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Abstract

Dietary intervention strategies have proven to be an effective means of decreasing several risk
factors associated with the development of atherosclerosis. Endothelial cell dysfunction influences
vascular inflammation and is involved in promoting the earliest stages of lesion formation.
Caveolae are lipid raft microdomains abundant within the plasma membrane of endothelial cells
and are responsible for mediating receptor-mediated signal transduction. Caveolae have been
implicated in the regulation of enzymes associated with several key signaling pathways capable of
determining intracellular redox status. Diet and plasma-derived nutrients may modulate an
inflammatory outcome by interacting with and altering caveolae-associated cellular signaling. For
example, omega-3 fatty acids and several polyphenolics have been shown to improve endothelial
cell function by decreasing the formation of ROS and increasing NO bioavailability, events
associated with altered caveolae composition. Thus, nutritional modulation of caveolae-mediated
signaling events may provide an opportunity to ameliorate inflammatory signaling pathways
capable of promoting the formation of vascular diseases, including atherosclerosis.

Link of functional caveolae to the pathology atherosclerosis

Caveolae play an important regulatory role in vascular inflammation and appear to be
required for the pathology of atherosclerosis. In fact, caveolin-1 deficient mice are protected
against atherogenic lesion formation [1]. It is widely accepted that atherosclerosis is the
result of sustained chronic low-grade inflammation. Endothelial cell dysfunction contributes
significantly to vascular inflammation and is thus an important mediator involved in the
development of atherosclerotic plagues. Endothelial dysfunction may result in response to
inflammatory stimuli including circulating cytokines, and oxidized low-density lipoproteins
(oxLDL). Upon activation, the endothelium increases expression of adhesion molecules
such as vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1
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(ICAM-1). Concomitant increases in the secretion of chemokines including monocyte
chemoattractant protein-1 (MCP-1) culminate in the recruitment, attachment, and
transendothelial migration of circulating monocytes into the subendothelial space, and their
subsequent ingestion of lipids to form foam cells.

Caveolae are cholesterol and sphingolipid enriched microdomains responsible of mediating
signal transduction across the plasma membrane, and are particularly abundant in vascular
endothelial cells [2]. Caveolin-1, a 22 kDa integral membrane protein localized to caveolae,
is capable of influencing cellular signaling events by interacting with the caveolin binding
motif (CBM) of cytosolic proteins through its scaffolding domain (amino acids 82-101) [3].
Caveolae have been implicated as mediators of vascular inflammation by facilitating the
formation of reactive oxygen species (ROS) and decreasing nitric oxide (NO) bioavailability
in response to endothelial cell injury or inflammatory stimuli. Thus, caveolae may provide
an important regulatory platform for nutritional intervention strategies and attenuation of
inflammatory parameters.

Caveolin-1 and endothelial activation

A critical role for endothelial caveolin-1 in the development of atherosclerosis was elegantly
demonstrated by reconstituting caveolin-1 specifically in endothelial cells of apoE~~/
cav-1~/~ mice [4]. To this effect, cav-1~/"/apoE~/~ mice have reduced lipid accumulation in
the subendothelial space compared to apoE~~ mice despite increased non-HDL plasma
cholesterol levels [1], elucidating a role for caveolae in the uptake of proatherogenic
lipoproteins. Caveolae facilitate the development of atherosclerosis through its integral
involvement in inflammatory signaling networks within the vascular endothelium.
Caveolin-1 deficiency was associated with downregulation of proatherogenic VCAM-1 and
CD36 scavenger receptor [1]. When primary human retinal vascular endothelial cells were
exposed to either IL-1p or TNF-a, lipid raft disruption with the cholesterol depleting agent
methyl-B-cyclodextrin markedly attenuated NF«B dependent signaling events [5].
Caveolin-1 was necessary for mediating TNF-a induced NFxB dependent induction of
cyclooxygenase-2 (COX-2) and prostaglandin E, (PGEy) in vitro [6]. Alternatively, in the
human derived EA.hy926 endothelial cell line, lipid raft disruption with methyl-f-
cyclodextrin did not prevent TNF-o induced degradation of 1xBa, a measure of NFkB
activation [7]. A CBM within the carboxy-terminal intracellular domain of toll-like receptor
4 (TLR4) was identified and found to be critical for regulating its activity [8].
Correspondingly, cav-1~/~ mice exhibit attenuated NF«B activity in response to
lipopolysacharide (LPS) leading to decreased polymorphonuclear sequestration and lung
injury [9]. However, using a cav-1~-/eNOS™~ (endothelial nitric oxide synthase) mouse
model, the role of caveolin-1 in mediating acute lung injury in response to LPS was found to
be dependent upon eNOS inhibition [10].

Caveolae and eNOS signaling: regulation of cellular oxidative stress

Endothelial cell dysfunction is characterized by a decrease in NO bioavailability, and
increased production of ROS. Accordingly, a decrease in NO bioavailability is both
necessary and sufficient to cause endothelial dysfunction and activation of inflammatory
signaling pathways [11,12]. eNOS is a Ca2*/calmodulin dependent enzyme [13] responsible
for constitutive NO production in the vasculature, and its activity is susceptible to
modulation by a diverse array of extracellular stimuli. Caveolin-1 has long been known to
negatively regulate eNOS function [14]. To this effect, caveolin-1 is capable of limiting NO
bioavailability in response to interleukin-6 (IL-6) [15] and LPS [10]. Tetrahydrobiopterin
(BH,) is an indispensible cofactor necessary for NO production by eNOS, and plays a
critical role in preventing eNOS uncoupling leading to formation of potentially damaging
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ROS in the form of superoxide [16]. Caveolin-1 has recently been shown to negatively
regulate guanosine triphosphate cyclohydrolase I, the rate limiting enzyme responsible for
de novo synthesis of BH,4 [17]. Interestingly, caveolin-1 protein expression is elevated in the
aortas of diet induced obese rats fed a high fat diet, and this was correlated with a decrease
in eNOS activity [18]. TNF-a induced NF«B activation and subsequent expression of
inflammatory mediators VCAM-1 and MCP-1 requires NADPH oxidase activation and
ensuing production of ROS [19,20]. Caveolin-1 was found to be necessary for NADPH
oxidase derived ROS production, [21,22] and through the formation of endocytic vesicles
termed ‘redoxosomes,” was capable of facilitating the interleukin-1p (IL-1p) dependent
activation of NF«kB [21]. Caveolin-1 levels are increased in response to inflammatory stimuli
including tumor necrosis factor-alpha (TNF-a) [6] and LPS [23], potentially leading to
decreased NO bioavailability and increased ROS production. Thus, caveolae appear to be an
important intermediary for determining the response to inflammatory stimuli within the
endothelium.

Caveolae and Nrf2 signaling: regulation of antioxidant defense pathways

Caveolae may also play an integral role in regulating cellular antioxidant defense pathways
necessary for eliminating potentially damaging ROS from cells. The transcription factor
nuclear factor erythroid 2-related factor 2 (Nrf2) is a master regulator of antioxidant and
cytoprotective defenses responsible for cellular detoxification of ROS. Sulforaphane
dependent Nrf2 activation attenuated LPS induced endothelial activation in aortas of
C57BL/6 mice [24]. Treating rat glioma C6 cells with the NO donor SNAP lead to the
formation of a nitrated guanine nucleotide, 8-nitroguanosine 3',5’-cyclic monophosphate (8-
nitro-cGMP), causing S-guanylation of Keapl, the cellular inhibitor of Nrf2, and subsequent
Nrf2 activation [25]. Hence, the prospect of an increased antioxidative capacity in
caveolin-1 deficient mice is intriguing knowing their predilection for exaggerated NO
production in the vasculature [26]. Heme oxygenase 1 (HO-1) catalyzes the breakdown of
heme to form carbon monoxide (CO), free iron and biliverdin, eventually forming bilirubin
(BR) through the action biliverdin reductase. CO and BR are known to have
antiatherosclerotic and antioxidative properties respectively [27]. RAW264.7 macrophages
expressing caveolin-1 antisense mMRNA exhibited increased HO-1 activity in response to
LPS when compared to the control group [8], suggesting caveolin-1 may be a negative
regulator of HO-1. Likewise, thioredoxin reductase 1 (TrxR1) is a thiol metabolizing protein
responsible for reducing cellular compounds including thioredoxin. TrxR1 has been
implicated in the regulation of redox sensitive pathways capable of influencing eNOS
activity [28] and thus may be an important player in preventing endothelial cell injury.
TrxR1 binds the caveolin-1 scaffolding domain through its CBM and caveolin-1 acts as an
endogenous inhibitor of TrxR1 activity both in vitro and in vivo [29]. Thus, increased levels
of caveolin-1 may decrease the antioxidative capacity of the endothelium, further
exacerbating the inflammatory response.

Caveolae and regulation of mitochondrial function

The development of atherosclerosis is correlated with increased mitochondrial DNA
(mtDNA) damage, and mtDNA damage may precede the earliest stages of lesion
development [30]. Impaired mitochondrial respiration in response to extensively oxLDL
resulted in elevated intracellular ROS in porcine aortic endothelial cells [31]. Oxidized LDL
has been shown to deplete caveolae of cholesterol causing translocation of both eNOS and
caveolin-1 from caveolae, consequently preventing acetylcholine induced eNQOS activation
[32]. Furthermore, mitochondrial biogenesis is dependent upon eNOS activation in response
to calorie restriction [33], suggesting a role for caveolae in the regulation of mitochondrial
function. To this extent, the caveolar signaling complexes were able to influence
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mitochondrial ATP-sensitive K* (mitoKap) channels in response to bradykinin [34],
resulting in cardioprotection. AMP-activated protein kinase (AMPK) is a cellular energy
sensor that, through the NAD*-dependent type Il deacetylase SIRTL, is capable of
augmenting mitochondrial function by activating the master regulator of mitochondrial
activity peroxisome proliferator activated receptor-gamma coactivator 1 alpha (PGC-1a)
[35]. PGC-1a responds to elevated intracellular oxidative stress by inducing the production
of mitochondrial detoxification enzymes including glutathione peroxidase, manganese
superoxide dismutase (SOD2), and catalase [36]. Accordingly, wild type but not al-AMPK
deficient mice, when administered the AMPK agonist 5-aminoimidazole-4-carboxamide-1-
beta-d-ribofuranoside (AICAR), were protected against LPS induced endothelial
dysfunction [37]. Likewise, AICAR also prevented TNF-a induced NF-«B activation in
HUVECs [38]. Caveolin-1 was found to play a critical role in facilitating AMPK dependent
eNOS activation in bovine aortic endothelial cells in response to agonist stimulation with
either VEGF or S1P [39]. Furthermore, caveolin-1 silencing lead to an increase in the p-
AMPK/AMPK ratio; elucidating a role for caveolin-1 as a negative regulator of AMPK
activity. Hence, caveolae may play a fundamental role in mediating AMPK regulation of
mitochondrial function, and perhaps most importantly, mitochondrial redox status.

Nutritional modulation of caveolae function

Omega-3 polyunsaturated fatty acids

It has become evident that targeted disruption of caveolae through nutritional modulation by
bioactive compounds found in food may confer cardioprotection by decreasing
inflammation within the vasculature. A diet rich in omega-3 polyunsaturated fatty acids
(PUFAS) is thought to aid in the prevention of developing cardiovascular diseases including
atherosclerosis. The anti-inflammatory properties of fish oil and in particular omega-3 fatty
acids have been extensively considered [40]. Accordingly, dietary supplementation with
docosahexaenoic acid (DHA, 22:6 n - 3), and to a lesser extent eicosapentaenoic acid (EPA,
20:5 n — 3), attenuates atherosclerotic lesion formation and apoE~/~ mice [41]. Omega-3
PUFA’s may alter the lipid environment of raft microdomains and subsequently alter
downstream signaling events [42,43]. It has been proposed that PUFAS, and DHA in
particular, may be imparted with an inherent aversion for cholesterol resulting in lipid raft
disruption [44]. Indeed, treatment of human endothelial cells with DHA resulted in
substantially augmented membrane lipids in both total membrane phospholipid and caveolar
fractions [5]. DHA enrichment of caveolae resulted in decreased lipid raft cholesterol and
reduced ICAM-1 expression in response to TNF-a. Alternatively, pretreatment of human
umbilical vein endothelial cells with DHA significantly reduced TNF-a induced monocyte
rolling, adhesion and transendothelial cell migration without affecting adhesion molecule
expression [45]. Both DHA and EPA are capable of displacing caveolin-1 and eNOS from
caveolae in endothelial cells, an event associated with increased NO production [46,47].
DHA is also able to modulate TLR4 activation in response to LPS or lauric acid in
RAW264.7 cells by preventing receptor dimerization and recruitment into lipid rafts [48]. It
was further demonstrated that DHA inhibited NADPH oxidase derived superoxide
production necessary for TLR4 activation. Conversely, linoleic acid, an inflammatory
omega-6 fatty acid, is capable of increasing caveolin-1 expression levels and exacerbating
TNF-a dependant endothelial cell activation [6]. Similarly, exposing human microvascular
endothelial cells to saturated fatty acids such as palmitate can lead to superoxide production
in a TLR4 dependent manner [49]. Therefore, omega-3 PUFAS appear to exert their anti-
inflammatory effects, at least in part, through attenuation of raft dependent inflammatory
signaling events while omega-6 PUFAs and saturated fatty acids may aggravate disease
progression.
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Plant-derived polyphenols

Dietary polyphenols are abundant in fruits and vegetables and can also be found in red wine,
tea, and dark chocolate. Recently, the efficacy of decreasing several markers of
cardiovascular disease using various flavonoids including quercetin and (—)-epicatechin was
demonstrated in vivo [50]. Similarly, several dietary phenolics have demonstrated the ability
to lessen the degree of endothelial activation in response to inflammatory stimuli in vitro
[51,52]. In view of that, functional caveolae may be necessary for the efficient uptake of
various phenolics including resveratrol [53]. Interestingly, metabolites of dietary quercetin
have been shown to selectively accumulate in macrophage laden atherosclerotic lesions [54].
It seems feasible to speculate that caveolae may provide a platform to facilitate selective
uptake of certain phenolics at the site of lesion development given the propensity for
caveolin-1 upregulation at sites of inflammation [55]. However, more studies are needed to
either confirm or negate this possibility. Resveratrol has been shown to stimulate
mitochondrial biogenesis in primary human coronary arterial endothelial cells, and this was
dependant on both NO and SIRT1 [56]. Furthermore, resveratrol dependent stimulation of
NO production in endothelial cells was found to be lipid raft dependent and associated with
increased phosphorylation of caveolin-1, c-Src, and eNOS [57]. The isoflavone daidzein was
able to enhance ACh-induced vasorelaxation in aortic rings from male rats [58,59]. Daidzein
pretreatment was associated with decreased caveolin-1 and increased calmodulin levels,
presumably accounting for the increased eNOS activity. Similarly, green tea polyphenols
were also able to reduce caveolin-1 levels in vitro; a property attributed to
epigallocatechin-3-gallate’s (EGCG) ability to both suppress p38MAPK and activate
ERKZ1/2 signaling pathways [60]. EGCG pretreatment of porcine endothelial cells blocked
linoleic acid induced increases in caveolin-1 and cyclooxygenase 2 (COX)-2 expression
[61]. Moreover, EGCG stimulated NO production in endothelial cells in vitro while
inducing vasorelaxation in mesenteric vascular beds isolated from Wistar Kyoto rats ex vivo
[62]. AICAR induced AMPK activation stimulated NO production by phosphorylating
eNOS at Ser-1177 [63]. EGCG treatment of primary mouse hepatocytes was able to trigger
the ROS dependent activation of AMPK leading to phosphorylation of downstream targets
including acetyl-CoA carboxylase [64], conceivably accounting for the increase in NO
bioavailability in EGCG treated endothelial cells. Perhaps most importantly, both EGCG
and quercetin have been shown to preferentially accumulate in the mitochondria, providing
protection against mitochondrial oxidative damage [65,66]. Bearing in mind the inhibitory
role caveolin-1 plays in modulating the activity of both AMPK and eNOS, an axis in which
caveolae act as signaling platforms able to facilitate the actions of EGCG would seem
plausible. Intriguingly, quercetin was able to increase both eNOS expression and activity in
spontaneously hypertensive (SH) rats but this was in the absence of any changes in
caveolin-1 protein isolated from aortic rings [67]. Chronic administration of genistein to SH
rats also improved endothelium-dependent vasodilation in response to acetylcholine without
affecting caveolin-1 levels [68]. However, considering the disparate roles caveolin-1 may
play in facilitating atherogenesis in endothelial cells and surrounding vascular smooth
muscle cells [69] one should proceed with caution when attempting to derive conclusions
from data obtained in vivo.

Conclusion

Caveolae are an important regulatory platform capable of mediating signal transduction
across the lipid bilayer. Caveolin-1 appears to promote endothelial activation, leading to
increased lipid accumulation in the subendothelial space and enhanced monocyte/
macrophage recruitment. Inflammatory stimuli can lead to increased expression of
caveolin-1, the major protein component of caveolae. Caveolin-1 upregulation may
potentiate endothelial cell activation by providing a platform to facilitate the increased
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production of ROS and subsequent decrease in NO bioavailability. Caveolin-1 expression
may further exacerbate the inflammatory response through inhibition of upstream regulators
of antioxidant defense enzymes. Moreover, as the critical role of mitochondrial function in
vascular diseases continues to emerge, so will the task of its modulation by lipid rafts and
bioactive nutrients. Nutritional modulation of caveolae may provide an opportunity to
disrupt inflammatory signaling events and attenuate endothelial cell dysfunction during the
early pathology of atherosclerosis (Figure 1). Omega-3 PUFAs, such as DHA, have potent
anti-inflammatory effects, and are capable of modifying the lipid raft microenvironment.
Similarly, several polyphenolic compounds are able to interrupt caveolae mediated signaling
events, increasing NO production and dampening vascular inflammation. More studies are
warranted to substantiate the critical role of caveolae as a regulatory platform for nutritional
modulation of inflammatory diseases.
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Figure 1.
Nutritional modulation of caveolae may alter intracellular signaling events associated with

vascular inflammation. An anti-inflammatory diet rich in omega-3 PUFAs, fruits, and
vegetables (e.g., similar to a Mediterranean diet) may alter caveolae, which may lead to
cardioprotection. Alternatively, a Western style diet rich in saturated fats, cholesterol, and
omega-6 PUFAs, may increase caveolae and promote inflammation and the development of
atherosclerosis.
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