask-shaped invaginations in the plasma membrane [6, 7].
Traditionally, these membrane segments were viewed as spe-
cialized transport organelles for endocytosis involved in the
large-scale uptake of fluids and small molecules [2]. The use
of molecular biological techniques attributed the functions
of specialized transport and signal transduction to these do-
mains [4, 5].

The formation of the caveolae is believed to be under the
supervision of the caveolin structural proteins. Although the
exact role played by caveolin in the construction of caveolae
has yet to be fully elucidated, caveolins have been shown to
direct specific lipids to these specialized segments of mem-
brane [8]. Experimental studies of recombinant caveolin-1 in
cell lines devoid of morphologically detectable caveolae have
been able to direct the formation of caveolae like vesicles
[9, 10]. In addition to facilitating the formation of caveolae,
caveolin-1 has a unique structure enabling it to interact with
eNOS.

Topological studies have determined that the primary se-
quence of caveolin-1 contains a central hydrophobic domain
responsible for imbedding this protein into the plasma mem-
brane [11]. Further, an unusual primary structure has been
attributed to caveolin-1 because it contains no signal se-
quence within the 33 amino acid hydrophobic section. This
intramembrane section splits the caveolin-1 protein into two
large functional cytoplasmic domains. The carboxy termi-
nal of caveolin-1 has three cysteine residues that can be
palmitoylated [12, 13]. These lipidic modifications are not
required for the membrane localization of caveolin-1, but
are essential for cholesterol binding and proper transport of
caveolin-1 to the plasma membrane. Alternatively, the amino
terminal contains two domains responsible for most of the
structural and regulatory functions of caveolin-1. The first is
the caveolin oligomerization domain located next to the hy-
drophobic membrane segment on the caveolin protein [14].
This section plays an essential role in the homotypic inter-
action of caveolin monomers between one another. The sec-
ond site of interest is the peptidic sequences of the caveolin
scaffolding domains, which contain both basic and aromatic
amino acids enabling it to directly interact with the plasma
membrane [15]. Importantly the caveolin scaffolding do-
main has been associated with a variety of signal transduc-
tion molecules including those of eNOS.

Structurally, caveolin-1 manifests itself as a complex oli-
gomeric protein in the caveolae membrane. The oligomeri-
zation of caveolin is a two-stage process that begins in the
endoplasmic reticulum where caveolin-1 forms discrete homo-
oligomers of 14–16 individual monomers [16]. The formation
of a network of caveolin oligomers appears to be dependent
on the carboxy-terminal caveolin oligomerization domains.

In the second stage, these oligomers interact amongst each
other resulting in the formation of clusters responsible for
generating a caveolar coat within the trans-Golgi. Finally,
these high molecular weight complex oligomers begin to mi-
grate from the Golgi to the cell surface forming the caveolae
domains [17–19].

Another important caveolin protein is the isomer, caveolin-
3. The expression of caveolin-3 is muscle specific, and its
sequence of peptides is homologous to that of caveolin-1 [20].
Similar to the caveolin-1-eNOS interaction, caveolin-3 also
seems to be a decisive determinate of NOS activity [21, 22].
Incubations of peptides derived from the scaffolding/inhibi-
tory domains from either caveolin-1 or -3 inhibits the activi-
ties of eNOS, inducible NOS and neuronal NOS [21]. The
importance of NO in the vasculature has been firmly estab-
lished, however only recently has the production and release
of NO been implicated in the maintenance of cardiomyocyte
integrity.

The contribution of lipids to the structure and formation
to these domains is vital for the integrity of the caveolae.
Studies have suggested that caveolae are rich in specific lipids
such as cholesterol, glycosphingolipids and ceramides [23,
24]. Both cholesterol and glycosphingolipids are caveolin-
interacting molecules that play a crucial role in creating an
environment necessary for caveolae formation.

eNOS and caveolin (signal transduction)

eNOS is a Ca2+/calmodulin-dependent enzyme activated by
a rise in intracellular Ca2+ levels in response to receptor-de-
pendent or -independent agonist. The optimal release of NO
requires the targeting of eNOS from the Golgi apparatus to
the caveolae regions of the plasma membrane [1]. This lo-
calization of eNOS to the caveolae space allows for the proper
interaction of eNOS with specific proteins involved in eNOS
trafficking and activity (Fig. 1). The formation of the eNOS-
caveolin-1 heteromeric complex adversely affects eNOS ac-
tivity in the presence and absence of agonist stimulation
[25–27]. eNOS is active only in its dimeric configuration
in conjunction with adequate levels of both L-arginine and
tetrahydrobiopterin [28]. Further, changes in eNOS phos-
phorylation have been observed following exposure to Ca2+

mobilizing agents, shear stress, and tyrosine phosphatase
inhibitors [29–32]. Phosphorylation of eNOS has two impor-
tant effects: first it increases the enzyme’s sensitivity to Ca2+/
calmodulin; second it introduces a negative charge to the car-
boxy tail that reduces the enzyme’s catalytic activity.

Ca2+-dependent eNOS activation

Ca2+/calmodulin disrupts the eNOS- caveolin-1 interaction
freeing the enzyme. Earlier studies revealed that intracellu-
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lar Ca2+ concentrations were involved in agonist stimulation
of endothelial NO production mediated via receptor-depend-
ent and -independent pathways. After the discovery of a cal-
modulin-binding domain within the primary structure of
eNOS, it was suggested that the proper activation of this
enzyme required adequate levels of Ca2+/calmodulin [33].

Even though all nitric oxide synthases respond either to
Ca2+ or calmodulin, their sensitivity varies greatly from one
isoform to another. Chimeric studies involving the eNOS cal-
modulin binding domain revealed that the activation of eNOS
is dependent on both the levels of Ca2+ and calmodulin [34].
Further studies with the calmodulin-binding domain revealed
its ability to regulate the membrane association of eNOS by
directly binding phospholipids [35]. The calmodulin-binding
domain mediates an interaction between eNOS and cal-
modulin in addition to localizing the enzyme to the cell
membrane.

Not only does calmodulin regulate NO synthesis by con-
trolling the reduction of the heme iron; it also elevates flavin
reduction rates by increasing the reductase activity of eNOS
[36]. An additional regulatory factor controlling eNOS ac-
tivity is a 45 amino acid insert within the FMN binding do-
main. This site functions as a regulatory element by attaching
itself to a site on eNOS that physically interferes with cal-
modulin binding [37]. The FMN binding segment has the
ability to significantly inhibit the association between cal-
modulin and eNOS. Thus interactions involving eNOS and
calmodulin/Ca2+ are complex and much remains to be under-
stood.

Interactions of eNOS with caveolin-1

The interaction of eNOS with caveolin is no less intricate than
that with calmodulin. The acylation of eNOS directs it toward
the caveolae, site of the eNOS-caveolin interaction [38]. As
mentioned earlier the association of eNOS with caveolin re-
sults in the production of an inhibitory complex. A number
of studies have illustrated caveolin’s dependence on post-
translational modification in regulating various signal trans-
duction pathways [39, 40]. Both localization and post-
translational modification play an instrumental role in caveolin
initiated eNOS inactivation.

Calmodulin and caveolin-1 both play an important role in
modulating the localization of eNOS following agonist stimu-
lation. Recent studies using immunostaining techniques with
antibodies targeting eNOS and caveolin-1 showed that not
all of eNOS is bound to caveolin-1 [41]. An increase in in-
tracellular Ca2+ levels is followed by a rise in NO as eNOS
becomes activated by calmodulin thereby translocating to
sites within the cytoplasm. When Ca2+ levels subside, eNOS
is inactivated because it reassociates with caveolin-1 [42, 43].

The eNOS oxygenase domain and the caveolin scaffold-

ing domain mediate the formation of the eNOS-caveolin
complex. This inhibitory complex prevents the reduction of
the heme iron by eNOS and in turn negatively affects NO
synthesis. Further, caveolin’s ability to prevent the donation
of electrons to the eNOS heme subunit may complement its
ability to compromise eNOS-calmodulin binding. Co-expres-
sion experiments utilizing COS-7 cells revealed calmodu-
lin’s ability to reverse the inhibitory interaction of eNOS and
caveolin suggesting that eNOS activity is dependent on the
balance between the levels of Ca2+/calmodulin and caveolin
[42].

Phosphorylation of eNOS

The regulation of endothelial NO production is partially de-
pendent on the function of protein kinases. Agonist stimula-
tion such as bradykinin significantly enhances eNOS phos-
phorylation at specific serine residues [44]. The effects of
bradykinin induced phosphorylation appear to be negated
with the addition of calmodulin antagonists or the removal
of extracellular Ca2+, indicating that the phosphorylation of
eNOS must be dependent on Ca2+ levels. Protein kinases have
become of great interest as a number of possible binding sites
for protein kinase A, B, C and calmodulin kinase II have been
discovered on eNOS [35]. A look at the time course of NO
production and eNOS activation indicates that serine phos-
phorylation of eNOS in response to bradykinin maybe an
inactivating mechanism reducing NO levels [29–32, 45]. The
effects of phosphorylation on eNOS activity are thus depend-
ent on the site that is phosphorylated, as the addition of cer-
tain phosphate groups may activate the enzyme while others
inactivate it.

eNOS interactions with receptors and molecular
chaperones

The caveolae contain a variety of proteins involved in a
number of different signal transduction pathways. Co-immu-
noprecipitation studies indicate that the bradykinin B2 recep-
tor located in the caveolae is associated with the regulation
of eNOS [46]. The B2 receptor participates in the caveolin-
1 mediated eNOS inhibitory complex. Similar to caveolin-
1, the binding of the intracellular C-terminus domain of the
B2 receptor with eNOS is Ca2+ dependent. However, the in-
hibitory actions of the B2 receptor are unique because they
remain independent of caveolin-1 inhibition pathways [46].
Bradykinin-induced stimulation of endothelial cells coincides
with the dissociation of both caveolin-1 and the B2 receptor
resulting in the break up the eNOS inhibitory complex.

Heat-shock protein 90 (Hsp 90) has also been shown to
bind eNOS. Hsp 90 is a molecular chaperone that mediates
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Fig. 1.

Fig. 2.
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the folding and maturation of proteins. In recent studies Hsp
90 has been implicated as an allosteric eNOS activator [47].
Further experiments with Hsp 90 indicate that it is involved
in a signaling cascade mediated by protein kinases stimulated
via vascular endothelial growth factor, histamine, or fluid
shear stress [47]. Consequently, Hsp 90 enhances agonist-in-
duced NO production of eNOS by inducing a conformational
change or by stabilizing the dimeric formation of the enzyme.

Caveolin as a target for eNOS
bioavailability

Recent investigations have focused on determining the mech-
anistic relationship between the caveolae membrane domain
and the bioavailability of eNOS. Caveolae microdomains
present an interesting target, not only for modulating eNOS
activity but also for playing a fundamental role in prevent-
ing the progression of vascular disease. The intricate rela-
tionship between the formation of caveolae and cholesterol
transport has fostered a keen interest concerning the effects
of cholesterol on eNOS activity. Hypercholesterolemia-in-
duced endothelial dysfunction and atherosclerosis are char-
acterized by decreased NO bioavailability [48]. Progression
of vascular disease results in the nonspecific reduction of NO
production, accompanied by increased levels of superoxide
anions that can also inactivate NO. Importantly, elevated lev-
els of cholesterol are associated with increased expression of
caveolin, while reductions in cholesterol availability decrease
the expression of caveolae on the plasma membrane [49].
Caveolin has been classified as a cholesterol sensitive pro-
tein whose expression is directly dependent on plasma LDL-
cholesterol levels.

Hypercholesterolemia attenuates the production of en-
dothelium derived NO from endothelial cells [48]. The
mechanisms responsible for decreasing NO have interesting
implications not only for eNOS but as well for the caveolae
membrane domains. Feron et al. provided evidence linking
elevated amounts of LDL-cholesterol with reduced NO lev-
els in endothelial cells by showing that LDL-cholesterol up-
regulates caveolin abundance in turn promoting its inhibitory
interaction with eNOS [49]. These experiments concluded
that the expression of caveolin is dependent on the amount
of cholesterol in the plasma. In the presence of excessive
caveolin, there is a significant reduction in NO production
by cultured endothelial cells [49]. A decrease in eNOS ac-
tivity accounts for the reduction in NO release. Thus, it was
hypothesized that the major determinant of eNOS activity in
the presence of high cholesterol is the competition between
calmodulin and caveolin [49].

Elevated levels of oxidized LDL (ox-LDL) are associated
with the loss of receptor-dependent NO release from the
endothelial layer. A plausible explanation for these findings
is that elevated amounts of ox-LDL negatively affect the
activity of eNOS. Blair et al. demonstrated that ox-LDL pro-
motes the depletion of cholesterol from caveolae, resulting
in the redistribution of eNOS from these domains to internal
membrane sites (Fig. 2) [50]. ox-LDL -induced translocation
differs from agonist-induced translocation in a number of
respects. The eNOS-caveolin inhibitory complex invaginates
within internal membranes localized throughout the cell.
Localization of the eNOS inhibitory complex to internal
membrane sites prevents any agonist-stimulated activation of
eNOS. Additionally, under normal conditions the activation
of eNOS is usually accompanied by hyperphosphorylation of
the enzyme. However, in the presence of ox-LDL, eNOS was
not phosphorylated at any specific activation sites, further
jeopardizing the biosynthesis of NO [50].

HDL lipoproteins have the ability to prevent the decrease
in NO bioavailability induced by ox-LDL. Uittenbogaard et
al. examined the interplay between HDL and ox-LDL on the
caveolin-eNOS complex in response to acetylcholine stimu-
lation [51]. HDL did not prevent the uptake of cholesterol by
ox-LDL; instead it acted as a sterol donor replacing the loss
in membrane cholesterol. Not only did this response prevent
the translocation of the caveolin-eNOS complex, it also re-
stored agonist-stimulated NO production. The effects of ox-
LDL and HDL were dependent on the presence of scavenger
protein receptors CD36 and SR-BI respectively. The inacti-
vation of these receptors resulted in the prevention of struc-
tural changes to the caveolae mediated by either ox-LDL or
HDL [51].

Statins have been demonstrated to exert marked beneficial
effects on cardiovascular morbidity and mortality in both
primary and secondary prevention studies [52]. The benefi-
cial effects of statins extend beyond cholesterol reduction;

Fig. 1. The caveolin-calmodulin-eNOS activation cycle. In response to a
stimulus (for example: bradykinin, acetylcholine, A23187) there is a rise
in intracellular calcium. Calcium binds calmodulin and this activated com-
plex interacts with eNOS thereby relieving caveolin mediated inhibition.
The eNOS-calmodulin complex translocates intracellularly. In the presence
of substrate (L-arginine) and cofactor (tetrahydrobiopterin, BH

4
), eNOS

effectively catalyzes the formation of NO. In the basal state, eNOS is bound
to caveolin-1 in the caveolae (see inset). The bradykinin receptor (B2R) is
also part of this complex.

Fig. 2. Oxidized LDL-cholesterol alters the structure of the caveolae micro-
domains. Increasing extracellular levels of oxidized LDL (ox-LDL) facili-
tates the removal of membrane cholesterol, which leads to the deformation
of the caveolae membrane into a ‘flattened’ shape. Eventually, the in-
vaginations are obscured and the eNOS-caveolin complex is confined to
intramembrane spaces where it is unavailable for calmodulin binding.

←
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statins exert a variety of non-lipid effects, which improve
endothelial function and NO activity [53, 54]. Interestingly
in this regard, recent studies suggest that statins may augment
eNOS activity by decreasing caveolin abundance (Fig. 3)
[55]. This effect appears to be independent of LDL-choles-
terol, further supporting the growing body of literature dem-
onstrating pleiotropic effects of these drugs.

The ability of statins to decrease caveolin-1 expression in
endothelial cells occurs at very low concentrations and is re-
versed by the addition of mevalonate [55]. These data suggest
that statins have a direct effect in modulating NO bioactivity
by reducing peripheral cell (vs. hepatic) cholesterol synthesis
[55].

Pathology of the caveola

In this review we have primarily been concerned with the role
of caveolin-1 plays in sustaining adequate NO levels from

eNOS within the endothelial layer. However, the importance
of caveolin and the caveolae region in human disease extends
far beyond the realm of eNOS and endothelial function. Other
than vascular dysfunction, caveolin availability and function
have been implicated in a number of human disease states
including muscular dystrophy, cancer, and cardiomyopathy.

The muscle specific member of the caveolin family, cav-
eolin-3, has been shown to interact with the myocyte protein,
dystrophin [56]. Dystrophin forms a link between cytoplas-
mic actin, the sarcolemma and the extracellular matrix of
muscle. Caveolin-3 may represent a factor controlling dys-
trophin activity [57, 58]. Patients with Duchenne Muscular
Dystrophy (DMD) exhibit up-regulation of caveolin-3 pro-
tein expression [59]. It has been postulated that elevated
amounts of caveolin-3 may represent muscle regeneration and
differentiation in DMD [60].

Caveolin-1 may play an important role in modulating cel-
lular transformation. Cells that have undergone terminal dif-
ferentiation or contact inhibition exhibit an up-regulation of

Fig. 3. Hypercholesterolemia increases caveolin abundance (shown in yellow). This decrease in the availability of eNOS is accompanied with a substantial
reduction in NO production (left panel). Statin therapy decreases caveolin abundance and facilitates free eNOS activity thus increasing NO release (right panel).
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both caveolin-1 and caveolae expression [61]. Caveolin-1 has
been identified as a possible tumor suppressor gene that is
down regulated in human breast cancer cells [62]. Its chro-
mosomal location is a site that is frequently deleted in a wide
spectrum of human cancers. Important experiments were
conducted using fibroblasts transfected with oncogenes,
which demonstrated an ability to form colonies in soft agar
and a concomitant loss of caveolin and caveolae [63]. The
colony size was inversely related to the amount of caveolin-
1 protein levels. Another study utilized NIH 3T3 fibroblasts
incubated with caveolin-1 antisense vector system which
specifically targeted and down-regulated caveolin-1 protein
levels [64]. These fibroblasts were implanted subcutane-
ously in immunodeficient nude mice, tumor formation be-
came apparent within 2 weeks. It seems that caveolin-1 may
have inhibitory functions that may be absent in patients suf-
fering from cancer. Further research needs to be conducted
investigating how caveolin over expression correlates with the
proposed tumor suppressor ability of endogenous caveolin.

A recent study published by Piech et al. elucidates the im-
portance of eNOS and caveolin in hypertrophic cardiomy-
opathy [65]. As mentioned earlier, NO derived from eNOS
is now being implicated in regulating cardiac function in-
dependent of vascular regulation. Myocardial NO has the
ability to modulate β-adrenergic inotropic responsiveness,
diastolic relaxation, and oxygen consumption [66–69].
Their results indicate that a significant reduction of eNOS
and caveolin-1 and -3 occurs in a dog model of moderate
hypertrophic cardiomyopathy. Beyond its involvement in the
pathology of the vascular system, NO levels modulated by
caveolin-eNOS mechanism may play a central role in medi-
ating the disease states of cardiomyopathy.

Conclusions

Nitric oxide bioavailability is critically dependent upon eNOS
regulation. Caveolin-1 is a key negative modulator of eNOS
activity. Hence, targeting caveolin-1 is important from a car-
diovascular standpoint. A number of cardiovascular risk fac-
tors have been demonstrated to alter the organization of the
caveolae domains. Increased levels of LDL-cholesterol quench
NO, in part, by increasing caveolin-1 abundance.

ox-LDL also inhibits vascular NO production; however,
unlike LDL-cholesterol it disrupts the caveolae structure by
specifically removing cholesterol lipids from these domains.
HDL, a factor known to improve endothelial function, coun-
teracts the effects elicited through ox-LDL by donating cho-
lesterol molecules to endothelial cells that were removed by
ox-LDL. Pharmacological therapies utilizing statins have
recently been demonstrated to augment eNOS activity by
down regulating caveolin-1. Whether non-traditional risk fac-

tors, such as C-reactive protein and hyperhomocysteinemia,
increase caveolin-1 remains to be determined. Clearly devel-
oping strategies that restore the eNOS-caveolin system may
emerge as novel therapies for vascular dysfunction.
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