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Abstract: Caveolae, the specialized cell-surface plasma
membrane invaginations which are abundant in endothe-
lial cells, play critical roles in regulating various cellular
processes, including cholesterol homeostasis, nitric oxide
production, and signal transduction. Endothelial caveolae
serve as a membrane platform for compartmentalization,
modulation, and integration of signal events associated
with endothelial nitric oxide synthase, ATP synthase 3, and
integrins, which are involved in the regulation of endo-
thelial dysfunction and related cardiovascular diseases,
such as atherosclerosis and hypertension. Furthermore,
these dynamic microdomains on cell membrane are
modulated by various extracellular stimuli, including
cholesterol and flow shear stress. In this brief review, we
summarize the critical roles of caveolae in the orchestra-
tion of endothelial function based on recent findings as
well as our work over the past two decades.

Keywords: atherosclerosis; caveolae; caveolin-1; endothelial
cell; integrin; shear stress.

Introduction

Caveolae are 50-100 nm wide plasma membrane pits and
are one of the most significant morphological characteris-
tics of mammalian cells, rich in cholesterol, sphingolipids,
and a complete family of membrane proteins called cav-
eolin. They are a subset of lipid rafts because of their
unique structure. Using transmission electron microscopy,
caveolae were described as a bulb-shaped or cuplike
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uncoated invagination, which is different from other
membrane subdomains such as clathrin-coated pits [1].
The lipid components of caveolae consist of cholesterol,
sphingomyelin, glycosphingolipids, and saturated fatty
acids. The protein components of caveolae, including
caveolins, cavins, and pacsin/syndapin, are critical for
their formation and function. Caveolin is a hairpin-like
protein that is embedded in the plasma membrane, with
both the N-terminal and C-terminal located in the cyto-
plasm. Caveolin acts as a partner and scaffold of signal
molecules in caveolae and provides temporal and spatial
regulation of signal transduction. There are three isoforms
of caveolins in mammalian cells: caveolin-1, caveolin-2,
and caveolin-3. Caveolin-1and caveolin-2 are co-expressed
ubiquitously in mammals, whereas caveolin-3 is expressed
primarily in skeletal and cardiac myocytes. Caveolin-1,
a 22 kDa protein encoded by the CAVI gene, is a major
component of caveolae membranes in vivo and has been
widely investigated. There are a quantal number of
caveolin-1 molecules (144 + 39) incorporated in each cav-
eolar coat [2]. Loss of caveolin-1 prevents caveolae forma-
tion, whereas caveolin-1 transfection in lymphocytes
lacking both caveolae and caveolin expression promotes
the formation of plasmalemmal caveolae [3]. Caveolin-1
binds to a variety of signaling molecules and receptors in
endothelial cells (ECs), such as endothelial nitric oxide
synthase (eNOS), G-protein, protein kinases, and growth
factor receptors, and participates in a variety of cellular
functions, including endocytosis, transcytosis, cholesterol
transport, and signal transduction.

The density of caveolae depends on the cell type and
conditions. In the kidney proximal tubule, caveolae and
caveolin-1 are undetectable [1]. In contrast, caveolae are
abundant in ECs, especially in the continuous endothe-
lium, including that of the heart and skeletal muscle [4].
The caveolar density of ECs changes remarkably with time
in culture. Although caveolae are still present in ECs
immediately after isolation, their number is drastically
reduced in culture [5]. The underlying reason might be that
physiological shear stress is indispensable for maintaining
a normal density of caveolae. In static cultured bovine
aortic ECs (BAECs), the caveolar density is (0.2 + 0.03)
caveolae/um of plasma membrane [6]. However, after
exposure to 10 dyn/cm? laminar shear stress (LSS) in a
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parallel plate apparatus for 6 h, the caveolae density at
the plasma membrane increases six-folds [6].

Endothelial caveolae/caveolin-1 regulate various
aspects of the cardiovascular system and have been
associated with numerous cardiovascular diseases,
including hypertension, atherosclerosis, angiogenesis,
cardiac hypertrophy, pulmonary hypertension, and
ischemic injury (Figure 1). Genetic ablation of caveolin-1
on an ApoE”~ background reduces the size of aortic
plaques, despite the elevated non-HDL (high-density
lipoprotein) plasma cholesterol levels [7]. Re-expression
of caveolin-1in ECs alone fully recovered aortic lesions in
global ApoE’/’caveolin-l’/ " mice, indicating an athero-
prone role of endothelial caveolin-1 [8]. A smaller number
of caveolae is associated with hypertension. The density
of caveolae in the ECs of aortas is markedly reduced in
spontaneously hypertensive rats [9]. Caveolin-1 knockout
mice fed a high-fat diet exhibit significantly increased
systolic and diastolic blood pressure compared with those
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in wild-type mice, either on a normal chow diet or a high-
fat diet [10]. Caveolin-1 is also linked to the renin-
angiotensin-aldosterone system, which is involved in
the pathogenesis of cardiovascular diseases, including
hypertension, renal disease, and heart failure. Angio-
tensin II (Ang II) promotes association of Ang II typel
receptor (AT1R) with caveolin-1 and AT1R trafficking into
lipid rafts in vascular smooth muscle cells (VSMCs) [11].
Arteries from caveolin-1 deficiency mice showed abnor-
malities in Ang Il-induced contractile responses [12].
Among statin users, people carrying the caveolin-1 risk
allele (rs926198), which is associated with decreased
levels of caveolin-1, exhibited a 25% lower aldosterone
level than those not carrying the caveolin-1 risk allele,
indicating the association between caveolin-1 expression
and aldosterone levels [13]. Furthermore, caveolin-1
deficiency causes accumulation of free cholesterol in
mitochondrial membranes and alternation of
mitochondrial metabolism, which might contribute to
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Figure 1: Endothelial caveolae/caveolin-1 and related cardiovascular diseases. Accumulating evidence indicates important roles of endo-
thelial caveolae/caveolin-1in cardiovascular diseases, including atherosclerosis, hypertension, ischemic injury, pulmonary hypertension,
cardiac hypertrophy, and angiogenesis.
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mitochondrial related diseases [14, 15]. Importantly,
caveolae serve as a platform to orchestrate endothelial
functions, including cholesterol homeostasis, nitric oxide
(NO) production, and mechano-transduction, and
contribute to the progression of cardiovascular diseases.
For example, statins modulate the translocation of pro-
teins in lipid rafts. Atorvastatin treatment increases the
localization of endoplasmic reticulum protein 46 in lipid
rafts and hence inhibits reactive oxygen species produc-
tion by nicotinamide adenine dinucleotide phosphate
oxidase 2 (Nox2) in ECs [16]. Since the structure, forma-
tion, and general functions of caveolae have been well
reviewed recently [1, 17], in this review, we will focus
primarily on the role of caveolae in endothelial dysfunc-
tion and related cardiovascular diseases.

Caveolae on endothelial
dysfunction

ECs lining the inner-most layer of all blood vessels are the
main regulators of vascular wall homeostasis. Endothelial
dysfunction, which is characterized by a shift in the actions of
the endothelium toward reduced vasodilation and proin-
flammatory state, is the chief cause for the development
of cardiovascular diseases, including hypertension and
atherosclerosis. Endothelial dysfunction can be induced by a
variety of noxious substances (e.g. oxidized cholesterol,
constituents of cigarette smoke), hyperhomocysteinemia,
hyperglycemia, and mechanical stress. Caveolae play critical
roles in orchestrating endothelial functions, including
cholesterol homeostasis and NO production, and serve as
mechanosensors in ECs.

Endothelial caveolae and cholesterol
homeostasis

Accumulation of cholesterol ester in the arterial wall pro-
motes the formation of atherosclerotic plaque, and reverse
cholesterol transportation is considered the main pathway
by which accumulated cholesterol is transported from the
vessel wall to the liver for disposal. Epidemiological evi-
dence confirms the relationship between the levels of
low-density lipoprotein (LDL) cholesterol and the risk of
coronary artery diseases [18]. Cholesterol efflux, a critical
part of the reverse cholesterol transportation, is a major
process by which macrophages, ECs, and other cells within
the vessel wall transfer the deposited cholesterol to apoli-
poprotein A-I (apoA-I) to form nascent HDL via
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ATP-binding cassette family transporter (ABC) A1, ABC
sub-family G member 1 (ABCG1), and scavenger receptor
class B type I (SR-B1) [19]. Receptors and transporters,
including CD36, activin receptor-like kinase (ALK1), SR-B1,
ABCA1, and ABCG1 are thought to localize in caveolae and
mediate the uptake or efflux of cholesterol [19, 20].

LDL induces endothelial activation through multiple
signaling pathways. The native LDL can be internalized via
caveolin-1 and CD36 in caveolae, and LDL endocytosis
is reduced in caveolin-1 deficient ECs [21]. Besides, LDL in-
creases free cholesterol contents in the cell membrane,
mainly in the caveolar fractions, in ECs in as early as
30 min [22]. Caveolin-1 directly binds cholesterol with high
affinity with a 1:1 ratio. Cholesterol binds to both the
C-terminal lipid-binding sites and scaffolding domain, which
are critical for membrane attachment of caveolin-1 [23].
Hence, in ECs, caveolin-1 translocation from the cytosol to the
cell membrane caveolae as well as the binding of caveolin-1
and caveolae-related signaling molecule Ras could be
induced by LDL [22]. ABCAL, a crucial factor in maintaining
sterol and lipid homeostasis by transporting cholesterol
efflux to apoA-I, is also induced by LDL and cholesterol in
ECs [24]. LDL transcriptionally regulates ABCA1 by activating
liver X receptor/retinoid X receptor (LXR/RXR), and over-
expression of ABCA1 can lower cellular cholesterol content
and increase apoA-I-mediated cholesterol efflux in
ECs [24, 25]. Besides, the atheroprotective flow pattern boosts
the expression of both ABCA1 and ABCG1 by increasing the
expression and activation of LXRs in ECs [26]. Using isolated
intima of the thoracic aorta and aortic arch of C57/BL6 mice,
our group found that the mRNA levels of LXRa and LXR target
genes, including ApoE, ABCA1, ABCGl, and lipoprotein
lipase, were higher in the thoracic aorta than in the aortic
arch [26], thus highlighting the active participation of ABCA1/
ABCG1 in EC activation and atherosclerosis. ABCG1 deficiency
in LDLR knockout (LDLR”") mice increases early athero-
sclerotic lesion size but reduces advanced lesion size [27],
possibly due to the diverse roles of ABCG1 in different cell
types. Using ECs isolated from ABCG1-deficient mice, Whetzel
et al. found ABCG1 deficiency reduced cholesterol efflux to
HDL and activated endothelial interleukin(IL)-6-signal
transducer and activator of transcription 3 (STAT3) signaling,
thereby increasing monocyte adhesion to ECs and promoting
EC dysfunction [28]. Found ABCG1 deficiency reduced
cholesterol efflux to HDL and activated endothelial inter-
leukin(IL)-6-signal transducer and activator of transcription
3(STAT3) signaling, thereby increasing monocyte adhesion to
ECs and promoting EC dysfunction. However, local and
vascular-specific gene transfer by adenoviral delivery of hu-
man ABCG1 in rabbits markedly blunted vascular inflam-
mation and reduced atheroprogression [29]. Consistently, we
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constructed Tie2Cre-mediated conditional overexpression of
ABCG1 in LDLR™" mice and further demonstrated the athe-
roprotective role of ABCG1. Tie2Cre-mediated ABCG1 over-
expression alleviated Western diet-induced atherosclerotic
lesion formation in mouse aortas. ABCG1 overexpression in
ECs reversed endothelial activation induced by cholesterol or
oscillatory shear stress (OSS) by blocking cholesterol-induced
endothelial activation of nuclear factor kappa B (NF-kB) and
NLR family pyrin domain-containing protein 3 (NLRP3)
inflammasome [30]. Hence, lipid-associated transporters
localized in caveolae, including ABCA1 and ABCG1, prevent
ECs from accumulating lipids by cholesterol efflux, and
inhibit endothelial inflammatory activation induced by
hyperlipidemia, inflammation, and disturbed flow (Figure 2).
Hypercholesterolemia promotes adherence of circulating
blood monocytes to the intact intima, mainly mediated by the
expression of cell adhesion molecules (CAMs), such as
intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) in the endothelium [31]. CAMs
are distributed in membrane caveolae in ECs [32, 33]. Short-
term cholesterol exposure enhances lipopolysaccharide
(LPS)-induced monocyte adhesion to ECs by reducing the
caveolae localization of CAMs. Mechanistically, cholesterol
loading in ECs decreases the association of ICAM-1
with caveolin-1 in caveolae [33]. In a hypercholesterolemia
model using ApoE”~ mice, co-localization of ICAM-1 and
caveolin-1in aortic ECs was reduced after intraperitoneal LPS
injection [33]. The translocation of CAMs induced by choles-
terol may contribute to the synergistic effects of hypercho-
lesterolemia and inflammation in atherogenesis.
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Endothelial caveolae and NO production

The balance between endothelium-derived relaxing factors
and endothelium-derived contracting factors is a hallmark
of the physiological endothelium. Endothelial caveolae and
caveolin-1 are indispensable for maintaining endothelium-
dependent relaxation and myogenic tone in arteries by
controlling eNOS activity and subsequent NO production.

NO, which acts as an endothelium-derived relaxing
factor, is released from the endothelium driven by eNOS,
which is activated by shear stress and agonists such as
bradykinin and acetylcholine [34]. eNOS, which has been
extensively studied for its pivotal role in vascular homeo-
stasis, is a dually acylated peripheral membrane protein that
targets the Golgi region and caveolae in ECs [35]. Besides NO
production, eNOS might involve in cardiovascular diseases
through its competing endogenous RNAs (ceRNA) including
insulin receptor substrate 2 (IRS2) [36]. eNOS deficiency in
ApoE ™~ mice significantly increased blood pressure and
promoted atherosclerotic lesion formation [37]. In addition,
eNOS deficiency accelerated the formation of neointima and
aortic aneurysms in ApoE’/ ~ mice [38, 39]. Transgenic
overexpression of eNOS in ApoE’/ " mice increased NO pro-
duction in the aorta, but accelerated high-cholesterol diet-
induced atherosclerosis [40]. Together, these findings
provide important insights into the role of eNOS in the
homeostasis of ECs and the mechanisms underlying endo-
thelial dysfunction and vascular diseases.

eNOS localizes to the plasma membrane caveolae
under normal conditions, and localization of eNOS within

Figure 2: Endothelial caveolae mediate LDL
endocytosis and cholesterol efflux. CD36,
ALK1, SR-B1, ABCA1, and ABCG1 are local-
ized in endothelial caveolae. CD36, ALK1,
and SR-B1 mediate LDL endocytosis. ABCA1
and ABCG1 facilitate the efflux of choles-
terol to apoA-l and HDL, respectively.
ABCA1: ATP-binding cassette family trans-
porter (ABC) Al; ABCG1: ABC sub-family G
member 1; ALK1: Activin receptor-like
kinase 1; HDL: High-density lipoprotein;
LDL: Low-density lipoprotein; SR-B1:
Scavenger receptor class B type I.
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the subcellular compartments determines and regulates its
activity (Figure 3). When caveolae were disrupted by the
membrane cholesterol-depleting agents, there was a
decrease of NO production and NO-mediated relaxation in
rat arteries [41, 42]. Mechanistically, caveolin-1 and heat
shock protein 90 (Hsp90) could co-precipitate with eNOS
from EC lysates respectively [43]. The association between
eNOS and caveolin-1 in ECs is completely and specifically
blocked by an oligopeptide within the caveolin sequence
(amino acids 82-101), and the inhibition is competitively
and completely reversed by Ca’*-calmodulin [44]. The
presence of Hsp90 facilitates calmodulin dissociation of the
eNOS-caveolin complex. The calcium-activated calmodulin
recruits Hsp90 to the complex and facilitates the release of
the caveolin inhibitory clamp, thereby resulting in the
binding of Hsp90 to eNOS in a calmodulin-dependent
manner and reducing the inhibitory actions of the caveolin-1
scaffolding peptide on eNOS activity [43]. Shear stress has
been demonstrated to regulate eNOS at both transcriptional
and post-transcriptional levels. Ca?*/calmodulin-dependent
protein kinase kinase (CaMKK)B, one of the major kinases
activated by elevated intracellular calcium, is activated
under pulsatile shear stress (PSS). CaMKKp phosphorylated
SIRT1 at Ser27 and Ser47 and enhanced SIRT1 stability in
ECs, which contributed to eNOS phosphorylation at Ser1177
induced by PSS [45]. CaMKKB deficiency blunted the phos-
phorylation of eNOS, induced EC activation, and acceler-
ated atherosclerosis in mice [45]. However, genetic ablation
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of eNOS does not influence the extent of atheroprotection of
caveolin-1 deficiency in LDLR ™~ mice, which indicated that
endothelial eNOS activation and NO production might not
be involved in the atheroprotective phenotype of caveolin-1
deficiency mice [46]. Other caveolar components affect NO
production, although the detailed mechanism is largely
unknown. Caveolin-2 regulates the functional activity
and stability of eNOS in ECs and controls NO production,
which is independent of caveolae [47]. Caveolae associated
protein 2 (cavin-2) is required for the proliferation, migra-
tion, and invasion of ECs in vitro by controlling the activity of
eNOS and subsequent production of NO [47].

Lipoproteins have potent effects on eNOS function
in caveolae via their action on membrane cholesterol
homeostasis. LDL exposure increases the abundance of
eNOS in caveolae and its association with caveolin-1 that is
dependent on the actin-based cytoskeleton [48]. Disrupting
stress fiber formation with cyto D, an actin polymerization
inhibitor, blocked the caveolar translocation of eNOS
induced by the atherogenic concentrations of LDL [48]. HDL
maintains the lipid environment in caveolae and causes
direct activation of eNOS via SR-Bl-induced kinase
signaling [49]. Oxidized low-density lipoprotein (oxLDL)
impairs NO production in ECs, which frequently occurs in
early hypercholesterolemia-induced vascular diseases. One
of the underlying mechanisms is that oxLDL can displace
eNOS from caveolae by binding with SR-B1, resulting in the
disruption of eNOS activation [50].

eNOS
Figure 3: Endothelial caveolae regulate NO
production. Binding with caveolin-1 causes
Caveolin-1 inactivation of eNOS. PSS promotes eNOS
phosphorylation at Ser1177 site and NO
Cholesterol production in ECs via Ca**/calmodulin-

dependent protein kinase kinase
(CaMKK)B. LDL induces caveolar trans-
location of eNOS, which depends on the
actin-based cytoskeleton. eNOS: endothe-
lial nitric oxide synthase; LDL: Low-density
lipoprotein; NO: Nitric oxide; PSS: Pulsatile
shear stress.
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Endothelial caveolae and
mechanotransduction

During endothelial dysfunction, the functions of the
endothelium including permeability are markedly
changed, leading to infiltration and upregulation of the
expression of pro-inflammatory genes, such as monocyte
chemoattractant protein-1, VCAM-1, ICAM-1, and
E-selectin [51]. These changes preferentially occur along
the arterial curvature or branching at sites that experience
lower and multi-directional shear stress, which might be
due to endothelial activation induced by shear stress.
Typically, there are two major types of shear stress in vivo:
disturbed flow and unidirectional laminar flow [52]. Uni-
directional laminar flow is normally observed in the
straight parts of the arteries, where blood flow is generally
uniform and steady. Steady laminar flow with high shear
stress elicits a quiescent anti-inflammatory and athero-
protective phenotype in ECs. In contrast, disturbed flow,
which induces an atheroprone phenotype and oxidative
stress in ECs, is usually observed in regions of arteries that
curve sharply or in arteries with branching points and
blood flow is unidirectional and irregular. By inducing
mechanosensitive transcription factors, including Kriip-
pel-like factor (KLF)2, KLF4, nuclear factor (erythroid-
derived 2)-like 2 (NRF2), NF-kB, activator protein 1 (AP-1),
and hypoxia inducible factor 1 alpha (HIF-1a), disturbed
flow and unidirectional laminar flow exert atheroprone
and atheroprotective roles, respectively [53].

Moreover, shear stress involves in the control of EC
cytoskeletal structure and function. Racl activation medi-
ates cell alignment NF-kB-dependent expression of ICAM-1
induced by shear stress [54]. Cell cytoskeleton including
microtubules, actin filaments, and intermediate filaments
could associate with caveolae and is critical for the orga-
nization, trafficking, and recycling of caveolae [55]. Expo-
sure to shear stress alters caveolae density and leads to
enhanced mechanosensitivity to subsequent changes in
hemodynamic forces. LSS enhances the caveolae density at
the luminal plasma membrane of BAECs compared to static
controls [6]. Hence, caveolae in ECs are involved in the
regulation of vascular function by sensing or transducing
hemodynamic changes into biochemical signals.

Endothelial caveolae and ATP synthase B chain (ATPSp)

Adenosine triphosphate (ATP) synthase, a membrane-
bound complex with enzyme function and an ion-
transporter pump located in the inner mitochondrial
membrane, is dedicated to the hydrolysis and synthesis of
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ATP [56]. ATP synthase is composed of two main regions:
the hydrophilic head F; domain and hydrophobic rotor
part Fy domain; further, the peripheral rhizome is con-
nected to it. The F; domain is located in the inner base-
ment membrane of the mitochondria and consists of five
subunits: a, B, y, 6, and € [57]. The inhibition of ATP
synthase with oligomycin or a-ketoglutarate (a-KG) pro-
longs the lifespan of adult Caenorhabditis elegans [58]. In
addition to being a major player in normal cellular energy
supply, studies have shown that ATP synthase is involved
in pathophysiology of several diseases. For example, ATP
synthase is damaged by lipoxidation in human aging
brains, which in turn affects cellular oxidative stress and
damages neurons [59].

ATPS is a subunit of the ATP synthase F; hexamer that
mainly plays a catalytic role and exists on the cell plasma
membrane. It was originally thought that ATP synthase
only exists on the inner mitochondrial membrane, until
ATP synthase was detected in the K562 cells of chronic
myeloid leukemia. ATP synthase can be used as a ligand to
participate in the cytolytic pathway of naive natural killer
(NK) and lymphokine-activated killer (LAK) cells in the
effector stage and is called ectopic ATP synthase [60]. Since
then, other studies have found the expression of ectopic
ATP synthase in hepatocytes, keratinocytes, adipocytes,
cancer cells, the central nervous system, and ECs. Ectopic
ATP synthase can bind to angiostatin on EC and mediate its
antiangiogenic effects and the downregulation of EC pro-
liferation and migration [61]. ATP synthase on the surface
of ECs binds to K1-5 and participates in the induction of
caspase activation and apoptosis [62]. In addition, ATP
synthase is a high-affinity receptor for lipid-free apoA-I and
releases extracellular ADP in response to EC anti-apoptosis
and proliferation [63].

Through analysis of matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF
MS) of caveolae-associated proteins affected by choles-
terol loading in ECs, we found an increase in ATPSP
expression. Notably, the increase in ATPS in caveolae is
due to its redistribution within the cell, while exhibiting a
compensatory decrease in the mitochondria [64]. The
glutathione S-transferase (GST)-pull-down experiment
showed that ATPSP and caveolin-1 physically bind to
each other in ECs [64]. Consistently, Yamamoto et al. [65]
showed that ATP synthase and caveolin-1 co-localized in
lipid rafts of ECs and such localization can be eliminated
by mp-CD. Disrupting the formation of actin polymers
with cyto-B blocks the interaction between ATPSB and
caveolin-1 in ECs, suggesting that ATPSP might be trans-
ported from the mitochondria to the plasma membrane
through the cytoskeleton [64]. Shear stress induces
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Figure 4: Shear stress-induced ATP synthase membrane translocation mediates the adhesion of inflammatory cells to ECs. LSS inhibits, while
0SS promotes the translocation of mitochondrial ATPSB to caveolae. Membrane ATPS facilitates the adhesion of y/6 T cells, leads to the
release of cytokines (IFNy and TNFa) from the activated T cells and subsequent adhesion of monocytes to ECs. ATPSB: ATP synthase B subunit;
IFN-y: Interferon gamma; LSS: Laminar shear stress; 0OSS: Oscillatory shear stress; TNFa: Tumor necrosis factor a.

subcellular translocation of ATPSB in ECs. Under the
stimulation of LSS, ATPSP translocates from the plasma
membrane to the mitochondria and transiently increases
the expression of ATPSP in mitochondria. In contrast, 0SS
increased the expression of ATPSP on the cell membrane
but decreased its expression in mitochondria [66]. As
the major component of the caveolae lipid core, the
cholesterol content participates in the fluidity of the cell
membrane and affects the membrane translocation of
caveolin-1, which contributes to 0OSS-induced trans-
location of ATPSP [66]. Both OSS and cholesterol treat-
ment increased the adhesion of y/8 T lymphocytes to ECs,
leading to the release of cytokines (IFNy and tumor
necrosis factor a [TNFa]) from the attached y/8 T cells,
resulting in endothelial activation and atherogenesis [66]
(Figure 4).

Endothelial caveolae and Integrin-YAP

Integrins are heterodimeric adhesion receptors comprised
o and  subunits, which are composed of a large extracel-
lular region, a transmembrane region, and a relatively
short cytoplasmic domain. The short cytoplasmic domain
can interact with a variety of cytoskeleton proteins and
intracellular signaling molecules to participate in a series
of signal transduction pathways. Currently, 18 a subunits

and eight  subunits have been identified in vertebrates that
constitute at least 24 different integrins. The a subunit
mainly determines the ligand type, and both the a and B
subunits are involved in cell signal transduction.
Currently, 12integrin heterodimers, namely a1p1, 021, o3f1,
a4f31, a5B1, a6p1, a6B4, 09p1, avpl, avP3, avPs, and avpe, are
known to play critical roles in ECs and are involved in the
progression of cardiovascular diseases [67].
Arginine-glycine-aspartic acid (RGD)-containing pro-
teins, such as fibronectin, fibrinogen, and thrombospondin-1,
which are endogenous ligands of endothelial integrins,
including a51, av33, and avf5, are deposited in the matrix
during the early stages of atherosclerosis [68]. In an athero-
prone model with partial ligation of the left carotid artery in
ApoE "~ mice, treatment with the av inhibitor $247 (40 mg/kg
per day) via osmotic minipump for 7 days significantly
reduced infiltration of macrophages in plaque. Meanwhile,
S247 also attenuated endothelial activation evidenced by
reduced VCAM-1 expression in the endothelium of the left
carotid artery in mice [69]. ATN-161, a peptide mimetic of the
Pro-His-Ser-Arg-Asn (PHSRN) sequence of fibronectin, in-
hibits a5 activation. Intraperitoneal administration of
ATN-161 (5 mg/kg, 3 times a week) for eight weeks signifi-
cantly limited high-fat Western diet-induced atherosclerosis
and reduced plaque sizes, without affecting the levels of
total cholesterol, HDL cholesterol, LDL cholesterol, and
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triglycerides in LDLR™~ mice [70]. Consistently, vascular
endothelial (VE)-cadherin Cre-induced-endothelial-specific
knockout of av reduced endothelial activation and the plaque
area after partial carotid ligation in ApoE™~ mice [69]. Het-
erozygous knockout of a5 in LDLR”™ mice caused ~50%
decrease in the total lesion area in a Western diet-induced
atherosclerosis model [71]. Integrin a5/2 chimera knock-in
mice showed reduced shear-dependent inflammatory
responses in the arteries [72]. Integrin a5/2 knock-in mice in
ApoE "~ background showed smaller plaques in the aortic
root than those of ApoE”~ mice, with reduced leukocyte
content and metalloproteinase expression [73]. Interfer-
ence with endothelial B1-matrix adhesion by the mono-
clonal IgM Ha2/5 initiated F-actin conformational changes
and increased the permeability of primary cerebral micro-
vascular endothelial cell monolayers [74]. Endothelial-
specific deletion of talinl in established blood vessels
reduced P1 activation and disorganized adherens junc-
tions, causing intestinal vascular hemorrhage and death.
Treatment of talin-deficient ECs with B1 activating antibody
(9EG7) rescued the EC barrier function, indicating that
talin-dependent activation of B1is required for maintaining
VE-cadherin organization and EC barrier function [75].
Mutation of the integrin-binding site in phosphodies-
terase 4D5 (PDE4D5) reduced atherosclerotic lesion size
and inflammatory status in hyperlipidemic mice and
enhanced plaque stability [76].

Integrin-mediated adhesion maintains membrane
domains at the plasma membrane. Electron microscopy
revealed that the number of caveolae in the plasma mem-
brane decreased after detachment (47.5 caveolae per pm of
membrane at 30 s compared to 12.9 at 2 h after detachment),
indicating internalization of caveolae [77]. Disrupted cav-
eolae by depleting membrane cholesterol with mp-CD
mimicked the loss of adhesion and prevented Racl trans-
location to the cell membrane [78]. Meanwhile, caveolae
trafficking is involved in signal transduction of integrins.
Soft substrates markedly enhanced the internalization of
integrins through caveolae/raft-dependent endocytosis.
Caveolae-mediated P1 internalization in bone marrow
mesenchymal stem cells contributes to soft substrate-
triggered neurogenic fate determination through inhibition
of the bone morphogenetic proteins (BMP)/ small mothers
against decapentaplegic (Smad) signal pathway [79].
Integrins in ECs are shear stress-sensitive, and their activa-
tion is essential for transmitting mechanical stimuli to the
intracellular biochemical pathways. Emerging evidence in-
dicates that caveolae, membrane receptors, cytoskeletal
proteins, and extracellular matrixes are linked to integrin
activation in the context of mechanotransduction.
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Extracellular matrix (ECM) proteins, including colla-
gens, laminins, fibronectin, fibrinogen, and vitronectin, can
bind to endothelial integrin and promote its activation [68].
Fibronectin mediates o5f1 activation in ECs and promotes
endothelial activation [71, 80]. ECM may also antagonize
the activation of integrins. Our group recently revealed
that cartilage oligomeric matrix protein (COMP) directly
binds to a5 via its C-terminus and inhibits both disturbed
flow-induced and fibronectin-induced a5 activation by
inducing a more bent conformation of a5p1 in ECs [81].
COMP is a 524 kDa pentameric non-collagenous matricel-
lular glycoprotein, predominantly found in cartilage and
tendon [82]. OSS induced o5 activation in human umbilical
vein endothelial cells (HUVECs), which was inhibited by
COMP, but not other ECMs, including CCN1, CCN3, and
thrombospondin 1. Consistently, a5 activation was aggra-
vated in the inner curvature of the aortic arch compared
with that in the thoracic aorta, which was further enhanced
in COMP”~ mice compared with wild-type mice. The
0SS-induced and fibronectin-induced phosphorylation of
focal adhesion kinase (FAK) and Src, which are downstream
signals of a5, were also blocked by COMP [81]. A peptide of
COMP (C-terminus, amino acid 531-554) mimics the pro-
tective role of COMP in blocking 0SS-induced o5 activation.
Furthermore, the peptide retarded EC activation and
atherosclerosis plaque formation in ApoE”~ mice [81]. In
addition, COMP binds directly to the B-tail domain of 3 via
its C-terminus in macrophages and binds directly to a7 in
VSMCs [83, 84]. Blocking of the binding of COMP and 3 by
the B-tail domain mimicked the COMP deficiency-induced
shift in macrophage phenotypes [83].

Membrane translocation of integrin to endothelial cav-
eolae is critical for its activation induced by shear stress.
Like ATPSB, o5 membrane translocation into caveolae could
also be triggered by shear stress. Quantitative proteomic
analysis of lipid rafts from ECs exposed to OSS or PSS
revealed that a5 was most remarkably elevated in lipid
rafts under OSS among the 396 proteins redistributed in lipid
rafts. Consistently, en face immunostaining revealed
enhanced activated o5 staining and its colocalization with
flotillin-2, a lipid raft marker, in atheroprone areas (aortic
arch) in comparison with the atheroprotective area (thoracic
aorta), despite no difference in total a5 expression [71]. Shear
stress also triggers B1 translocation into plasmalemmal
caveolae by enhancing the formation of the 31/phospho-
tyrosine caveolin-1 signaling complex in ECs [85]. These
0SS-imposed effects, including the increase of membrane
cholesterol and o5 activation, disappeared in ECs pretreated
with mB3-CD to deplete cholesterol, which was restored when
supplemented with cholesterol. Similarly, knockdown of
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caveolin-1 in ECs disrupted the structure of caveolae and
prevented 0SS-induced o5 membrane translocation and
activation [71].

The membrane translocation of integrins to caveolae
induced by shear stress is related to membrane fluidity and
integrin carriers. OSS increased the time-resolved fluores-
cence anisotropy of 1, 6-diphenyl-1, 3, 5-hex-atriene (DPH)
in ECs, indicating a decrease in membrane fluidity [71]. In
contrast, PSS increased membrane fluidity and attenuated
cholesterol content, which was abolished by cholesterol
supplementation [71]. Similarly, cholesterol supplementa-
tion to adult mesenchymal stem cells, which leads to an
increase in membrane cholesterol and decrease in mem-
brane fluidity, increased the expression of a1, a4, and 1 on
the cell surface and adhesion rates of cells to fibronectin
and collagen [86]. Cholesterol content and membrane
fluidity regulated ionizing radiation-induced B4 phos-
phorylation and cellular senescence in cancer cells [87].

Recently, our group identified a novel mechanism of
0SS-induced a5 membrane translocation with an integrin
carrier, annexin A2. Annexin A2, a member of the
annexin family, is a Ca®*-dependent phospholipid-binding
protein [88]. It consists of a disordered N-terminus,
followed by a conserved C-terminal CTD comprising four
repeats. Specifically, the C terminal consists of four
homologous repeats, each of which contains five a-helix
structures, forming a conserved disk capable of binding
calcium ions and regulating the binding of annexin A2 to
phospholipid molecules [89, 90]. The N-terminal is the
functional domain, which has binding activity and con-
tains P11, tPA binding sites, Tyr23, Serll, Ser25 phosphor-
ylation sites, and a nuclear output signal [90, 91]. Using
functional proteomics, annexin A2 was found to be
significantly decreased in caveolae-enriched fractions of
ECs after cholesterol exposure for 4 h [64]. Annexin A2is an
important factor in the experimental hepatopulmonary
syndrome serum-induced proliferation of pulmonary
arterial smooth muscle cells. Upon hepatopulmonary
syndrome serum stimulation, annexin A2 translocated to
the caveolae, which was inhibited by the application of
mp-CD. Conversely, overexpression of caveolin-1 resulted
in the relocation of annexin A2 from caveolae and nega-
tively regulated extracellular signal-regulated kinase
(ERK)1/2 and NF-xB activation, which inhibited the
annexin A2-modulated proliferative behavior of the pul-
monary arterial smooth muscle cell [92]. In addition, tumor
cells incubated with LGRFYAASG-pen (an annexin A2-
-targeting peptide) showed disruption of filamentous actin,
focal adhesions, and caveolae-mediated membrane traf-
ficking, resulting in impaired cell adhesion and migration
[93]. There was an increase in the proportion of annexin A2
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along with a5 in lipid raft fractions in HUVECs treated with
0SS, whereas there was a decrease in the protein level of
annexin A2 in non-lipid rafts. The activation of o5 and
markers of endothelial activation induced by OSS were
abolished by annexin A2 knockdown. A direct interaction
between annexin A2 and the a5 cytoplasmic domain was
demonstrated in ECs [94]. OSS increased the binding of
annexin A2 and a5, thus promoting the translocation of a5
into lipid rafts and facilitated integrin activation [94].
Hence, annexin A2 serves as an integrin carrier to mediate
o5 membrane translocation under shear stress.

Shear stress-induced o5 activation promotes endothe-
lial activation and atherosclerosis by activating integrin
downstream signaling pathways such as FAK, NLRP3
inflammasome, PDE4D5, and yes-associated protein (YAP)/
and transcriptional co-activator with PDZ-binding motif
(TAZ). FAK, a key regulator of cell adhesion and migra-
tion, mediates shear stress-induced integrin activation.
Interaction of the B subunit of integrins and FAK causes
kinase autophosphorylation at Y397 of FAK [95]. Consistent
with o5 activation, FAK phosphorylation was induced by
both oxLDL and OSS [70, 81]. The a5p1-blocking antibodies
P1D6 and SNAKA52, but not the avf33-blocking antibody
LM609 and avf5-blocking antibody P1F6, inhibited FAK
phosphorylation induced by oxLDL [70]. FAK knockdown
with siRNA or inhibition with PF-573228 inhibits oxLDL-in-
duced NF-kB activation and VCAM-1 expression in ECs [70].
COMP acts as an o5 antagonist and inhibits both
0SS-induced and fibronectin-induced FAK phosphorylation
in ECs, whereas COMP knockout aggravated FAK phos-
phorylation in the aortic arch of mice [81]. NLRP3 inflam-
masome activation triggers the cleavage of pro-IL-1 and
pro-IL-18 and secretes mature forms of these mediators to
promote further inflammatory processes. o5 neutralizing
antibody or caveolin-1 deficiency inhibits OSS-induced
cleavage of procaspase-1 and pro-IL-18 in ECs [71]. o5
directly binds to PDE4D5, which induces protein phospha-
tase 2A (PP2A)-dependent dephosphorylation of PDE4D5 at
the inhibitory site Ser651 [72]. The PDE4 inhibitor rolipram
abolishes flow-dependent NF-kB activation in ECs, and
endothelial-specific knockdown of PDE4D attenuates flow-
dependent endothelial activation in mice [72].

Emerging evidence demonstrates that YAP/TAZ, the
major downstream effectors of the Hippo pathway, mediate
endothelial activation induced by integrins in the context
of mechanotransduction (Figure 5). The core components
of the Hippo pathway in mammals contain kinase cascade
of mammalian Ste20-like kinases 1/2 and large tumor
suppressor 1/2, and controls organ size by regulating cell
survival, proliferation, and apoptosis [96]. When the Hippo
signaling pathway is inactivated, YAP and its paralog TAZ
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translocate into the nucleus and activate gene transcrip-
tion by binding to transcription factors [96]. The subcel-
lular localization of YAP, which is important for its
transcriptional activity, is regulated by its phosphorylation
status [96]. Negative feedback regulation exists between
YAP/TAZ and components of caveolae. Caveolin-1 serves
as a negative regulator of YAP/TAZ [97, 98]. Lowering
either caveolin-1 or cavin-1 expression caused increased
the expression of YAP targeted genes [97, 98]. Genetic
deletion of caveolin-1 and caveolin-3 in zebrafish induce a
clear increase in the YAP nuclear-to-cytoplasmic ratio.
Conversely, YAP/TAZ could bind with transcriptional
enhanced associate domains (TEADs) and transcription-
ally regulates the expression of caveolin-1 and cavin-1.
YAP/TAZ knockout decreases the abundance of epidermal
caveolae in embryos of zebrafish [97]. Recently, endothelial
YAP was identified to be crucial in many physiological and
pathophysiological processes, including angiogenesis,
hypertension, and atherosclerosis [96, 99, 100]. Unidirec-
tional shear stress (USS) increased, while disturbed flow
decreased, YAP phosphorylation (Ser127) in ECs. Consis-
tently, YAP phosphorylation (Ser127) in the aortic arch
was higher than that in the thoracic aorta [101].
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Overexpression of the B3 mutation (with cytoplasmic
domain deletion) abolished USS-induced YAP phosphor-
ylation (Ser127). Knockdown of 3 reversed the effects of
the RGD-containing peptide (GRGDSP) and MnCl, (a puta-
tive integrin agonist) on YAP phosphorylation and endo-
thelial activation [101]. OSS led to tyrosine phosphorylation
of YAP (Tyr357) and strong, continuous nuclear trans-
location of YAP in ECs, which is dependent on a5p1 acti-
vation [80, 102]. Pretreatment with ATN-161, an o5 blocking
peptide, did not alter the subcellular localization of YAP in
HUVECs under static conditions, but completely blocked
the 0SS-induced YAP nuclear translocation [80]. Consis-
tently, the nuclear localization of YAP in the inner curva-
ture of the aortic arch, but not the outer curvature of the
aortic arch or the thoracic aorta of wild-type mice, was
abolished in o5 heterozygous knockout mice [80]. Tie2Cre-
mediated YAP overexpression mice showed marked in-
duction of retinal angiogenesis during development, while
endothelial knockout of YAP leads to embryonic death in
mice [103, 104]. EC-specific YAP knockdown via adeno-
associated viruses (AAV) expressing CA-YAP/TAZ reduced
plaque formation in ApoE”’~ mice [101]. In contrast,
Tie2Cre-mediated YAP overexpression aggravated both
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Figure5: Endothelial caveolae, shear stress, and integrin-YAP. ANXA2 binds with a5 by undergoing a conformational change in ECs under 0SS
and promotes a5 translocation to caveolae. COMP directly interacts with a5 and inhibits both disturbed flow-induced and fibronectin-induced
o5B1 activation by inducing a more bent conformation of a51. Phosphorylation of c-Abl induced by a5B1 activation induces tyrosine
phosphorylation of YAP and promotes its nuclear translocation. In contrast, USS enhances serine phosphorylation of YAP and blunts its
nuclear translocation via activating p3. Nuclear YAP binds with transcription factors and promotes the expression of inflammatory genes
such as VCAM-1. ANXA2: Annexin A2; COMP: Cartilage oligomeric matrix protein; OSS: Oscillatory shear stress; TFs: transcription factors;
USS: unidirectional shear stress; VCAM-1: Vascular cell adhesion molecule-1; YAP: Yes-associated protein.
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Western diet-induced and partial ligation-induced plaque
formation in ApoE”~ mice and blunted the atheropro-
tective effects of ATN-161 [80].

Perspectives and conclusion

Since the identification of caveolae in the 1950s, numerous
studies have demonstrated that they affect various physio-
logical and pathophysiological processes. In this review, we
discuss several signaling pathways, potentially related to
hypertension and atherosclerosis, influenced by caveolae in
ECs. Since these two are chronic disorders orchestrated by
both local and systemic factors, and caveolin-1 secretion
occurs in some types of cells, further studies focusing on
caveolae function in vascular and immune cells will provide
a more precise assessment of caveolae/caveolin in the pro-
gression of diseases. The endothelial lining of blood vessels
shows remarkable spatial and temporal heterogeneity in
both structure and function. Moreover, the density and
components of endothelial caveolae differ in tissues and
conditions. Hence, high-throughput single-cell analysis
might facilitate addressing these issues and complement
our understanding of endothelial caveolae and their
downstream signaling pathways. Although studies have
revealed the convincing and diversified roles of endothelial
caveolae in signal transduction, further investigations on
the mechanism of precise regulation of signaling and ther-
apeutic strategies targeting endothelial caveolae-related
molecules in cardiovascular diseases are warranted.
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