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A B S T R A C T

Caveolin-1 (Cav-1) appears to be both a pathophysiological contributor and a target in different inflammatory
and hyperproliferative skin conditions as well as in skin aging. Skin fibroblasts demonstrate an up-regulation of
Cav-1 expression both in chronological and UV-induced aging, and such an up-regulation was observed both in
vitro and in vivo. Typical alterations in aging skin involve a reduction of the dermis thickness, a significant
expansion of the dermal white adipose tissue as well as modifications of the content and distribution of hya-
luronan, impairment of autophagic flux, a reduction of collagen expression and an increase in tissue in-
flammation. All of these phenomena can be connected with changes in Cav-1 expression in the aging skin.
Modified expression of Cav-1 can also significantly influence the mechanical properties of individual skin layers,
thus changing the total mechanical stability of the layered composite skin/WAT, leading to typical structural
modifications of the skin surface in the aging skin. Selective reduction of Cav-1 expression has the potential to
exert anti-aging effects on the skin.

1. Introduction

Plasma membranes of eukaryotic cells have spatially heterogeneous
structures containing lipid clusters enriched in cholesterol and sphin-
golipids which are referred to as lipid rafts. Lipid rafts can appear in the
form of planar structures or caveolae - plasma membrane invaginations
forming nanodomains with a typical size of 50–100 nm which are
especially prevalent in mechanically stressed cells (Echarri and Del
Pozo, 2015). They are involved in rapid adaptation to cellular volume
changes, in various signal transduction processes, and in the processes
of endo- and exocytosis (Parton and del Pozo, 2013; Parton, 2018).

Caveolae are enriched for a number of characteristic proteins, such
as cavins and caveolins (Cav’s). The presence of caveolin-1 (Cav-1),
which is the principal structural component of caveolae, is necessary for
their characteristic appearance. Cav-1 is not exclusively localized to the
plasma membrane, but is also found in different intracellular com-
partments (Fridolfsson et al., 2012), and can be transported in extra-
cellular vesicles, providing a long-range mechanism of communication
inside of a tissue or even between adjacent tissues (Chang et al., 2017;
Crewe et al., 2018). Relative levels and spatial distribution of Cav-1 in
extracellular and intracellular compartments are subject to significant

changes under pathological conditions as well as over the course of
aging and can be quickly affected by different external chemical and
physical factors (Sinha et al., 2011). Cav-1 demonstrates a stratified
pattern of differential expression in various skin layers (Sando et al.,
2003). High expression of Cav-1 is seen at the stratum granulosum /
stratum corneum interphase and in the stratum basale as well as in the
dermis, especially in association with connective tissue and endothelial
cells.

Cav-1 expression correlates with aging both in vitro and in vivo. It is
strongly up-regulated in human diploid fibroblasts displaying a senes-
cent phenotype in vitro (Park et al., 2000). Overexpression of Cav-1
leads to higher density of caveolae in plasma membrane (Cho et al.,
2003) as well to the morphological modifications of these cells mainly
concerning their focal adhesion and formation of actin stress fibres (Cho
et al., 2004). Human corneal epithelial cells also demonstrate a con-
tinuous increase of Cav-1 levels with aging, and in aged subjects, these
cells display almost five times more caveolae than in young subjects
[Rhim et al., 2010]. Additionally, oxidative stress leads to an upregu-
lation of Cav-1 expression, which is connected with the development of
premature cellular senescence (Zou et al., 2011). Consequently, the
overexpression of Cav-1 may be typical not only in chronological but
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also in photo-induced aging. Very recently, it was reported that in vitro
irradiation of melanocytes and keratinocytes with UV-B radiation
(10mJ/cm2) significantly increases Cav-1 expression in these cells
(Domingues et al., 2019). Additionally, low-dose UV-C irradiation of
mouse embryonic fibroblasts, which is not directly involved in pho-
toaging effects in vivo, also dramatically increased Cav-1 expression in
these cells (Volonte et al., 2002). Aging-connected cellular modifica-
tions are so heavily pronounced that it was even suggested that Cav-1
could be used as a marker for cellular senescence, at least in fibroblasts
and endothelial cells (Hernandez-Segura et al., 2018), and corre-
spondingly, that Cav-1 downregulation could serve as a potential anti-
aging approach (Lee et al., 2015). Importantly, development of cellular
senescence in vitro can be reversed by the specific reduction of Cav-1
levels in fibroblasts (Cho et al., 2003) indicating that excessive Cav-1
may be causally connected with the aging process.

In contrast, severe Cav-1 deficiency can also produce premature
senescence in at least some cell types, and this effect was connected
with associated mitochondrial dysfunction (Yu et al., 2017). Therefore,
both overexpression and strong suppression of Cav-1 levels can lead to
premature cellular senescence, whereas regular cell functions can be
restored by normalizing the expression of Cav-1.

Chronologically aged murine and human skin also demonstrate a
progressive up-regulation of Cav-1 in vivo, which strongly correlates
with a reduction of Col1 expression (Lee et al., 2015). In these ex-
periments, the long-term application of methyl-β-cyclodextrin (MβCD),
provided anti-aging effects in the skin, causing a significant increase of
the dermal thickness and an induction of Col1 expression. MβCD is a
cholesterol-depleting agent that disrupts caveolae and demonstrates
skin-specific anti-Cav-1 activity by inhibiting Cav-1 expression (Ao
et al., 2016).

These results collectively demonstrate that the strong modification
of Cav-1 expression correlates with progressive skin aging both in vitro
and in vivo and may be directly involved in chronological as well as in

photo-induced skin aging. In a series of recent articles, we and others
have linked local modification of Cav-1 levels in the pathophysiology of
a number of disease- and aging-phenomena. This includes, but is not
limited to, skin aging (Lee et al., 2015), psoriasis (Kruglikov and
Scherer, 2019a), and hypertrophic scarring / fibrosis (Shihata et al.,
2017; Kruglikov and Scherer, 2019b). Here we want to highlight how
Cav-1 expression levels are connected with well-known macroscopic
and mesoscopic structural modifications in the aging skin.

2. Macro- and mesoscopic alterations in the aging skin

Skin aging leads to various macroscopic and mesoscopic alterations
within the structures of the individual skin layers as well as in the in-
teractions between these layers, thereby affecting their mechanical
stability and resulting in the appearance of typical signs of aging
(Kruglikov and Scherer, 2018). These alterations affect both the com-
position of the skin cell population as well as the interactions between
the skin cells and the extracellular matrix (ECM).

2.1. Macroscopic skin alterations in the aging skin

Macroscopically, aging in rodent skin leads to some clear histolo-
gical alterations, including a reduction of the dermis thickness, a sig-
nificant expansion of the dermal white adipose tissue (dWAT), and a
reduction of the subcutaneous white adipose tissue layer (sWAT)
(Rodríguez et al., 2016; Salzer et al., 2018).

A comparison of the skin samples obtained from the Cav-1−/− mice
and control Cav-1+/+ littermates demonstrated that in animals lacking
Cav-1, the total dermis thickness is significantly increased, whereas the
dWAT layer is strongly reduced (Lee et al., 2015). On the other hand,
long-term application of MβCD in aged animals also caused a sig-
nificant increase of the dermal thickness and an induction of Col1 ex-
pression (Lee et al., 2015). Of note, reduction of dWAT can provide an

Fig. 1. Left: Skin histology (H&E stained) in young (2 months old), middle aged (13 months) and old mice (30 months). Right: Schematic representation of the aging
skin.
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effective increase of dermis thickness through transformation of adi-
pocytes in fibroblast-like cells (Kruglikov et al., 2018; Zhang et al.,
2019), which demonstrates a strong cooperation between these two
layers (Fig. 1).

The volume of dWAT is regulated not only through the processes of
lipolysis and lipogenesis, but also through de-differentiation of mature
adipocytes into preadipocytes as well as through re-differentiation of
these cells into mature adipocytes (Kruglikov et al., 2018). Cav-1 is
known to be strongly associated with the differentiation of pre-
adipocytes to mature cells (Scherer et al., 1994) and is also very likely
involved in the de-differentiation of mature adipocytes. Very recently,
we have demonstrated that these reversible processes are mainly re-
sponsible for the evolution of dWAT volume during hair follicle cycling
(Zhang et al., 2019). It can be speculated that the significant expansion
of dWAT volume in the aging skin may be connected with an impair-
ment of this mechanism; however, this statement must be carefully
examined in future research.

These results demonstrate that Cav-1 must be substantially involved
in development of macroscopic skin alterations observed in aging skin
and that specific reduction of Cav-1 content can provide improvements
of macroscopic skin structure, leading to anti-aging effects.

2.2. Mesoscopic skin alterations in aging

Mesoscopically, the dermis of newborn mice contains different types
of fibroblasts: papillary fibroblasts, reticular fibroblasts, and pro-adi-
pogenic fibroblasts which exist in two distinct forms and are located
near the dermis-hypodermis junction (Driskell et al., 2013). Aging is
associated with the accumulation of pro-adipogenic traits in skin fi-
broblasts (among them, enhanced levels of the master adipogenic
factor, PPARγ); these modifications take place at the expense of more
traditional fibroblast characteristics (Salzer et al., 2018). These altera-
tions are sensitive to systemic metabolic changes: whereas a high fat
diet enhances these modifications, long-term caloric restriction is able
to prevent them (Salzer et al., 2018). Of note also, the density of fi-
broblasts is higher in the papillary than in the reticular dermis, and the
papillar fibroblasts are prone to differentiation into reticular fibroblasts
after prolonged cultivation in vitro (Janson et al., 2013). Whether the
de-differentiation of mature dermal adipocytes and the appearance of
cells with intermediate phenotype near the dermal-hypodermal junc-
tion are involved in the aging-associated modulation of the phenotype
of the fibroblasts remains to be elucidated.

Skin fibroblasts in vivo are organized in stable clusters whose loca-
tion is not changed over time despite the loss of some cluster members
(Marsh et al., 2018). This spatial stability is provided by a rac1-de-
pendent extension of fibroblast membranes which fill the space of the
lost cells. At the same time, rac1 protein levels in mouse fibroblasts are
strongly controlled by Cav-1 (Nethe et al., 2010). We can therefore infer
that Cav-1 expression is substantially involved in the regulation of the
spatial dermal structure.

Cav-1 secreted from WAT adjacent to the dermis-hypodermis junc-
tion and transmitted to the dermis through exosomal transport may act
as an enhancer of adipogenesis (Chang et al., 2017). This “membrane
exchange” is strongly dependent on the metabolic status of adipose
tissue, and is significantly higher in hypertrophic WAT. Since dWAT
demonstrates pronounced hypertrophy in aging murine skin (Salzer
et al., 2018), Cav-1 secretion from adipocytes must be increased with
aging. Such a long-range interaction through Cav-1 transport seems to
be of general physiological importance. We recently described similar
long-range exosomal exchanges of Cav-1 between epithelial cells and
adipocytes (Crewe et al., 2018). Related mechanisms are reported for
the long-range regulation of the ECM deposition and remodeling in
stromal fibroblasts (Albacete-Albacete et al., 2018). Very recently, we
argued that exosomal exchange of Cav-1 between the epidermis and
WAT must be an important pathophysiological step in psoriasis
(Kruglikov and Scherer, 2019a).

As a result, the aged fibroblasts shift towards a more adipogenic
phenotype receiving the mixed adipo-epithelial content and thus oc-
cupying an intermediate state between “pure” fibroblasts and mature
adipocytes. A similar statement concerning varying phenotypes of
adipocytes located in dWAT was provided in (Kruglikov and Scherer,
2016) and experimentally proven in (Zhang et al., 2019). Cells with an
intermediate adipo-epithelial phenotype are found not only in the skin,
but are also clearly apparent in the lung where they are known as “li-
pofibroblasts” (Rehan et al., 2006), in the mammary gland during
pregnancy (Prokesch et al., 2014), and in breast cancer where these
cells are placed near the front between the malignant and healthy tis-
sues and are known as cancer-associated fibroblasts (CAFs) (Bochet
et al., 2013). Of note, CAFs demonstrate significantly reduced expres-
sion of Cav-1 (Qian et al., 2019).

Cav-1 expression significantly increases with adipogenesis, dis-
playing dramatically higher levels in mature adipocytes than in pre-
adipocytes. Mature adipocytes in subjects demonstrating hypertrophic
growth of adipose tissue have higher levels of Cav-1, and its absolute
values positively correlate with the change in adipocyte size. In con-
trast, mature adipocytes in subjects demonstrating hyperplastic growth
of adipose tissue do not show such a correlation (Briand et al., 2014).
Thus, increased Cav-1 expression in adipocytes is generally associated
with their hypertrophic expansion. Whereas the average cell size pro-
gressively increases in aging, the surface density of caveolae in adipo-
cytes decreases with increasing age of the mice (Hulstrøm et al., 2013).
These processes can significantly affect the spatial structure of dermis
and dWAT in aging skin, influencing the de-differentiation of mature
dermal adipocytes into adipocyte-derived preadipocytes and the sub-
sequent re-differentiation of these cells into mature adipocytes
(Kruglikov et al., 2018; Zhang et al., 2019).

These results demonstrate that the cellular make-up of the skin
significantly varies with aging, and this variation can strongly influence
the mechanical properties of different skin layers and thus, influences
the appearance of skin aging signs. Cav-1 may be critically involved in
these processes.

2.3. Collagen expression and inflammation in skin aging

Reduced collagen expression and aging-associated inflammation
(sometimes referred to as “inflammaging” are both accepted hallmarks
of skin aging (Uitto and Bernstein, 1998; Franceschi et al., 2018).

Cav-1 demonstrates a pronounced negative correlation with ex-
pression of collagens, which, among many other settings, was reported
in chronologically aged skin (Lee et al., 2015), scleroderma (Castello
et al., 2011), keloids (Zhang et al., 2011a; Hsu et al., 2018), and hy-
pertrophic scars (Zhang et al., 2011b). Moreover, suppression of Cav-1
can lead to a pronounced up-regulation of collagen expression in the
skin without triggering any degree of skin fibrosis (Lee et al., 2015).
This effect was connected with the localization of TGF-β within ca-
veolae in the plasma membrane, as well as with the physical interaction
of Cav-1 with TGF-β receptors (Ito et al., 2004a, 2004b): Cav-1 is in-
volved in the internalization of these receptors, which then undergo
rapid intracellular degradation (del Galdo et al., 2008).

Cav-1 is also directly and indirectly involved in tissue inflammation.
Strong suppression of Cav-1 through application of MβCD caused a
dramatic increase of extracellular release of IL-8 (Mathay et al., 2011),
which participates in development of inflammation. Elimination of Cav-
1 induces polarization of M2 macrophages in mice (Shivshankar et al.,
2014). High levels of Cav-1 expression in the aging skin should prevent
this polarization and shift the ratio of M1 vs. M2 macrophages more
towards the M1 subtype that can secrete mediators promoting in-
flammation. Indeed, it was reported that the M1/M2 ratio significantly
increases in aging (Gonzalez et al., 2015).

The epidermal lamellar bodies (lamellar granules) are specialized
organelles that are secreted by skin keratinocytes. Electron microscopic
analysis demonstrates abundant lamellar bodies in the extracellular
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space of the upper dermis. These lamellar bodies form an impermeable
lipid containing membrane that is necessary for skin barrier function.
The expression of Cav-1 is differentiation-dependent in keratinocytes.
The co-localization of Cav-1 with lamellar bodies, along with their role
in the transport of vesicles, suggest that Cav-1 may be involved in the
assembly of lamellar bodies, their trafficking, and Cav-1 could therefore
be instrumental for their overall function (Feingold, 2012; Sando et al.,
2003).

3. Autophagy in aging and its correlation with Cav-1 expression

Autophagy is a catabolic degradation process, eliminating un-
necessary or damaged intracellular components (Rubinsztein et al.,
2011). Macro-autophagy connected with formation of intracellular
vacuoles requires the de novo formation of autophagosomes with the
lipidated form of the microtubule-associated protein 1 light chain 3
(LC3-II) as a characteristic marker.

A comparison of the serially passaged human skin fibroblasts un-
dergoing aging and replicative senescence in vitro demonstrates a tre-
mendous increase of the basal level of LC3 secretion near senescent
cells, compared to young cells (Demirovic et al., 2015). UV-induced
senescence in human dermal fibroblasts is also connected with in-
creased LC3-II expression in these cells (Cavinato and Jansen-Dürr,
2017; Cavinato et al., 2017). At the same time, lipofuscin, which is a
highly cross-linked undegradable aggregate, is also significantly ele-
vated in aged dermal fibroblasts (Tashiro et al., 2014). Together with
increased expression of LC3-II in these cells, such an increase of lipo-
fuscin content suggests that the increased number of autophagosomes
observed in aged dermal fibroblasts is not connected with an enhanced
formation of these structures. Rather it reflects impaired autophagic
flux (failure of autophagosomes to fuse with lysosomes) in aged cells
(Tashiro et al., 2014). This means that autophagy in senescent cells in
the presence of high levels of Cav-1 expression is not really activated
but rather defective.

Currently, the function of Cav-1 in autophagy remains not well
understood. Cav-1 deficient mice show enhanced autophagy in adipo-
cytes (Le Lay et al., 2010). The deletion of Cav-1 promotes both basal
and induced autophagy in primary cultured mouse embryonic fibro-
blasts. The regulatory role of Cav-1 in autophagy is independent of the
formation of caveolae per se, but acts through lipid rafts (Shi et al.,
2015). The autophagy factors that form a complex (ATG12, ATG5 and
ATG16 L) are crucial for autophagosome formation. Cav-1 can not only
interact with the ATG12-ATG5 complex, but also regulate the expres-
sion of ATG12, ATG5, and ATG16 L. The competitive binding of Cav-1
with ATG12-ATG5 complex results in a suppression of autophagosome
formation. Therefore, Cav-1 is considered a negative regulator of au-
tophagy (Chen et al., 2014).

Although this point has not yet been investigated properly, we
propose that the normalization of Cav-1 expression can re-store au-
tophagy in aging skin cells.

4. Alteration of interfaces between single skin layers in aging

4.1. Dermal-epidermal and dermal-hypodermal junctions

In humans, interfaces between single skin layers in the composite
structure epidermis/dermis/WAT are not flat and demonstrate un-
dulations under normal physiological conditions. These undulations at
the level of the dermal-epidermal junction are known as rete ridges
(downward folds of the epidermis) and dermal papillae (upward pro-
jections of the dermis); the corresponding undulations on the dermal-
hypodermal junction are known as papillae adiposae. Increased aging
correlates with effacement of dermal papillae causing progressive de-
creases of their height and reduction of dermal papillary projections.
The number of dermal papillae per unit skin surface length in the aged
human skin decreases to about half of this value in the young skin

(Sauermann et al., 2002). Appearance of dermal papillae and papillae
adiposae was connected with strongly different mechanical properties in
neighboring layers as well as with bi-modular mechanical properties
(tension/compression asymmetry) in at least one of these layers
(Kruglikov and Scherer, 2018).

The cutaneous basal lamina, which is the ECM layer containing
laminin, is significantly contributing to the stability of dermis-epi-
dermis junctions and demonstrates striking age-related modifications.
Laminin is progressively degraded in aging, in the process destabilizing
the basal lamina and inducing a reduction of undulations at the dermal-
epidermal junctions. This degradation is mediated by different MMPs,
including MMP-2, MMP-9 and MT1-MMP, as well as by proteases, such
as plasmin and cathepsin B. There are some intriguing observations that
implicate Cav-1 in this process. First, Cav-1 demonstrates a negative
correlation with expression of MMP-2/MMP-9 (Fu et al., 2017). This
effect may be related to the fact that MMP-2 and MT1-MMP are co-
localized with Cav-1 on the cell surface (Puyraimond et al., 2001).
Additionally, at least in some cells, Cav-1 demonstrates correlations
with expression and localization of caveolae-associated proteases, such
as cathepsin B and pro-urokinase plasminogen activator as well as with
their membrane receptors (Cavallo-Medved et al., 2005).

Papillae adiposae are present both in males and females, but they are
significantly more pronounced in skin affected by cellulite than in un-
affected skin (Querleux et al., 2002). Treatments improving skin ap-
pearance by cellulite also reduce these undulations (Lucassen et al.,
1997). Taking into account the similar nature of dermal papillae and
papillae adiposae, it is not surprising that subjects with cellulite show
earlier onset of skin aging (Ortonne et al., 2008).

The structures of the dermal papillae, and very likely also of the
papillae adiposae, correlate with Cav-1 content. In psoriatic plaques
which are characterized by very low levels of Cav-1 expression
(Yamaguchi et al., 2015), the rete ridges demonstrate significant elon-
gation and the dermal papillae show characteristic structures. Treat-
ments improving skin conditions in psoriasis normally increase Cav-1
expression and reduce the undulations within the dermis-epidermis
interphase. Previous studies showed that Cav-1 levels are inversely
correlated with proliferation of cells (Torres et al., 2006; Fang et al.,
2007; Cerezo et al., 2009). Beyond the reduced expression in psoriasis,
a significant downregulation of Cav-1 is also detected in other hyper-
proliferative skin disorders (Gheida et al., 2018). Accordingly, admin-
istration of Cav-1 scaffolding protein peptide in murine psoriasis-like
model significantly reduced the proliferation of epidermal cells and the
number of infiltrating cells, and resulted in improved skin phenotypes
(Yamaguchi et al., 2015). Furthermore, the topography of the dermal-
epidermal junctions is more pronounced in proliferative psoriasis skin,
but not in the aged skin, which displays a slower proliferation and more
flattened rete ridges. As the aged and differentiated cells show in-
creased levels of Cav-1 (Park et al., 2000; Sando et al., 2003), this level
may inversely correlate with the topography of the dermal-epidermal
junctions, and reflect the age of the skin.

4.2. Role of caveolae in cellular adhesion

Proper adhesion is essential for tissue differentiation and re-
modeling. It is also relevant for the overall mechanical properties of the
tissue, and thus plays an important role in skin aging (Kruglikov and
Scherer, 2018). The adhesion is provided by anchoring junctions and is
complemented by gap junctions, which are responsible for intercellular
communication. The main components of anchoring junctions are the
cadherins, which build the intercellular connections, as well as the in-
tegrins, which provide the attachment of the cells to the ECM.

Chronologically aged human skin demonstrates reduced expression
of β1 integrin (Giangreco et al., 2010). Whereas the β1 integrin ex-
pressing cells are highly abundant in the young skin and located on the
top of rete ridges, such expression almost completely disappears in the
aged skin. This modification in expression of proteins involved in
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attachment of skin cells to the ECM components correlates with a strong
reduction of dermal papillae (Giangreco et al., 2010). Similar alterations
were observed in UV-induced aging (Bosset et al., 2003). Expressions of
cadherin (CDH1) and desmosome (DSC3) genes were reported to be
significantly higher in the young compared to aged skin (Kimball et al.,
2018). Additionally, cell detachment generally causes the release of
Cav-1 from lipid rafts, although this release is differentially affected in
young and senescent fibroblasts (Inomata et al., 2006).

The modification of Cav-1 levels affects integrin expression and
consequently influences the adhesion capacity of cells (Fu et al., 2010).
Mesenchymal stem cells with depleted Cav-1 expression demonstrate
decreased cell surface integrin content and lower adhesion rates to
different substrates; conversely, induction of Cav-1 in these cells leads
to increased expression of different integrins and provides higher ad-
hesion rates to fibronectin and collagen (Sohn et al., 2018a, 2018b).
This effect is dependent on the membrane cholesterol content. Fur-
thermore, Cav-1 regulates the endocytosis of integrins, at least β1 in-
tegrins, which occurs even in the absence of a fibronectin matrix. A
reduction in Cav-1 impairs this process (Shi and Sottile, 2008). In
contrast, Cav-1 overexpression was associated with abnormal expres-
sion of at least one member of the E-cadherin/α–β catenin complex
(Masuelli et al., 2012). Caveolins were also reported to be involved in
the generation and modification of gap junctions (Langlois et al., 2008;
Defamie and Mesnil, 2012).

These results demonstrate that the modification of Cav-1 expression
can significantly influence intercellular adhesion processes. As skin
aging is strongly dependent on the adhesion between different skin
layers as well as between dermis and subcutis (Kruglikov and Scherer,
2017, 2018), this may be an important mechanism by which Cav-1
contributes to the aging process.

5. Alteration of hyaluronan content in aging skin and its
interaction with Cav-1

Hyaluronan (HA) is one of the major components of the pericellular
coat playing a critical role in skin aging (Papakonstantinou et al.,
2012). Macroscopically, aged skin is characterized by the dis-
appearance of HA from the epidermis and its shift towards the reticular
dermis (Meyer and Stern, 1994). Progressive reduction of HA size
(Longas et al., 1987) and transformation of HA from free to a tissue-
bound form (Meyer and Stern, 1994) were also described as the hall-
marks of the aging skin. Cav-1 plays an important role in HA home-
ostasis in the skin, influencing the HA binding capacity and potentially
the long-range exosomal transport.

5.1. Binding of HA to the cell surface is Cav-1 dependent

Binding of HA to the cell surface mainly occurs through CD44 re-
ceptor and is regulated by MT1-MMP, both of which are spatially co-
localized with caveolae (Annabi et al., 2004). Lipid rafts in the plasma
membrane are strongly involved in the interaction between CD44 and
HA and this effect depends on the molecular weight of HA (Murai,
2015). Additionally, HA binding is negatively correlated with local Cav-
1 content: disruption of caveolae leads to a tremendous increase of HA
binding capacity (Annabi et al., 2004).

A shift of HA from the epidermis towards the reticular dermis
should be connected with a modulation of the binding capacity of HA,
which is inversely dependent on the Cav-1 content. Progressive in-
creases of Cav-1 expression with aging, which also results in a flattening
of the dermal-epidermal junction, will reduce the HA binding capacity
in the epidermis and the papillary dermis, leading to the disappearance
of HA from these layers. The progressive reduction of HA size in the
aging skin influences not only its binding capacity, but also the long-
range exosomal exchange between different skin layers, making their
mechanical properties much less flexible. On the other hand, the ap-
pearance of tissue-bound HA in the reticular dermis must reflect

reduced Cav-1 expression in this layer neighboring the dermal-hypo-
dermal junction.

5.2. HA interacts with TGF-β receptors

In the presence of HA, the majority of the TGF-β receptors are
partitioned into Cav-1 lipid raft-associated pools, which significantly
attenuates TGF-β1 signaling (Ito et al., 2004a). As a result, collagen
synthesis in response to TGF-β1 must be modulated by the presence of
HA. It was proposed that the availability of exogenous HA leads to a co-
localization of CD44 and TGF-β into Cav-1 lipid raft-associated pools.
This effect was observed only with high molecular weight HA (HMW-
HA) of 2×106 Da. In contrast, low molecular weight HA (LMW-HA) of
65,000 Da was unable to antagonize the effect of TGF-β1 (Ito et al.,
2004b). This demonstrates how not only the content but also the sub-
type of HA can influence the local collagen production in the tissue.

vice versa, stimulation with TGF-β1 commonly enhances the total
amount of HA in skin fibroblasts through enhanced expression of hya-
luronan synthase, whereby the molecular size of newly produced en-
dogenous HA is dependent on the expression levels of hyaluronan-
binding protein involved in hyaluronan depolymerization (HYBID)
(Nagaoka et al., 2015). In intact human skin, the content of TGF-β1
receptors positively correlates with HAS2 and negatively correlates
with HYBID expression. This mechanism works only for HMW-HA, but
not for depolymerized HA (as in the case of inflammation or aged skin)
(Nagaoka et al., 2015).

5.3. Long-range Cav-1 transport is HA-dependent

Content and release rates of extracellular vesicles in endothelial
cells in vitro are dependent on the content and subtype of HA presented
in the media (Mirzapoiazova et al., 2015). Both exogenous HMW-HA
and LMW-HA significantly increase the release of vesicles containing
Cav-1, and this release is spatially connected with caveolae. At the same
time, the molecular weight of HA has a strong impact on the content
and form of released vesicles. Whereas exogenous LMW-HA causes the
release of exosomes, vesicles released by the application of exogenous
HMW-HA had a bigger size, different surface structure, and contained
neuroblast differentiation associated protein (AHNAK) and annexin A2
(Mirzapoiazova et al., 2015), both of which are known to be involved in
intercellular adhesion (Sheppard et al., 2016; Staquicini et al., 2017).
AHNAK interacts with annexin 2 and both of the proteins are co-loca-
lized in lipid rafts with Cav-1 (Benaud et al., 2004). Recently, AHNAK
was shown to potentiate TGF-β signaling and even induce epithelial-
mesenchymal transition (Sohn et al., 2018a, 2018b).

From the observations above, we can assume that the long-range
exosomal transport of Cav-1 described in (Crewe et al., 2018; Albacete-
Albacete et al., 2018) must also be dependent on the content and sub-
type of HA in the tissue, which in turn undergoes significant mod-
ifications in aging.

In summary, Cav-1 and HA strongly interact with each other. This
interaction does not have a simple short-range character; rather, it can
also be involved in the long-range re-distribution of Cav-1 in tissue,
thereby influencing the global mechanical properties of the skin and
contributing to the development of specific structural modifications in
the aging skin.

Collectively, these results prompt us to consider Cav-1 not only as a
pathophysiological factor, but they highlight Cav-1 as an important
target for a variety of different skin conditions, including skin aging.
This is supported by a number of different experimental approaches
that we summarized in Table 1.

6. Conclusions

An upregulation of Cav-1 demonstrates strong correlations with
aging phenotypes, both in chronological and UV-induced aging in vitro
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and in vivo (Fig. 2). The modification of Cav-1 content significantly
affects collagen production and inflammation in the aging process. The
age-dependent modulation of Cav-1 also leads to modifications of the
content and distribution of hyaluronan in the skin, and contributes to
an impairment of the autophagic flux in aging cells. Recent results re-
ported in areas such as skin aging, fibrosis and psoriasis suggest that the
above-mentioned interactions are not merely correlations. Rather, Cav-
1 is a pathophysiological factor and should be a target for different
inflammatory and hyper-proliferative skin conditions, as well as in skin
aging. The modulation of Cav-1 expression can significantly influence
mechanical properties of single skin layers, as well as the adhesion
between adjacent layers. This will affect the mechanical stability of the
layered composite skin/WAT. As such, we propose that selective tar-
geting of Cav-1 expression should lead to relevant anti-aging effects in
the skin.
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