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Abstract

Background: Caveolin-1 (Cav-1) is a protein found in various forms and locations within cells and
tissues throughout the body. Studying its structure and function provides valuable insights into key
cellular processes such as growth, death, and cell signalling. Expanding our understanding of Cav-1
and its roles across different organs and disease conditions may reveal its potential as a target for
developing novel treatments and therapeutic strategies. Cav-1 is a master regulator of endothelial
nitric oxide synthase (eNOS), tonically inhibiting its activity to ensure balanced nitric oxide (NO)
production. While this mechanistic relationship is well defined in endothelial cells, its role in the
pathobiology of atherosclerosis remains complex, particularly within perivascular adipose tissue
(PVAT), a layer of fat surrounding blood vessels. PVAT is not merely a structural support; it is a
metabolically active tissue capable of producing NO, adipokines, and inflammatory mediators, and
it also expresses Cav-1. These characteristics allow PVAT to directly influence vascular function and
may contribute to the paradoxical roles of Cav-1 observed in different stages and sites of
atherosclerosis. The Problem: Human studies present a challenge: loss of function Cav-1 mutations
are linked to pulmonary arterial hypertension (PAH), suggesting a protective vascular role.
Conversely, in atherosclerosis, Cav-1 is frequently upregulated in diseased vessels but whether this
reflects increased expression, altered function, or both remains unclear. In addition, does this
upregulation reflect a compensatory mechanism to regulate uncoupled eNOS, or a pathological
process that aggravates disease progression by further reducing bioactive NO availability? The vast
majority of studies establishing the Cav-1/eNOS interaction (where Cav-1 tonically inhibits eNOS,
preventing its hyperactivation) have been conducted in endothelial cells from mice, rats, or cultured
cell lines. The direct extrapolation of this mechanism to perivascular adipose tissue (PVAT), a distinct
tissue with adipocytes, immune cells, and stromal cells, is not fully validated except in a few
studies.

Keywords: caveolin-1; low-density lipoprotein (LDL); transcytosis; atherosclerosis; caveolae;
endothelial cells

1. Introduction

1.1. Atherosclerosis: An Quverview:

Atherosclerosis is a chronic and multifactorial vascular disease characterized by the progressive
accumulation of lipids, inflammatory cells, and fibrous material within the subendothelial space of
large and medium-sized arteries. The process begins with endothelial dysfunction, leading to
enhanced vessel permeability, leukocyte adhesion, and lipid infiltration. Low-density lipoprotein
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(LDL) particles become oxidized in the intima, triggering an inflammatory response that recruits
monocytes, which differentiate into macrophages and form lipid-laden foam cells. Over time, smooth
muscle cells migrate from the media to the intima, contributing to extracellular matrix deposition and
fibrous cap formation. These changes result in the development of atherosclerotic plaques, which can
gradually narrow the arterial lumen, impair blood flow, and destabilize to cause acute cardiovascular
events such as myocardial infarction or stroke. Thus, atherosclerosis represents not only a disorder
of lipid metabolism but also a chronic inflammatory condition that integrates vascular, immune, and
metabolic pathways [1,2].

1.2. Caveolae and Caveolins in Vascular Biology

The caveolae The caveolae was first described by Eichi Yamada in 1955 in gall bladder epithelial
cells using early electron microscopy, as characteristic flask-shaped invaginations of the plasma
membrane. He coined the term “caveola intracellularis” (Latin for “little cave of the cell”) to describe
these invaginations he observed, thereby giving them the name that remains in use today [3]. Decades
later, the discovery of caveolin proteins (Cav-1, Cav-2 and Cav-3) as the principal scaffolding protein
of caveolae provided mechanistic insights into their role in vascular biology and disease.

For decades following their discovery, caveolae remained a morphological curiosity. Their
function was subject to speculation, with early hypotheses focusing on their role in endocytosis and
transcytosis (the transport of materials across cells). It was not until the late 1980s and 1990s, with the
advent of molecular biology and the identification of Caveolin-1 as the principal caveolar protein,
that a clearer understanding of their function began to emerge.

A fundamental breakthrough came in 1992 with the identification and cloning of the first
structural component of caveolae, a 22-kDa protein named Caveolin (now known as Caveolin-1 and
abbreviated to Cav-1) by Richard Anderson and colleagues [4]. This discovery provided the impetus
for studying these previously elusive structures in more detail. The subsequent generation of Cav-1
knockout mice in the late 1990s was another landmark discovery; these mice completely lacked
caveolae, confirming that Cav-1 was crucial for their formation and allowing researchers to directly
investigate the functional consequences of their absence [5,6].

Caveolae range in size between 50-100 nm and serve as crucial organizing centres for cellular
signalling complexes. To date, three caveolin proteins have been identified Cav-1, Cav-2 and Cav-3,
comprising six distinct subtypes, each has two main isoforms Cav-1a/B, Cav-2a/f3, and Cav-3a/(,
that share high sequence homology but differ in tissue distribution, cellular localization, and likely
physiological roles in signal transduction. Notably, caveolin composition varies by cell type: Cav-1
and Cav-2 predominate in endothelial and adipose cells, whereas Cav-3 is largely restricted to
skeletal and cardiac muscle. These specialized membrane microdomains are enriched in cholesterol
and sphingolipids and are found in most terminally differentiated cells, particularly endothelial cells,
adipocytes, and muscle cells [7,8].

Caveolae are abundant in endothelial cells and other vascular cell types and serve as organizing
platforms for receptors, ion channels, and signalling complexes that control vascular homeostasis.
The structural and functional integrity of caveolae depends primarily on the caveolin family of
proteins, which comprise three members with distinct tissue distributions. Caveolin-1 (Cav-1 a/f3)
and caveolin-2 (Cav-2 a/p/y) are co-expressed and co-localized in many tissues, whereas caveolin-3
(Cav-3) is predominantly expressed in muscle, including cardiomyocytes and skeletal muscle.
Notably, Cav-3 shares less sequence similarity with Cav-2 than with Cav-1 [9-13].

Full-length Cav-1 is a 178-amino-acid protein (Figure- 1) and is the major structural component
of caveolae in the plasma membrane. Beyond its structural role, Cav-1 functions as a scaffolding
protein, binding to signaling molecules and participating in processes such as cell signaling and
membrane trafficking [14]. The protein adopts a unique hairpin-like configuration with both N- and
C-termini facing the cytoplasm. The protein’s structure includes several critical domains: an N-
terminal domain (residues 1-81), a scaffolding domain (residues 82-101), a transmembrane domain
(residues 102-134), and a C-terminal domain (residues 135-178) [8].
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The scaffolding domain is particularly important as it facilitates interactions with numerous
signaling molecules including endothelial nitric oxide synthase (eNOS), heterotrimeric G proteins,
Src family kinases, Ras, protein kinase C (PKC), and transforming growth factor-f3 (TGF-p) receptors,
through recognition of specific caveolin-binding motifs, this allows direct protein—protein
interactions with molecules that contain caveolin-binding motifs (CBMs), generally defined by
aromatic-rich consensus sequences such as OXOXXXXD OPXXXXDOXX®D (where © represents an
aromatic residue like tryptophan, phenylalanine, or tyrosine). Through this molecular recognition,
the scaffolding domain acts as a regulatory hub, modulating the activity of kinases, G-proteins, eNOS,
and other key effectors involved in vascular homeostasis, lipid metabolism, and cellular proliferation.
By sequestering these signaling molecules within caveolae, Cav-1 can negatively regulate their
activation states, maintaining a controlled balance between stimulation and inhibition under
physiological conditions [13]. Dysregulation or mutation of this domain may therefore disrupt critical
signaling cascades, leading to altered nitric oxide production, endothelial dysfunction, and the
pathogenesis of cardiovascular and metabolic diseases.

In addition, Cav-1 plays a complex role in cellular physiology, contributing to cholesterol
distribution, extracellular matrix organization, endocytosis, exocytosis, cell migration and
compartmentalization of signal transduction, This is particularly prominent in adipocytes due to
their high lipid content and their central role in metabolic storage and endocrine signaling [15,16].
While caveolae are present in most cell types, they are especially abundant in adipocytes, constituting
up to 30% of the plasma membrane surface area [17]. In these cells, Cav-1 is the predominant caveolin
isoform and is essential for caveolae formation [18]. Furthermore, Cav-1 expression is significantly
upregulated during adipocyte differentiation through DNA demethylation, and it has been identified
as a key mediator of the insulin signaling pathway., In the adipocyte the Cav-1 interacts directly with
the insulin receptor and facilitates its localization within caveolae, promoting efficient signal
transduction through the PI3K-Akt pathway. This interaction enhances glucose uptake and lipid
accumulation, processes central to adipocyte metabolism and systemic energy homeostasis [19].
Beyond these roles, Cav-1 also critically regulates eNOS activity, highlighting its importance in both
metabolic and vascular contexts [7].

Many studies have confirmed that Cav-1 undergoes several post-translational modifications that
regulate its function, stability, and role in cellular signaling. Phosphorylation occurs primarily at
tyrosine 14 (Tyr14) and serine 80 (Ser80) within the N-terminal domain, influencing both caveolae
assembly and signal transduction pathways [14]. Additionally, palmitoylation at three cysteine
residues (C133, C143, and C156) near the C-terminal domain anchors Cav-1 to the membrane and
facilitates its role in organizing lipid raft microdomains [20]. Furthermore, Cav-1 is subject to
ubiquitination, particularly at N-terminal lysine residues, which targets the protein for proteasomal
degradation and serves as a key mechanism controlling its turnover and homeostasis (Figure 1), as
demonstrated in studies using HEK293 cells [21]. Together, these post-translational enable Cav-1 to
function as a dynamic sensor and regulator of cellular homeostasis, rapidly adapting its localization
and signaling interactions in response to environmental and metabolic factors [8,22].

Cav-2 is typically co-expressed and co-localized with Cav-1, forming heterooligomeric
complexes that are essential for the stabilization and structural integrity of caveolae. These complexes
facilitate proper trafficking of caveolar proteins, maintain membrane curvature, and coordinate
interactions with multiple signaling molecules. While Cav-2 is often viewed as a structural partner
of Cav-1, emerging evidence indicates that Cav-1 and Cav-2 may exhibit distinct or even antagonistic
functions depending on the cellular context, particularly in processes such as inflammation, cell
proliferation, and vascular remodeling. In practical terms, this means that Cav-2 can sometimes
counteract Cav-1-mediated signaling or alter caveolae dynamics, potentially affecting their stability
or function. For example, in some cell types, Cav-2 overexpression can inhibit Cav-1-dependent
pathways involved in cell proliferation or inflammation, suggesting that the balance between the two
isoforms is critical for maintaining normal caveolar activity and vascular homeostasis [23,24].
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Cav-3 shares approximately 65% amino acid identity and 85% overall similarity with Cav-1,
reflecting a high degree of evolutionary conservation, particularly within the scaffolding and
membrane-spanning domains that are essential for caveolae formation [15,25]. Functionally, Cav-3 is
the muscle-specific isoform required for the generation of caveolae in myocytes, contributing to
mechanoprotection, calcium homeostasis, and regulation of nitric oxide (NO) signaling. Although
Cav-3 is restricted to muscle tissue, it can also influence eNOS activity indirectly, for example through
paracrine or signaling interactions at the muscle endothelium interface. [26,27]. Mutations or loss of
Cav-3 expression have been linked to a range of muscle disorders, including limb-girdle muscular
dystrophy type 1C (LGMD-1C), rippling muscle disease, and familial hypertrophic cardiomyopathy,
emphasizing its essential structural and signaling roles in muscle integrity [28,29].

N-terminal Scaffolding  Transmembrane C-terminal
domain 1-81 domain 82-101 domain 102-134 domain 135-178

Ci33 Cia3 Ciss

uB UB UB

"/ Phosphorylation ‘ ubiquiﬁnation\ Palmitoylation

Figure 1. A schematic diagram of Cav-1 structure.

Cav-1 is a 178-amino acid membrane protein composed of several distinct regions: an N-
terminal domain (red), a scaffolding domain spanning residues 82-101 (black), a hydrophobic hairpin
transmembrane region from 102-134 (orange), and a C-terminal domain extending from 135-178. It
undergoes several posttranslational modifications, including phosphorylation at Tyr14 and Ser80,
ubiquitination of N-terminal residues, and palmitoylation at sites within the C-terminus all of which
are critical for its regulation and function.

2. Role of Caveolae Microdomains in eNOS Localization and Activity: A Central
Regulatory Mechanism

In endothelial cells the subcellular localization of eNOS is a critical determinant of its activity
and NO production [30]. Upon translocation to the plasma membrane, eNOS interacts with Cav-1,
leading to suppressed enzymatic activity and reduced NO synthesis [7,31]. The interaction between
Cav-1 and eNOS represents one of the most extensively studied aspects of caveolar biology in terms
of vascular regulation. In endothelial cells, Cav-1 serves as a tonic inhibitor of eNOS by binding to
the enzyme via its scaffolding domain and sequestering it within caveolae [32]. This interaction
involves specific residues within the scaffolding domain (particularly F92) that disrupt eNOS’s
association with Ca?*/calmodulin (CaM), thereby maintaining the enzyme in an inactive state under
basal conditions. Physiological stimuli (shear stress, agonists) promote eNOS release from caveolae,
calmodulin binding, and a consequent increase in NO production. This spatial control of eNOS is
critical for healthy blood vessel physiology and inappropriate Cav-1 sequestration reduces NO
bioavailability (favouring vasoconstriction and pro-atherogenic signaling), whereas loss of Cav-1 can
lead to eNOS hyperactivation and uncoupling, producing superoxide rather than NO and promoting
oxidative stress [26,34,35].

Upon appropriate stimulation (e.g., by shear stress, acetylcholine, or bradykinin), intracellular
Ca? levels rise, promoting CaM binding to eNOS and its dissociation from Cav-1. This activation
process is further enhanced by phosphorylation at Ser1177 via various kinases including Akt, PKA,
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and AMPK. Cav-1 directly binds eNOS via its scaffolding domain (amino acids 82-101;
DGIWKASFTTFTVTKYWEY), disrupting the enzyme’s association with Ca?/calmodulin (CaM).
Within this region, residues 89-95 (FTTFTVT), particularly F92, are essential for mediating this
inhibition [6,26,36,37]. Details on eNOS regulation are shown schematically in Figure 2.

The importance of this interaction has been shown using a cell-permeable mutant peptide
corresponding to the Cav-1 scaffolding domain which disrupts Cav-1’s inhibitory effect on eNOS,
thereby restoring NO production [7,38]. Additionally, in rat vaginal endothelial cells, estrogen and
VEGF have been reported to enhance eNOS phosphorylation at Ser1177 via Akt activation, which
reduces the interaction between eNOS and Cav-1 [42]. Beyond direct regulation of eNOS, Cav-1 also
negatively modulates the small GTPase Racl, which influences cell motility, growth, cytoskeletal
organization, transcription, and proliferation [40-42]. Racl, in turn, affects the PI3K/Akt/eNOS
signaling pathway in endothelial cells [43,44]. Moreover, siRNA-mediated Cav-1 knockdown in
bovine aortic endothelial cells (BAECs) has been shown to enhance AMPK phosphorylation, resulting
in increased eNOS activity [45].

Despite these well characterized roles in endothelial cells, the role of Cav-1 in perivascular
adipose tissue (PVAT), a key paracrine regulator of vascular function has received growing attention
and adds complexity to the traditional understanding of Cav-1 regulation of eNOS and vascular
function. PVAT surrounds most conduit and resistance vessels and secretes adipokines, cytokines,
and reactive oxygen species (ROS) that can either promote anticontractile (vasodilatory) effects or,
under metabolic stress, shift to a pro-contractile, pro-inflammatory phenotype. The PVAT
microenvironment contains adipocytes, immune cells, and stromal cells whose signaling can
influence endothelial eNOS activity indirectly (via adipokines) and possibly directly through changes
in Cav-1 expression or post-translational modification. Recent reviews emphasize PVAT’s central role
in redox balance and inflammatory crosstalk with the vessel wall, making PVAT a strategic site to re-
examine Cav-1 biology in vascular disease [32,46,47].

Recent mechanistic studies have refined this model by demonstrating bidirectional regulation
between Cav-1 and eNOS and by mapping phosphorylation and trafficking events that control eNOS
between caveolar and non-caveolar pools [48].

v
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0000000000000000000000000000000000000000000
©000080000000000000000000000000006000000000
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Figure 2. A schematic diagram showing eNOS regulation and activation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0039.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2025 d0i:10.20944/preprints202512.0039.v1

6 of 15

eNOS activity is enhanced through phosphorylation at Serl177 and Ser633, while
phosphorylation at Thr495 exerts an inhibitory effect. Ser1177 can be phosphorylated by multiple
upstream kinases, including Akt, protein kinase G (PKG), and protein kinase A (PKA). Similarly,
Ser633 phosphorylation is mediated by Ca2+/calmodulin-dependent kinase II (CaMKII), PKA, and
AMP-activated protein kinase (AMPK). In contrast, protein kinase C (PKC) phosphorylates the
inhibitory Thr495 residue. Furthermore, eNOS activity is suppressed by its interaction with Cav-1
and by O-GIcNAc modification, both of which reduce nitric oxide (NO) production. Conversely,
binding to heat shock protein 90 (Hsp90) promotes eNOS activation. Post-translational modifications
such as S-nitrosylation and palmitoylation facilitate eNOS trafficking from the Golgi apparatus to the
plasma membrane. Created with BioRender.com.

3. The Paradox of Cav-1 in Atherosclerosis: Protective vs. Proatherogenic Roles:

The role of Cav-1 in atherosclerosis represents a compelling and cell-type-specific paradox that
has become a central focus of recent cardiovascular research. Genetic ablation studies in mice
demonstrate that complete loss of Cav-1 confers significant protection against atherosclerotic lesion
formation, primarily due to the absence of Cav-1-mediated inhibition of eNOS, resulting in enhanced
NO bioavailability and improved endothelial function. Conversely, accumulating evidence indicates
that Cav-1 also plays crucial homeostatic roles in vascular integrity, lipid regulation, and
mechanotransduction. Under physiological conditions, Cav-1 supports endothelial barrier function,
facilitates reverse cholesterol transport, and modulates redox balance, all of which are protective
against early vascular injury. However, when Cav-1 is excessively expressed, post-translationally
modified, or dysregulated within a pro-inflammatory or insulin-resistant milieu, it can suppress
eNOS activity, promote oxidative stress, and enhance vascular inflammation. Thus, Cav-1 functions
as a double-edged sword its optimal expression is vital for endothelial stability and vascular health,
but its deficiency or overexpression may each promote distinct pathogenic processes that contribute
to atherosclerosis. This intricate balance underscores the paradoxical nature of Cav-1 in vascular
biology and the need to understand its cell-type-specific and context-dependent effects in
atherogenesis. [31,32,49,51,52].

4. PVAT Inflammation and Vascular Dysfunction: Early Event or Late Response?

Perivascular adipose tissue (PVAT) is not merely a passive fat depot; it actively communicates
with the vascular wall. In response to metabolic stressors such as obesity, hypertension, or
hyperlipidemia, PVAT exhibits early inflammatory changes, including macrophage infiltration,
increased cytokine release, and oxidative stress. Evidence suggests that PVAT inflammation can lead
to atherosclerotic lesion formation, acting as an initiating factor that primes endothelial dysfunction.
Alternatively, in some diseases, PVAT inflammation may be amplified by local vascular injury and
lipid accumulation, creating a feed-forward loop that exacerbates lesion progression. These dynamics
highlight the importance of temporal and spatial context when studying PVAT’s influence on
vascular homeostasis and the Cav-1/eNOS axis. [53-55].

5. Anti-Atherogenic / Protective Effects of Cav-1

The relationship between Cav-1 and endothelial nitric oxide synthase (eNOS) in atherosclerosis
is best understood as a context-dependent paradox rather than a simple binary effect. On one hand,
Cav-1 helps maintain endothelial barrier integrity, regulates mechanosensing, and contributes to
cholesterol trafficking; functions that can be atheroprotective by limiting vascular leakage and
preserving vascular homeostasis. In several experimental models, loss of Cav-1 integrity has been
shown to increase endothelial permeability and inflammation, supporting a protective role for Cav-
1 in early vascular health [56].

Recent research elucidates a critical pathway linking Sirtuinl (Sirtl), microRNA-204 (miR-204),
Cav-1, and endothelial function. This study by Kassan et al. (2017) demonstrates that endothelial
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deletion of Sirtl leads to increased miR-204 expression, resulting in reduced Cav-1 levels and
impaired endothelium-dependent vasorelaxation. These effects were reversed by administering a
miR-204 inhibitor or by overexpressing Cav-1, indicating that Sirt1 preserves endothelial function by
suppressing miR-204-mediated Cav-1 downregulation, reduced Cav-1 expression impairs
endothelium dependent vasorelaxation in both large (conductance) and small (resistance) arteries
[67].

Caveolae and Cav-1 play a central role in reverse cholesterol transport (RCT) via interaction with
transporters such as ATP-binding cassette subfamily G member 1 (ABCG1), facilitating cholesterol
efflux and protecting against lipid accumulation in the vessel wall, while simultaneously modulating
inflammatory signaling through pathways such as PPARy and TLR-mediated responses [47,58].
Inflammation can impair the RCT pathway, promoting foam cell formation and plaque development,
whereas elevated circulating lipids particularly low-density lipoprotein (LDL) cholesterol can
activate pro-inflammatory signaling, underscoring a bidirectional interplay between lipid
metabolism and vascular inflammation. Thus, although Cav-1 has emerged as a key integrator
linking RCT and inflammatory signaling, its net effect in atherosclerosis depends on the balance
between lipid handling, inflammatory status, and endothelial function.

Overexpression of Cav-1 in hepatic cells enhances cholesterol efflux, which may help prevent
cholesterol accumulation in the arterial wall and slow the development of atherosclerosis. While the
effect appears cell type-specific and may be most relevant to liver cells, overexpression of Cav-1 in
the liver has also been shown to increase plasma HDL levels, potentially enhancing RCT and offering
further anti-atherogenic protection. The protective effects of Cav-1 may be additive with ABCA1-
mediated cholesterol efflux, and proper intracellular localization and interaction with other caveolins
(e.g., Cav-2) may be critical for its function. Additionally, Cav-1 overexpression inhibits vascular
smooth muscle cell (VSMC) proliferation, which constitutes a pivotal step in neointimal hyperplasia
and plaque growth. By limiting VSMC proliferation and migration, Cav-1 may therefore exert a
stabilizing influence on the vessel wall and slow atherosclerotic progression. These findings suggest
that targeted modulation of Cav-1 expression could be a promising strategy for the prevention and
treatment of atherosclerosis [59,60].

Evidence from studies on diabetic human coronary arterioles demonstrates that oxidative stress-
induced peroxynitrite (ONOQO") formation disrupts Cav-1 rich caveolae, leading to eNOS uncoupling
and impaired flow-mediated dilation (FMD) [61]. These alterations are characterized by reduced
membrane localized Cav-1, loss of endothelial caveolae, and displacement of eNOS from its
functional microdomain. Importantly, endothelial function could be restored either by ONOO-
sequestration, reconstruction of caveolae, or BH4 supplementation, underscoring the essential role of
Cav-1 and caveolae integrity in maintaining NO bioavailability and vascular homeostasis.
Collectively, these findings indicate that loss or nitration of Cav-1 contributes to endothelial
dysfunction, highlighting its protective, anti-atherogenic role under physiological conditions and
emphasizing the bidirectional interplay between oxidative stress and Cav-1 dependent NO signaling.
Further studies are needed to elucidate the molecular cross-talk pathways among Cav-1, RCT, and
inflammation to better understand its paradoxical role in atherosclerosis [36].

6. Pro-Atherogenic and Pathological Roles of Caveolin-1 (Cav-1)

While Cav-1 can exert several protective effects in lipid metabolism and vascular smooth muscle
homeostasis, accumulating evidence demonstrates that excessive or dysregulated Cav-1 expression
particularly in endothelial cells can promote atherosclerosis.

Cav-1 can directly inhibit eNOS through its scaffolding domain, and chronic or
compartmentalized upregulation of Cav-1 particularly within a pro-inflammatory environment may
suppress NO bioavailability or promote eNOS uncoupling. These processes contribute to oxidative
stress and endothelial dysfunction, thereby supporting an atherogenic role for Cav-1 [62]. An
interesting study by Lobysheva et al. provided important mechanistic insight into how Cav-1
contributes to both endothelial dysfunction and vascular protection, dependent on its expression
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level. Their findings revealed that Cav-1 abundance critically modulates the assembly of NADPH
oxidase and its interaction with eNOS within caveolae. Under angiotensin II stimulation conditions
that promote oxidative stress and vascular injury, excess Cav-1 facilitates the colocalization of
NADPH oxidase and eNOS, leading to increased reactive oxygen species (ROS) formation and eNOS
uncoupling. Also, they found that moderate downregulation of Cav-1 disrupted this harmful
interaction, preserved eNOS coupling, and enhanced NO bioavailability without triggering
uncontrolled NO release. This partial reduction of Cav-1 therefore offers a dual therapeutic
advantage: attenuating oxidative stress while maintaining physiological eNOS regulation. The study
suggested that controlled modulation of Cav-1 expression, such as through statins, could help
counteract the adverse vascular effects of the renin angiotensin system and provide a potential anti-
atherogenic strategy [63].

Under conditions of insulin resistance (IR), Cav-1 appears to have a pro-atherogenic role. Cav-1
interacts with PKCC to antagonize the IRS-1/PI3K/Akt signaling pathway, leading to impaired eNOS
activity, reduced NO bioavailability, oxidative stress, and endothelial dysfunction; all events which
promote atherogenesis. In a recent study, Tan et al showed that persistent hyperglycemia and lipid
abnormalities further exacerbated endothelial damage through inflammation and ROS generation
and that modulation of Cav-1/PKCC interactions in endothelial cells restored NO signaling. Thus,
Cav-1 could represent a novel target to counteract atherosclerosis development in metabolic disease
contexts [64].

Another study demonstrated that endothelial-specific overexpression of Cav-1 accelerates the
progression of atherosclerosis in apolipoprotein E-deficient mice. Mechanistically, Cav-1
overexpression reduces endothelial cell proliferation and migration, suppresses NO production, and
enhances inflammatory signaling, including upregulation of VCAM-1, which facilitates leukocyte
adhesion and infiltration into the arterial wall. These findings, together with previous studies using
global Cav-1 knockout models, suggest that Cav-1 promotes atherogenesis in vessels with intact
caveolae, likely via its scaffolding function and regulation of endothelial barrier properties. So, while
Cav-1 may exert anti-atherogenic effects in other vascular cells, such as smooth muscle cells, its
overexpression in endothelial cells highlights its context dependent pro-atherogenic role,
emphasizing the complex and paradoxical functions of Cav-1 in atherosclerosis [75].

Recent studies have added further complexity by implicating Cav-1 dependent caveolae in the
transcytosis of low-density lipoprotein (LDL) across endothelial cells and in the subsequent
subendothelial lipid accumulation. Using cultured endothelial cells, the study demonstrated that
Cav-1 knock-down or pharmacological disruption of caveolae markedly reduces LDL flux from the
luminal to the abluminal side, thereby limiting subendothelial lipid deposition. This mechanism
provides a direct link between Cav-1 and the initiation of atherosclerotic plaque formation that is
independent of nitric oxide (NO) signaling [66].

7. Caveolin-1, PVAT, and Endothelial Dysfunction

PVAT and its secretome, comprising adipokines, cytokines, and reactive oxygen species (ROS),
can modulate the endothelial Cav-1/eNOS signaling axis, thereby influencing local nitric oxide (NO)
bioavailability and vascular tone in a depot and disease stage-dependent manner. In physiological
conditions, PVAT-derived factors such as adiponectin help maintain endothelial homeostasis by
supporting eNOS activation and NO production. However, under pathological conditions such as
obesity or hypertension, the altered PVAT secretome promotes oxidative stress and inflammation,
leading to Cav-1 overexpression and eNOS uncoupling. These changes impair endothelial NO
signaling and contribute to vascular dysfunction and atherogenesis [67].

Taken together, the data argue for a spatiotemporal model: moderate, properly localized Cav-1
supports vascular homeostasis, whereas dysregulated or excessive Cav-1 especially within an
inflamed PVAT/endothelial microenvironment contributes to NO deficiency and atherogenesis.
Testing this model requires experiments that resolve Cav-1 function by cell type, vascular bed, and
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disease stage (endothelial vs. PVAT vs. macrophage), and which measure NO coupling/uncoupling
and LDL trafficking in parallel.

Interestingly, this atheroprotective effect persists even in Cav-1/LDLR double knockout mice
lacking eNOS, suggesting mechanisms beyond NO signaling. The absence of Cav-1 markedly
reduces LDL transcytosis across the endothelium, thereby limiting subendothelial lipid deposition
and foam cell formation. Concurrently, enhanced autophagic flux in Cav-1 deficient vascular cells
promotes clearance of oxidized lipids and damaged organelles, mitigating oxidative stress.
Moreover, loss of Cav-1 attenuates proinflammatory signaling through pathways such as TLR4/NF-
kB, collectively contributing to reduced plaque burden [8,66]. Within the PVAT: vascular interface,
these adaptations disrupt the proinflammatory and lipid exchange normally amplified by PVAT-
derived cytokines, suggesting that Cav-1 deficiency confers atheroprotection through diminished
lipid entry and inflammation rather than enhanced eNOS activity.

Human and animal studies provide compelling evidence that Cav-1 expression and function
vary markedly between vascular cell types and disease contexts, suggesting that its role in
atherosclerosis is highly cell-type-specific. For example, loss of function mutations in the CAV1 gene
have been identified in patients with Pulmonary Arterial Hypertension (PAH) and cardiomyopathy,
with endothelial Cav-1 levels markedly reduced in the pulmonary vasculature of such patients [68].

In contrast, in the setting of atherosclerotic vessels, Cav-1 expression is often found to be
upregulated in endothelial cells and smooth muscle cells in early-stage lesions. For example,
endothelial-specific overexpression of Cav-1 in apolipoprotein E-deficient mice accelerated lesion
development, likely by promoting LDL transcytosis and suppressing NO signalling. [70].
Mechanistically, elevated Cav-1 in endothelial cells may also increase pro-inflammatory signalling
(e.g., adhesion molecule expression), thereby promoting atherogenesis [69].

Table 1. Cell-Type-Specific Effects of Caveolin-1 in Atherosclerosis®.

Cell Type Primary Effect | Mechanisms Overall Impact

Endothelial Proatherogenic | Increases LDL transcytosis, inhibits | Atherosclerosis

Cells eNOS activity, promotes inflammation progression

Macrophages Protective Regulates cholesterol homeostasis, limits | Atherosclerosis
foam cell formation, modulates | suppression
inflammation

Smooth Muscle | Protective Inhibits proliferation and migration,

Cells stabilizes plaques

Recent evidence suggests that PVAT can directly impair endothelial function through a Cav-1
dependent mechanism. In rat aorta, PVAT was found to enhance Cav-1 expression in endothelial
cells, leading to decreased eNOS activity and reduced NO bioavailability. This suppression of NO
production resulted in enhanced vasoconstriction and impaired endothelium dependent
vasodilation, without changes in eNOS protein levels or phosphorylation at key regulatory sites.
Importantly, disruption of caveolae with cholesterol-depleting agents reversed these effects,
confirming the central role of Cav-1 in mediating PVAT-induced endothelial dysfunction [47].

In the context of atherosclerosis, PVAT dysfunction represents an early and critical event linking
metabolic stress to vascular injury. Under physiological conditions, PVAT exerts anti-atherogenic
actions by releasing adiponectin and other vasorelaxant factors that maintain endothelial
homeostasis and suppress inflammation. However, in obesity, diabetes, and hypertension, PVAT
undergoes a phenotypic shift toward a pro-inflammatory and oxidative state characterized by
increased secretion of cytokines (TNF-a, IL-6), reactive oxygen species (ROS), and decreased
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adiponectin. These alterations amplify endothelial Cav-1 expression and promote eNOS uncoupling,
further diminishing NO bioavailability and facilitating endothelial activation and monocyte adhesion
[46,70].

In a recent study in non-atherosclerotic mice it was found that Cav-1 plays a crucial modulatory
role in regulating eNOS activity and NO bioavailability within PVAT. Thoracic PVAT produces more
NO than abdominal PVAT, largely dependent on AMPKal activity. In AMPKal-deficient mice, NO
production was reduced despite unchanged eNOS levels, due to increased eNOS Cav-1 interaction,
which inhibits eNOS activity. Disrupting this interaction with Thoracic PVAT produces more NO
than abdominal PVAT, largely dependent on AMPKal activity. In AMPKal-deficient mice, NO
production was reduced despite unchanged eNOS levels, due to increased eNOS Cav-1 interaction,
which inhibits eNOS activity. Disrupting this interaction with (CAV-AP) restored NO production
and normalized vascular tone, highlighting Cav-1's inhibitory role under impaired AMPK signaling.
CAV-AP restored NO production and normalized vascular tone, highlighting Cav-1’s inhibitory role
under impaired AMPK signaling. These results suggest that AMPK maintains PVAT’s vasoprotective
effects by limiting Cav-1 mediated eNOS inhibition and that targeting this pathway could help
prevent endothelial dysfunction and ultimately the development of atherosclerosis [7].

8. Conclusion and Therapeutic Implications

Cav-1 plays a complex, context-dependent role in vascular biology and atherosclerosis. Its effects
are highly cell type specific: in endothelial cells, excessive or dysregulated Cav-1 can promote
atherogenesis by inhibiting eNOS, enhancing LDL transcytosis, and amplifying inflammatory
signaling; in macrophages and smooth muscle cells, Cav-1 often exerts protective effects by
promoting cholesterol efflux, regulating inflammation, and stabilizing plaques. The balance of these
opposing actions, combined with the local vascular microenvironment, determines its net impact on
disease progression.

Perivascular adipose tissue (PVAT) has emerged as a critical regulator of endothelial function
through Cav-1 dependent mechanisms. Under physiological conditions, PVAT maintains vascular
homeostasis by supporting eNOS activity and NO production. In contrast, metabolic stress, obesity,
diabetes, and hypertension shift PVAT toward a pro-inflammatory and oxidative phenotype,
promoting Cav-1 overexpression, eNOS uncoupling, and endothelial dysfunction. Dysregulation of
the AMPK/Cav-1/eNOS axis in PVAT further contributes to impaired vasorelaxation and
atherogenesis.

Therapeutically, Cav-1 represents a promising target for interventions aimed at restoring
endothelial function and preventing vascular disease. Potential strategies include:

Modulating Cav-1 expression or function in a cell type and vascular bed specific manner, e.g.,
partial downregulation in endothelial cells to preserve eNOS coupling without impairing
physiological signaling.

Targeting the AMPK/Cav-1/eNOS pathway in PVAT to restore NO bioavailability and maintain
vasoprotective effects.

Enhancing reverse cholesterol transport (RCT) via Cav-1 interaction with cholesterol
transporters (ABCG1, ABCAL), particularly in macrophages and hepatic cells, to reduce lipid
accumulation and inflammation.

Addressing PVAT inflammation in metabolic disease states (obesity, diabetes) through anti-
inflammatory or antioxidant therapies to mitigate Cav-1 mediated endothelial dysfunction.

Overall, understanding the spatiotemporal regulation of Cav-1, the cross-talk between PVAT
and endothelial cells, and the interplay with metabolic stressors offers new avenues for preventing
and treating atherosclerosis and associated cardiovascular complications. Future studies integrating
cell-type specificity, disease stage, and metabolic context will be essential to translate Cav-1 targeted
interventions into effective therapies.
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