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Abstract

Expression of caveolin-1 (Cav-1) is an important pathophysiological factor in acne. Cav-1 strongly 

interacts with such well-recognized etiopathogenic factors such as hyperseborrhea, follicular 

hyperkeratinization, and pathogenicity of C. acnes. Cav-1 is a strong negative regulator of 

transforming growth factor beta (TGF-β) expression. It acts as a critical determinant of autophagy, 

which is significantly induced in acne lesions through C. acnes and by absorption of fatty acids. 

Cav-1 also demonstrates different correlations with the development of innate immunity. We 

propose that normalization of Cav-1 expression can serve as a target in anti-acne therapy.
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1. INTRODUCTION

Plasma membranes of eukaryotic cells have spatially heterogeneous structures containing 

lipid clusters, which can appear in form of flattened areas (lipid rafts) or plasma membrane 

invaginations (caveolae). Caveolae are involved in rapid adaptation to cellular volume 

changes, in various signal transduction processes as well as in endo- and exocytosis. 

Caveolin-1 (Cav-1) is the principal structural component of caveolae, its expression is 

strongly dependent on the differentiation stage of the cell, and it is often considered as a 

master regulator of several important signaling cascades. Cav-1 exists not only in plasma 

membranes or intracellularly but can also be transported in extracellular vesicles, providing 

a long-range mechanism of communication inside of the tissue or even between adjacent 

tissues.[1-3] Low levels of Cav-1 expression in tissues are generally connected with the 
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appearance of hyperproliferative and inflammatory conditions and are also substantially 

involved in psoriasis and scarring.[3,4] Keratinocytes in which lipid rafts are disrupted are 

also associated with the appearance of atopic dermatitis.[5]

Acne vulgaris is the most common chronic inflammatory skin disease related to 

pilosebaceous units (PSUs). Its pathophysiology was connected with different 

etiopathogenic factors, among them hyperseborrhea, follicular hyperkeratinization, and 

pathogenic behavior of the gram-positive bacterium C. acnes (formerly P. acnes).[6,7] 

Traditionally, hyperseborrhea was linked with increased sebum excretion from sebaceous 

gland induced by androgens; follicular hyperkeratinization was believed to be mainly caused 

by abnormal proliferation, terminal differentiation and desquamation of keratinocytes, and 

the pathogenic behavior of C. acnes was related to uncontrolled proliferation of these 

bacteria in PSUs. At the same time, inflammatory events are present in the very early stages 

of acne development and can be found both in involved and uninvolved acne skin.[8] This 

allows acne vulgaris to be considered as a primary inflammatory skin disorder.[9]

There is no increase in the proliferation of keratinocytes in acne lesions.[10] The transition 

from commensalism to pathogenicity of bacteria is often realized without the need for 

hyperproliferation of pathogens and is normally connected with a modified host-pathogen 

interaction.[11] This modification is not inherently connected with altered properties of the 

pathogen itself, but may mainly be caused by internal modifications of the host cells. 

Further, local overloading of the skin with free fatty acids causing inflammation can be 

provided not only by the sebaceous gland. In fact, dermal adipocytes can provide significant 

local levels of the free fatty acids around the distal end of PSU during their physiological de-

differentiation into adipocyte-derived preadipocytes (ADPs) [12] in the catagen phase of the 

hair follicle (HF) cycle.[13]

Transforming growth factor β (TGF-β) is actively produced by human fibroblasts and plays 

an important role in functioning of sebocytes and keratinocytes. Whereas TGF-β can exist in 

different isoforms, it appears that only TGF-β1 plays an important role in acne, being 

strongly upregulated in acne lesions.[14] Cav-1 is involved in the internalization and 

intracellular degradation of TGF-β receptors, [15] providing an inverse correlation between 

TGF-β1 and Cav-1 in different hyperproliferative and inflammatory conditions.[3,4]. 

Correspondingly, the observed overexpression of TGF-β1 points to a local deficiency of 

Cav-1 in acne lesions. This mechanism can also influence the lipid production in human 

sebocytes.[16]

Here, we discuss how the main etiopathogenic factors in acne can be connected with the 

expression of Cav-1 and whether Cav-1 can be a target in the treatment of this skin disease.

2. CAV-1 IN HYPERKERATINIZATION

Follicular obstruction observed in acne lesions may be connected either with uncontrolled 

hyperproliferation of keratinocytes, with their abnormal terminal differentiation and/or with 

reduced desquamation of these cells. Since enhanced proliferation of keratinocytes in acne 
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lesions is not observed,[10] the main focus is on the differentiation and desquamation 

processes.

Both terminal differentiation and desquamation of keratinocytes are significantly regulated 

by epidermal lamellar bodies.[17,18] Cav-1 deficiency delays the terminal differentiation of 

these cells. Application of methyl-β-cyclodextrin (MβCD), which is a cholesterol-depleting 

agent that disrupts caveolae, demonstrates skin-specific anti-Cav-1 activity, and significantly 

reduces the secretion of lamellar bodies,[18] which must affect the desquamation process.

Thus, Cav-1 expression must be an important factor in terminal differentiation of follicular 

keratinocytes and their desquamation and thus in the development of hyperkeratinization.

3. CAVEOLIN AND HYPERSEBORRHEA

Hyperseborrhea, traditionally connected with increased sebum excretion from sebaceous 

gland, is considered as a necessary condition for acne development. Mature sebocytes 

accumulate lipid droplets and express pro- and anti-inflammatory adipokines, thus linking 

lipid metabolism and inflammation.[18] This resembles the functioning of adipocytes 

providing far-reaching analogies with adipocyte biology.

3.1. Cav-1 in sebocyte functioning

The physiological activity of sebocytes demonstrates multiple correlations with Cav-1 

expression. Sebocytes express adiponectin and adiponectin receptors (AdipoR1 and 

AdipoR2) both in vitro and in vivo,[19-21] and it was reported that adiponectin strongly 

regulates lipid production in sebocytes in a dose-dependent manner.[20] AdipoR1 is co-

localized with Cav-1 in the plasma membrane, producing AdipoR1/Cav-1 “signalsomes”, 

which are critical for adiponectin signaling. From here, enhanced expression of Cav-1 in 

sebocytes may be needed for hyperseborrhea. Suppression of Cav-1 will lead to a 

dissociation of AdipoR/Cav-1 signalsomes and thus to a reduction of hyperseborrhea. This 

can explain the early reports concerning reduction of hyperseborrhea through of β-

cyclodextrins, which deplete cholesterol and reduce Cav-1. Interestingly, such a dissociation 

of the AdipoR1/Cav-1 signalsome is typical in thw diabetic state, which corresponds to the 

theory of metabolic syndrome of the PSU proposed in [22].

Secretion of anti-inflammatory markers, such as adiponectin, and pro-inflammatory 

cytokines, such as leptin and interleukin (IL)-6, as well as expression of Cav-1 are much 

higher in differentiated than in undifferentiated adipocytes.[23] Activation of TGF-β 
signaling was shown to be necessary and sufficient for maintaining sebocytes in an 

undifferentiated state, whereas reduced expression of TGF-β receptors (TβR) in these cells 

caused an increased lipid production.[16] Internalization and degradation of TGF-β receptors 

can occur through caveolae-dependent and independent pathways; whereas caveolin-

independent internalization of TβR enhances TGF-β signaling, caveolin-dependent 

internalization of these receptors causes its effective suppression.[15] This also points to an 

increased expression of Cav-1 in hyperseborrhea. It was reported that hyaluronan (HA) 

increases co-localization of TβR with Cav-1.[24] Whereas originally this effect was reported 

for human renal proximal tubular cells, it appears to be of general significance. Of note, 
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exogenous HA attenuates lipid production in human sebocytes in a dose-dependent manner 

both in vitro and in vivo.[25]

Whereas TGF-β1 signaling was shown to be enhanced in acne lesions,[14] this signaling 

must be suppressed in hyperseborrhea.[16] Concerning the negative correlation between 

TGF-β1 and Cav-1 observed in different hyperproliferative and inflammatory skin 

conditions, this points to an inhomogeneous distribution of Cav-1 in acne skin.

3.2. Dermal adipocytes as an additional source for fatty acid loading

While the hyperseborrhea is mainly linked to the sebaceous glands, there is another source 

for fatty acids in the skin - dermal white adipose tissue (dWAT). This special fat depot 

located in the superficial hypodermis and around the distal parts of PSUs demonstrates 

significant volume oscillations during HF cycle.[12,26,27] As we discovered very recently, 

this effect is connected with repeated de- and re-differentiation processes, which affect 

90-95% of the adipose cells from dWAT (Fig. 1).[13] The de-differentiation of mature dermal 

adipocytes in adipocyte-derived preadipocytes (ADPs) is connected to a dramatic reduction 

of the cell volumes.[12] During this process, dWAT provides a local source for fatty acids,[13] 

which can - upon release - be transported to the reticular and even to the papillar dermis. 

This release must be spatiotemporally correlated in the case of the synchronized HF cycling, 

as seen in rodents. However, it has a more local character in the microenvironment during 

asynchronous HF cycling, as observed in humans. At the same time, as we argued 

previously,[28] short range synchronization of neighboring HFs in humans is possible and 

may be connected with high expression of the multi-ligand receptor megalin/LRP2. 

Substantial portion (up to 40-fold) of cellular megalin/LRP2 is concentrated in caveolae 

where it can be phosphorylated.[29] Megalin/LRP2 levels temporally vary during HF cycle. 

They are much higher in early anagen than in catagen or telogen.[30] This means that the 

degree of the spatial HF synchronization should vary during HF cycle. This effect can 

increase the area loaded with fatty acids extending it from a single HF to a spatially 

correlated group of HFs.

On the other hand, the re-differentiation of ADPs into mature adipocytes is taking place 

during the anagen phase[13] and requires a significant flux of fatty acids back to the 

adipocytes. This demand must be at least partially covered by the local source of fatty acids 

in sebum and requires a strong secretory capacity from sebocytes. As a result, the reticular 

dermis experiences oscillations of fatty acids loading and unloading during the HF cycle. 

Cav-1 is strongly involved both in uptake and efflux of lipids in adipocytes and is therefore a 

critical factor in these processes.[31,32] Consequently, we would argue that these oscillations 

must correlate with the local Cav-1 expression levels in the areas adjacent to PSUs.

As demonstrated in [13], ADPs can be alternatively trans-differentiated in myofibroblasts in 
vivo. These myofibroblasts typically display significantly lower levels of Cav-1 expression 

compared to normal fibroblasts. The differentiation process into myofibroblasts is enhanced 

under conditions of Cav-1 deficiency.[4] This trans-differentiation, as it takes place in acne 

skin, will lead to localized scarring. The specific signals triggering transition from the cyclic 

de-/re-differentiation of dermal adipocytes to their trans-differentiation into myofibroblasts 

remain to be elucidated. We assume that this transformation can be caused by prolonged 
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inflammation accompanied by the development of excessive autophagy. These processes 

lead to Cav-1 deficiency, which, in turn, can promote the trans-differentiation of ADPs into 

myofibroblasts. The trans-differentiation of adipocytes into myofibroblasts in vitro requires 

TGF-β stimulation and an additional mechanical stress, provided by increasing the adhesion 

area in a stiff matrix.[33] Of note, both TGF-β [15] and intracellular adhesion molecule 1 

(ICAM-1) [8] were found to be strongly upregulated in acne lesions.

Since Cav-1 is substantially involved in the re-differentiation and very likely in the de-

differentiation processes in dermal adipocytes as well as in the trans-differentiation of ADPs 

into myofibroblasts, the manipulation of its expression can be an important target in the 

regulation of the fatty acid content at the distal ends of HFs.

4. CAV-1 IN OPPORTUNISTIC PATHOGENICITY OF C. ACNES

Even though C. acnes is highly abundant in a healthy skin, it can act as an opportunistic 

pathogen in the development of acne vulgaris. This pathogenic transformation is not simply 

connected with enhanced proliferation of bacteria, but must be essentially based on a 

modified interaction host-pathogen.

4.1. Cav-1 in host-pathogen interactions

Different pathogens interact with lipid raft microdomains in the plasma membrane to invade 

the host cells.[34,35] In the course of this, critical constituents of caveolae are actively 

recruited to the sites of bacterial entrance [36] demonstrating a significant involvement of 

Cav-1 in this process. It was reported that internalization of various pathogens can positively 

or negatively depend on the Cav-1 expression in the host cells. Non-professional phagocytic 

cells deficient in Cav-1 demonstrate a remarkably increased uptake of S. aureus and it was 

proposed that Cav-1 overexpression generally reduces the internalization of fibronectin-

binding pathogens.[37] This phenomenon was connected with a negative regulation of the 

membrane microdomain mobility through Cav-1, which anchors these domains to the 

cytoskeleton. C. acnes are also fibronectin-binding bacteria, and, whereas this topic was not 

investigated properly, it can be strongly assumed that internalization of these pathogens 

should demonstrate a similar dependence on Cav-1. Also, Cav-1 KO mice demonstrate 

significantly elevated bacterial burdens in different types of cells.[38] It was further reported 

that Cav-1 can protect host cells against bacterial invasion by a caveola-independent 

mechanism.[39] Additionally, skin infections with S. aureus cause rapid proliferation of 

dermal preadipocytes and their differentiation into mature adipocytes.[40] Since Cav-1 

expression in immature adipocytes is significantly lower than in mature adipocytes, these 

cells should demonstrate a higher susceptibility to bacterial infection. As a result, the de-

differentiation of dermal adipocytes into ADPs can lead to an enhanced level of bacterial 

infection in these immature cells, which in turn is transmitted to the mature adipocytes 

during re-differentiation process in the anagen phase. In fact, the inhibition of TGF-β 
receptors increases resistance of adult mice to S. aureus.[41]

C. acnes interacts with the skin not only through invading the host cells. This pathogen also 

constitutively releases extracellular vesicles, which can induce innate immunity and acne-

like phenotype in human epidermal keratinocytes.[42,43] Similar mechanism based on the S. 

Kruglikov and Scherer Page 5

Exp Dermatol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aureus-derived extracellular vesicles was stated to be an important factor in pathogenesis of 

atopic dermatitis.[44]

C. acnes produce coproporphyrin III, which arises from heme synthesis. It demonstrates a 

high correlation with the appearance of comedonal and papulopustular acne lesions.[45] 

Heme degradation enzyme heme oxygenase (HO-1) is localized to caveolae; moreover, 

Cav-1 physically interacts with HO-1, modulating its enzymatic activity.[46]

4.2. Possible role of hyaluronan in C. acnes pathogenicity

Additionally, C. acnes of the type IA, which is predominantly associated with acne-affected 

skin, demonstrates high hyaluronic acid lyase/hyaluronidase activity and can intensively 

degrade the HA producing oligosaccharides of various sizes.[47] Partitioning of TGF-β 
receptors into Cav-1 lipid raft-associated pools takes place only in the presence of high 

molecular weight HA (HMW-HA); in contrast, low molecular weight HA (LMW-HA) was 

stated to be unable to antagonize the effect of TGF-β1 by Cav-1.[48] This phenomenon must 

be of importance in inflammatory acne lesions where it should lead to detachment of TGF-β 
receptors from Cav-1 providing deregulation of their physiological interaction and 

effectively increasing the TGF-β content.

Binding of HA to the cell surface mainly occurs through CD44 receptor and is strongly 

regulated by the matrix metalloproteinase MT1-MMP; both CD44 and MT1-MMP are 

spatially co-localized with caveolae.[49] Furthermore, lipid rafts sufficiently regulate the 

interaction between CD44 and HA, and this regulation largely depends on the HA size.[50] 

Completing this picture, C. acnes directly induces the expression of MT1-MMP in human 

dermal fibroblasts.[51] Additionally, sebocytes express CD44 both in vitro and in vivo, and 

exogenous HMW-HA downregulates lipid synthesis in these cells in a dose-dependent 

manner.[52] Whereas these authors did not directly investigate the effect of the LMW-HA on 

the sebum production, they inferred that it should be different from HMW-HA. 

Consequently, the regulation of sebum production by HA must be strongly modified in acne 

skin where C. acnes intensively degrade HA.

These results collectively infer that Cav-1 must be involved both directly and indirectly in 

the pathogenic behavior of C. acnes in a diverse and multifunctional way.

5. CAV-1, AUTOPHAGY AND ACNE

Healthy epidermis and the normal sebaceous gland demonstrate significant autophagy.[53,54] 

Distribution of the autophagy markers spatially correlates with expression of Cav-1,[55] as 

well as with the production of lamellar bodies. Autophagosome-like structures were also 

found in PSUs.[53,56] It was reported that C. acnes induces autophagy in macrophages and 

mesenchymal cells obtained from sarcoid lesions,[57] and in epidermal keratinocytes.[58] 

This catabolic process is essential for removal of dysfunctional mitochondria and influences 

the survival and differentiation of keratinocytes.[59] Of note, autophagy can be stimulated 

both by intracellular infection,[57] as well as by extracellular C. acnes,[58] which means that 

extracellular vesicles released by C. acnes can be involved in this process.[44]
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Under physiological conditions, Cav-1 co-localizes with different autophagy markers and is 

a critical determinant of autophagy.[60] All the while, prolonged or strongly overstimulated 

autophagy leads to the degradation of Cav-1 prompting a local deficiency.[61,62] Autophagic 

degradation of Cav-1 can be induced by palmitic acid (PA),[63] which is a typical component 

of sebum, and also released by enlarged adipocytes.[64]

Autophagy demonstrates interactions with TGF-β signaling at multiple levels. On the one 

hand, TGF-β can activate autophagy;[65] on the other hand, excessive autophagy promotes 

degradation of TGF-β.[66] Inhibition of autophagy antagonizes the effects of TGF-β1.[67] 

The degree of interaction between TGF-β and Cav-1 is obviously critically dependent on the 

Cav-1 expression. siRNA-mediated Cav-1 reduction triggers a significant activation of 

autophagy in endothelial cells.[60] Cav-1 deficiency promotes both basal and inducible 

autophagy in mouse embryonic fibroblasts, enhancing lysosomal function and 

autophagosome-lysosome interaction.[68]

On the other hand, senescent keratinocytes having high Cav-1 expression demonstrate 

extremely enhanced autophagic activity, which seems to contradict the results described 

above.[69] It should be, however, noted that accumulation of autophagy markers may be 

connected either with induction of autophagy or with impaired clearance of 

autophagosomes. For example, increased numbers of autophagosomes was also observed in 

aged dermal fibroblasts, but their appearance was connected with impaired autophagic flux 

(failure of autophagosomes to fuse with lysosomes) and not with enhanced autophagy.[70]

Both saturated and unsaturated fatty acids are able to induce the autophagy in dose-

dependent manner. PA is one of the typical components of the human sebum which enhances 

the innate immune response of human sebocytes against C. acnes.[71] PA-triggered 

autophagy observed in [63] was mTOR-independent.[72] This allows the induction of 

autophagy even in the context of strong upregulation of mTOR, as seen in acne vulgaris.[73] 

Importantly, Chen et al. demonstrated that PA induces autophagy in a Cav-1-independent 

manner, that degradation of Cav-1 is responsible for the development of inflammation, and 

that chronic high-fat diet can induce autophagy and Cav-1 degradation.[63] Moreover, 

induced overexpression of Cav-1 was shown to attenuate these effects. These results indicate 

that the Cav-1 expression and the appearance of acne can be at least partly connected with 

the nutritional status and that Cav-1 can be a causal factor. Of note, Cav-1 is required for the 

uptake of fatty acids through regulation of the fatty acid translocase (FAT/CD36) at the 

plasma membrane.[74]

Since fatty acids are released by mature adipocytes during their de-differentiation into ADPs 

in the catagen phase and are re-absorbed during re-differentiation of these cells into mature 

adipocytes in anagen,[13] local autophagy in the skin should demonstrate HF cycle specific 

variations. Indeed, whole-mount staining of HFs and surrounding dWAT reveals an 

increased expression of the autophagy marker LC3B during catagen.[75] On the other hand, 

the transition from anagen VI to catagen is characterized by a remarkable reduction of the 

autophagic flux in hair matrix keratinocytes and such inhibition of autophagy is necessary 

for catagen development.[76]
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These results collectively demonstrate that Cav-1 is substantially involved in the regulation 

of autophagy. Non-physiological autophagy can strongly reduce the Cav-1 content in the 

tissue leading to development of spatially limited hyperproliferative and inflammatory 

conditions in the skin which are typical in acne.

6. CAV-1 IN INNATE IMMUNITY

Traditionally, it is believed that C. acnes can interact with the innate immune system through 

four primary pathways: matrix-metalloproteinases (MMPs), toll-like receptors (TLRs), 

inflammasomes, and anti-microbial peptides (AMPs).[7] On the other hand, Cav-1 is a 

known regulator of innate immunity [77] and thus is strongly involved in these processes.

Silencing of Cav-1 in keratinocytes in vitro provided significantly increased expression of 

different cytokines/chemokines, such as IL-6, CXCL8, and CXCL9, whereas the application 

of Cav-1 scaffolding domain peptides in murine skin models of psoriasis significantly 

reduced the expression of cytokines.[78] Application of MβCD also caused dramatic 

induction of cytokines in keratinocytes.[5] Cav-1 is substantially involved in the regulation of 

some MMPs, which are strongly upregulated in acne skin.[79] Cav-1 was reported to be a 

negative regulator of MMP-1 in human dermal fibroblasts.[80] Further, C. acnes activates 

TLR2 and TLR4 in the membranes of inflammatory cells,[81,82] and TLR4 is co-localized 

and physically interacts with Cav-1,[77] whereas the Cav-1 deficiency dampens the TLR4 

signaling.[83]

AMPs demonstrate not only bactericidal effects, but can also promote inflammatory 

reactions. Differential expression of AMPs was found in acne skin, among them ß-defensins, 

psoriasin and cathelicidin.[7,84] Cathelicidin and ß-defensins are abundantly expressed by 

sebocytes in response to S. aureus and C. acnes.[85] The main source for cathelicidin in the 

murine skin is provided by differentiating immature dermal adipocytes.[40] Very recently, we 

have performed gene expression analysis on highly purified dermal adipocytes and identified 

Camp gene expression for cathelicidin as a marker for these cells.[13]

Whereas expression of cathelicidin by dermal adipocytes was originally reported for S. 
aureus,[40] it can be strongly inferred that dWAT also demonstrates an antimicrobial reaction 

against C. acnes. Indeed, HR-1 hairless mice, which are considered as a murine model for 

acne, demonstrate a pronounced expandability of the dWAT layer [86] and exhibit strong 

inflammatory reactions, epithelial proliferation and formation of microcomedone-like cysts 

after C. acnes injection.[87]

7. CONCLUSION

The presence of Cav-1 is essential for different hyperproliferative and inflammatory 

processes in the skin, acting not only as an important etiopathogenic factor (Fig.2), but also 

as a master regulator of these conditions. Previous analysis demonstrated its essential role in 

the pathogenesis of skin diseases such as psoriasis and hypertrophic scarring.[3,4] Here, we 

propose that Cav-1 is also casually involved in pathogenesis of acne. Etiopathogenic factors 

in acne such as follicular hyperkeratinization, hyperseborrhea, and pathogenic behavior of C. 
acnes all demonstrate a clear dependence on Cav-1 expression.
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Cav-1 content at the distal end of PSUs undergoes physiological HF cycle-dependent 

oscillations. These are connected with cyclic processes of de- and re-differentiation of 

dermal adipocytes located in this area.[13] Such oscillations of the cellular content provide 

not only the spatially limited and HF cycle-dependent variations of Cav-1 expression, but 

also lead to corresponding variations in the local susceptibility of the host cells to bacterial 

infections and to the spatio-temporal variations of fatty acids loading and autophagy in these 

areas. This suggests a connection of acne lesions with HF cycling. It should be mentioned 

that the initiation of acne lesions was a long time ago already assigned mainly to the telogen 

phase of HF cycle,[88] but these effects must now be re-investigated with state-of-the-art 

experimental techniques.

Altogether, these results collectively demonstrate that Cav-1 expression is not only an 

important etiopathogenic factor in acne, but can also serve as a target in anti-acne treatment.
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Fig.1. 
Processes of de-, re-, and trans-differentiation of mature adipocytes are strongly dependent 

on the phase of the HF cycle. MA – mature adipocyte, ADP – adipocyte-derived 

preadipocyte, MF – myofibroblast.
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Fig. 2. 
Cav-1 as an etiopathogenic factor involved in appearance of acne lesions.
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