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Caveolin-1 and Caveolin-2 Can Be 
Antagonistic Partners in 
In�ammation and Beyond

Cecília Jacques Gonçalves de Almeida*

Laboratório de Imunofarmacologia, Instituto Oswaldo Cruz, Fundação Oswaldo Cruz, Rio de Janeiro, Brazil

Caveolins, encoded by the CAV gene family, are the main protein components of cave-

olae. In most tissues, caveolin-1 (Cav-1) and caveolin-2 (Cav-2) are co-expressed, and 

Cav-2 targeting to caveolae depends on the formation of heterooligomers with Cav-1. 

Notwithstanding, Cav-2 has unpredictable activities, opposing Cav-1 in the regulation of 

some cellular processes. While the major roles of Cav-1 as a modulator of cell signaling 

in inflammatory processes and in immune responses have been extensively discussed 

elsewhere, the aim of this review is to focus on data revealing the distinct activity of 

Cav-1 and Cav-2, which suggest that these proteins act antagonistically to fine-tune a 

variety of cellular processes relevant to inflammation.
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INTRODUCTION

Caveolae are vesicles of 50–100 nm that form Ω-shaped invaginations when attached to the plasma 
membrane. Caveolins constitute a family of three structural proteins of caveolae. Caveolin-1 
(Cav-1) and caveolin-2 (Cav-2) are expressed ubiquitously, except in striated muscle cells, where 
caveolin-3 (Cav-3) is predominant. Human Cav-3 and human Cav-1 share 65% identity and 85% 
similarity and display similar activities, such as the capacity to form caveolae and to regulate the 
activity of various proteins. Cav-1 and Cav-3 interact with many proteins through a homologous 
domain, named caveolin-sca�olding domain (CSD). CSD binds to caveolin-binding motifs (CBD), 
conserved aromatic-rich motifs present in a variety of proteins (ΦXΦXXXXΦ, ΦXXXXΦXXΦ, 
ΦXΦXXXXΦXXΦ, where Φ is an aromatic residue and X is any amino acid) (1). CBD is fre-
quently found in catalytic sites, and binding to CSD usually implies inhibition of bound proteins  
(e.g., eNOS, EGFR, PKA, Src kinases) (2). Nevertheless, activation has also been described (e.g., 
insulin receptor) (3). CSD is supposed to act as sca�olds, segregating proteins in caveolae and 
favoring signal transduction (2), although this was recently questioned (4, 5). �e corresponding 
region of Cav-2 is more divergent (human Cav-2 and human Cav-1 share 38% identity and 58% 
similarity) and does not display the property of regulation of other proteins activities.

Caveolin-1 and Cav-2 are synthesized in the endoplasmic reticulum and form stable heterooli-
gomers of ~14–16 subunits (6). �ese oligomers are transported to the Golgi complex, where they 
interact with other caveolin oligomers and cholesterol, forming large complexes that tra�c to the 
plasma membrane. Cavins are also required for the formation of caveolae, and other proteins are 
recruited to these complexes (7). Whereas Cav-1 is able to form homooligomers (8, 9), in the 
absence of Cav-1, Cav-2 forms monomers and dimers that localize to the Golgi complex, becoming 
a target for degradation. Co-expression with Cav-1 stabilizes and redistributes Cav-2 to caveolae 
membranes (10–12). Cav-1-de�cient mice (Cav-1−/−) express negligible amounts of Cav-2 (circa 
5%) (13, 14) and in the absence of Cav-2, Cav-1 is expressed in lower levels (around 50% in the 
heart and the lungs) (9).
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FIGURE 1 | Structure of caveolae. Caveolae are invaginations of the plasma membrane, rich in sphingomyelin and cholesterol. Caveolins are the main protein 

components of caveolae. Caveolin-1 form homo- or heterooligomers with caveolin-2 (Cav-2) and is essential for the formation of caveolae. The role of Cav-2 in the 

formation of caveolae is controversial. Some cells of Cav-2−/− mice form caveolae. On the other hand, evidence show that Cav-2 is necessary for the formation of 

caveolae in various cells. Moreover, the presence of Cav-2 can modify the morphology of caveolae, turning it deeper or attached to the plasma membrane. Adapted 

from Ref. (21).
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While Cav-1 and Cav-3 are essential to form caveolae in non-
muscle cells and muscle cells, respectively (13–15), the need for 
Cav-2 to form caveolae is controversial (Figure 1). For example, it 
has been reported that perigonadal adipocytes and lung endothe-
lial cells of Cav-2-de�cient (Cav-2−/−) mice still form caveolae 
(9). However, other studies do report that Cav-2 is essential 
for caveolae formation. In MDCK cells, caveolae are present in 
the basolateral membrane, where Cav-1 and Cav-2 form large 
heterooligomers. Cav-1, but not Cav-2, is present in the apical 
membrane, which lacks caveolae. �e exogenous expression of a 
Cav-3 mutant prevents the formation of Cav-1-Cav-2 heterooli-
gomers and eliminates caveolae from the basolateral membrane. 
Additionally, overexpression of Cav-2 increases caveolae number 
in the basolateral membrane (16). In �broblasts, Cav-1 is able 
to form caveolae alone, but co-expression with Cav-2 leads to 
the formation of deeper caveolae (17). LNCaP cells, that do not 
express either Cav-1 or Cav-2, form plasmalemmal attached 
caveolae only when both proteins are exogenously expressed. In 
addition, this process is dependent on phosphorylation of Cav-2 
Ser 23 and Ser36 (18). Besides serines, Cav-2 Tyr19 and Tyr27 
are also targets for phosphorylation, which seems to be impor-
tant to generate docking sites for the SH2 domain-containing 
proteins (19, 20). Taken together, these results suggest that not 
only Cav-2 is a partner of Cav-1 in the formation of caveolae, 
but also, contributes to signal transduction generated in these 
cellular platforms. Interestingly, despite cooperation and tightly 
associated expression, independent studies show evidence that 
Cav-1 and Cav-2 may exhibit opposite e�ects on distinct cellular 
processes (Table 1). Hence, it is possible that Cav-2 together with 

Cav-1 is involved in the �ne-tuning of basic cellular processes, 
acting sometimes in a counterbalancing way. �is would be of 
great relevance considering the wide range of cellular events 
modulated by Cav-1 such as proliferation, lipid metabolism, and 
cellular tra�cking. �e aim of this review is to bring together 
results from recent studies that indicate that Cav-1 and Cav-2 
show antagonistic activities in various contexts, particularly in 
in�ammation.

Cav-1 ACTIVITIES IN INFLAMMATION

In�ammation is a response to noxious and damaging stimuli, 
such as infections, trauma, and injury, in an attempt to restore 
homeostasis. �e in�ammatory response involves a sequence 
of well-orchestrated events that begins with the recognition of 
molecules that indicate the presence of pathogens and/or tissue 
damage. �e role of caveolins in many aspects of the in�am-
matory response, such as angiogenesis, leukocyte recruitment, 
pathogen invasion, production of in�ammatory mediators, and 
�brosis has been extensively demonstrated in the literature. 
Below are summarized the main �ndings on Cav-1 involvement 
in in�ammation. For instance, it has been demonstrated that 
Cav-1 binds to toll-like receptors (TLRs), such as TLR4 and 
TLR5 (22–24). Binding of lipopolysaccharide (LPS) to TLR4 
culminates with the production of in�ammatory mediators, 
such as pro-in�ammatory cytokines and nitric oxide (NO). In 
macrophages, the association of Cav-1 to TLR4 diminishes the 
production of pro-in�ammatory cytokines and enhances the 
production of anti-in�ammatory cytokines, at least in part, in a 
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TABLE 1 | Take-home messages.

•	 Cav-1 and Cav-2 are tightly co-expressed and co-localize in caveolae, 

although they may also occur in distinct subcellular locations, and distribute 

differently in distinct cell types

•	 Cav-1 and Cav-2 are partners in caveolae formation

•	 Cav-1 and Cav-2 may also act in counterbalancing ways on various 

processes, such as angiogenesis, endocytosis, and regulation of inflammatory 

responses

3

de Almeida Antagonistic Activities of Caveolins in Inflammation

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1530

p38-dependent manner (25). Upon TLR4 activation, the ubiqui-
tin ligase ZNRF1 ubiquitinates Cav-1 leading to its degradation, 
resulting in increased production of pro-in�ammatory cytokines 
and inhibition of anti-in�ammatory ones (26). TLR4 activation 
by LPS also stimulates heme oxygenase-1 producing carbon oxide 
(CO), which has known anti-in�ammatory activity. CO, in turn, 
stimulates Cav-1–TLR4 interaction, also contributing to the 
feedback loop that restricts the pro-in�ammatory response (24). 
Curiously, in endothelium, the interaction of Cav-1 with TLR4 
has an opposite outcome, leading to the activation of NF-κB and 
the production of pro-in�ammatory cytokines (22). Cav-1 activ-
ity, in this case, depends on phosphorylation of Tyr14. Cav-1 also 
regulates endothelium permeability as Tiruppathi and coworkers 
showed that LPS stimulates Cav-1 expression, suggesting that 
it contributes to the increase of caveolae on the endothelium 
cell surface and transendothelial albumin permeability (27). 
Moreover, Cav-1 binds to and holds eNOS inactive. In the Cav-1 
absence, eNOS is hyperactive, and eNOS-derived NO nitrates 
IRAK4 (28) and inhibits NF-κB activation (29), diminishing the 
expression of pro-in�ammatory genes and vascular permeability. 
Cav-1 is also determinant for H2O2-induced pulmonary vascular 
albumin hyperpermeability and hypoxic trophoblast HMGB1-
induced hyperpermeability (30, 31). Endothelial Cav-1 may 
determine the route of neutrophil and T lymphoblasts migration 
through endothelial cells, although contrasting results indicate 
that the expression level of Cav-1 may help or hamper diapedesis 
depending on the cell type studied (32, 33).

A�er LPS-induced endotoxemia, the lungs of Cav-1−/− mice 
exhibit less neutrophil sequestration and edema formation (29). 
Further, Hu and collaborators showed that Cav-1 expression in 
polymorphonuclear cells determines the e�ciency of adhesion 
and chemotaxis in vitro and that Cav-1−/− PMNs are recruited less 
e�ciently than wildtype PMNs a�er perfusion with fMLP and 
PAF, causing fewer septa thickening and edema in mouse lungs 
in  vivo. �e absence of Cav-1 in PMNs is also associated with 
the diminished production of superoxide a�er stimulation with 
fMLP and PMA, and disruption of ra�s reduce superoxide pro-
duction in wildtype PMNs (34). �us, Cav-1 in endothelial cells 
has pro-in�ammatory activity, opposing to its anti-in�ammatory 
activity in macrophages. Cav-1 expression in macrophages also 
favors the ability to phagocytose both E. coli and apoptotic cells 
in vitro (35, 36). Further, Cav-1−/− macrophages are less e�ective 
in killing E. coli both in vivo and in vitro. �ese results correlate 
with diminished production of NO (36). �is result contrasts 
with the enhanced production of NO in Cav-1−/− macrophages 
infected by Salmonella (37). Interestingly, some pathogens exploit 
caveolae as a route of internalization that would allow their 

survival, since it avoids the lysosomal pathway [for reviews, see 
Ref. (38, 39)]. Finally, Cav-1 is also involved in the regulation of 
�brosis, indicating a potential role in the isolation of pathogens 
and tissue repair (40–43).

�e role of Cav-2 is far less studied than that of Cav1. 
Surprisingly, Cav-2 o�en shows an opposite activity compared 
to Cav-1. In this review, a collection of data will be presented to 
support this statement.

Endothelial Proliferation/Angiogenesis
Angiogenesis is a tightly regulated process that, in adults, mainly 
occurs in pathological conditions, such as cancer, diabetic retin-
opathy, and chronic in�ammation. �e formation of new blood 
vessels involves activation of endothelial cells, vasodilation, and 
extracellular matrix (ECM) degradation followed by proliferation 
of endothelial cells that then migrate and di�erentiate. Evidence 
exists for a function of Cav-1 as a negative regulator of cell prolif-
eration: (i) quiescent and terminally di�erentiated cells, such as 
adipocytes, endothelial cells, and type I pneumocytes contain high 
levels of Cav-1 (44), (ii) growth factors are able to inhibit Cav-1 
expression (45), and (iii) Cav-1 inhibits cell cycle progression 
(46, 47). In endothelial cells, the Cav-1 expression is low during 
proliferation, progressively increases during di�erentiation, and 
reaches its peak just before microtubule formation. Angiogenic 
growth factors, such as VEGF, bFGF, and HGF diminish expres-
sion of Cav-1, but not of Cav-2, as well as the number of caveolae 
in human endothelial cells in vitro (45). VEGF, PDGF, and HGF 
also diminish Cav-1 expression in bovine aortic endothelial cells. 
Cav-1 overexpression in human microvascular endothelial cells 
leads to increased endothelial cell di�erentiation and microtu-
bule formation, while inhibition of Cav-1 expression results in 
a decrease of these structures (48). �us, Cav-1 participates at 
distinct steps of the angiogenic process.

Transient overexpression of Cav-1 inhibits VEGF- or serum-
induced proliferation of human umbilical vein endothelial cells 
through inhibition of ERK-1/2 signaling and prevention of VEGF 
inhibition of p27 and retinoblastoma (Rb) phosphorylation caus-
ing an arrest at the G0/G1 phase of the cell cycle (49). Similar 
results were obtained with ovine fetoplacental artery endothelial 
cells, in which overexpression of Cav-1 or the use of a CSD peptide, 
provoked an inhibition of VEGF-stimulated ERK-1/2 activation, 
cell proliferation, and tube formation. However, VEGF and bFGF 
do not alter Cav-1 expression (50), as shown in previous studies 
with human cells (45). Downregulation of endogenous Cav-1 
expression with a speci�c shRNA had the same e�ect as overex-
pression of Cav-1, i.e., inhibition of VEGF-induction, ERK-1/2 
activation, proliferation and tube formation (50). �is may result 
from the fact that inhibiting endogenous Cav-1 impacts on the 
generation of caveolae and e�cient signaling generated in these 
membrane domains. �us, the absence of caveolae would have 
the same e�ect on ERK-1/2 activation as overexpression of the 
inhibitory Cav-1. �is apparent paradox was originally explained 
in the model of Cav-1 inhibition of caveolae-residing endothelial 
nitric oxide (eNOS), in which overexpression or deletion of Cav-1 
caused inhibition of eNOS by either Cav-1-mediated inhibition 
of eNOS or depletion of caveolae caused by absence of Cav-1, 
disrupting the appropriate localization of eNOS (51, 52).
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FIGURE 2 | Effect of caveolins in angiogenesis and tumor growth. (A) Tumor cells secrete growth factors that stimulate neoangiogenesis toward the tumor. The new 

vessels supply the tumor with nutrients and support its growth. (B) Cav-1−/− and Cav-2−/− mice exhibit opposite effects regarding vessel density and tumor growth 

after implantation of tumor cells to the skin compared to wild type in two studies that used both mice (56, 57).
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In vivo, controversial results are reported for the action of 
Cav-1 and Cav-2 on angiogenesis. Cav-1−/− and Cav-2−/− mice 
are viable but show many alterations of their phenotypes. In com-
mon, these mice show severe pulmonary defects, with hypercel-
lularity, thickening of alveolar septa, and increase in the number 
of endothelial cells and �brosis (9, 13). In Cav-2−/− mice lungs, 
Cav-1 is still expressed but in lower levels (50%). However, in 
Cav-1−/− mice lungs, the level of Cav-2 is negligible; therefore, the 
altered lung phenotype of these mice is attributed to the lack of 
Cav-2, instead of Cav-1.

Lung endothelial cells isolated from Cav-2−/− mice show a 
higher level of p-ERK-1/2 and p-Rb, express more cyclin A and 
cyclin B1 and less of the cdk inhibitor p27, all indicative of a 
high proliferative capacity (53). Accordingly, whole lung lysates 
from bleomycin-treated Cav-2−/− mice exhibit hypercellularity, 
express more cyclin D1 and less p27 compared to wild type (54). 
�us, the absence of Cav-2 appears to relieve the inhibition of 
proliferation in these studies. However, this is not the case when 
isolated endothelial cells are kept in the presence of TGF-β. �is 
factor has an anti-proliferative action on murine lung endothelial 

cells. Reintroduction of Cav-2 in Cav-2-de�cient endothelial 
cells reduces the inhibitory e�ect of TGF-β on proliferation to a 
mild level, similar to the level observed in wild-type cells. Cav-2 
counteracts the anti-proliferative role of TGF-β by inhibition of 
the Alk-5/Smad-2 pathway, with reduced expression of target 
genes such as plasminogen activator inhibitor-1 and collagen type 
I. Cav-1, but not Alk-5/Smad-2-3, localizes to caveolae in WT 
and Cav-2-de�cient cells, indicating a Cav-1-independent role of 
Cav-2 (55). �us, Cav-2 activity on proliferation of endothelial 
cells depends on the set of environmental factors.

Caveolin-1 and Cav-2 show opposite e�ects in distinct studies 
of tumor-induced angiogenesis (Figure 2; Table 2). �e Lisanti 
group published two papers reporting controversial results 
about the ability of Cav-1 and Cav-2 to promote the growth of 
transplanted B16F10 melanoma cells to the skin of mice (56, 
57). In both studies though, the authors found that Cav-1 and 
Cav-2 a�ect angiogenesis in opposite ways. In Woodman’s paper, 
B16F10 tumor cells were transplanted subcutaneously into WT 
and Cav-1-de�cient mice. Cav-1−/− mice showed reduced tumor 
growth and vessel density. Because the Cav-2 expression is 
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TABLE 2 | Opposing effects of caveolin-1 (Cav-1) and Caveolin-2 (Cav-2) in cellular processes.

Cell process Cav-1 Cav-2 Reference

Angiogenesis

Tumor growth and vessel 

density

Cav-1−/− mice showed reduced B16F10-induced 

tumor growth and vessel density

B16F10-induced tumors of Cav-2−/− mice show an 

increase in vessel density

Woodman et al. (57)

Cav-1−/− mice showed augmented B16F10-induced 

tumor growth and vessel density

Cav-2−/− mice showed reduced B16F10-induced tumor 

growth and vessel density

Capozza et al. (56)

Endotoxemia Cav-1−/− show delayed mortality to endotoxemia, 

associated with a decrease of activation of STAT-1 

and expression of iNOS in intestinal epithelial cells, 

and do not show alterations in intestinal tissue 

damage and permeability

Cav-2−/− mice show an increase in susceptibility to 

endotoxemia associated with an increase in activation  

of STAT-1, iNOS expression in intestinal epithelial cells, 

nitric oxide production, intestinal tissue damage, and 

intestinal permeability

de Almeida et al. (60)

Salmonella infection Cav-1 knockdown diminishes Salmonella invasion Knockdown of Cav-2 in intestinal epithelial cells increases 

Salmonella invasion

Lim et al. (61)

Lim et al. (62)

Hoeke et al. (63)

Lim et al. (64)

Cav-1 overexpression increases Salmonella invasion

Pseudomonas aeruginosa 

infection

Overexpression of Cav-1 in lung epithelial cells has  

no effect on Pseudomonas invasion

Overexpression of Cav-2 increases bacteria number; 

knockdown of Cav-2 reduces Pseudomonas invasion

Zaas et al. (65)

Fibrosis Cav-1−/− mice are equally susceptible to bleomycin-

induced fibrosis compared to wild-type

Cav-2−/− mice are more susceptible to bleomycin-

induced lung fibrosis associated with an increase 

of apoptosis and proliferation markers compared to 

wild-type

de Almeida et al. (54)

Insulin-induced proliferation Cav-1 expression reverses the effects of insulin 

on ERK-1/2, its translocation to the nucleus, and 

subsequent increase of cells in S phase

Insulin induces Cav-2 expression, its interaction with 

phospho-ERK-1/2 that facilitates translocation of ERK-

1/2 to the nucleus, and subsequent increase of cells in 

S phase

Kim and Pak (66)

Endocytosis: mAchR Ectopic expression of Cav-1 does not alter 

endocytosis of mAchR, but co-expression with  

Cav-2 rescues the inhibitory effect of Cav-2 on this 

process

Ectopic expression of Cav-2 inhibits endocytosis of 

mAchR

Shmuel et al. (67)

Outflow facility Cav-1 silencing increases outflow facility Cav-2 silencing diminishes outflow facility Aga et al. (68)

Results of published reports that analyze the activities of both proteins in a same model of study.
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negligible in Cav-1−/− mice, vessel density was also analyzed in 
Cav-2−/− mice. In contrast to the tumors of Cav-1−/−, tumors of 
Cav-2−/− mice showed an increase in vessel density. �us, the 
impairment of tumor-induced angiogenesis in Cav-1−/− mice was 
attributed to the absence of Cav-1 and not of Cav-2. Surprisingly, 
in another paper of the same group, Capozza and coworkers 
injected B16F10 cells intradermally and showed that tumor 
growth of B16F10 melanoma cells increases in Cav-1−/− mice 
and decreases in Cav-2−/− mice. �ey also found that vascular 
density correlates with tumor growth, being more pronounced 
in Cav-1-de�cient mice and less in Cav-2−/− mice. Further, they 
demonstrated an important role of �broblasts in producing 
factors that stimulate tumor growth and angiogenesis and argue 
that the reason underlying the distinct results of their work 
compared to Woodmans’ study may be the microenvironment 
that surrounds tumor cells, because of the distinct sites of injec-
tion (56). �ere may be other reasons for these �ndings because 
two other groups injected tumor cells subcutaneously in Cav-
1- and Cav-2−/− mice getting results similar to those from the 
Capozza study. Sessa’s group injected Lewis lung carcinoma cells 
in wild-type and Cav-1−/− mice subcutaneously and found that 
angiogenesis, permeability, and tumor growth were enhanced, 
e�ects attributed to an increased phosphorylation of VEGFR 
and reduced association with VE-cadherin (58). Sowa’s group 

transplanted melanoma B16F10 cells in Cav-2−/− mice and found 
that tumor development was strikingly inhibited in the absence 
of Cav-2. �e mechanism of the observed inhibitory e�ect was 
attributed to reduced microvascular density associated with an 
increase in thrombospondin levels and inhibition of Ser1177 
phosphorylation of endothelial nitric oxide synthase (59). �e 
discrepancies among the cited studies still await further investi-
gation, but strikingly Cav-1 and Cav-2 seem to act coordinately, 
with opposing e�ects.

Infection and In�ammatory Response
Macrophages express both Cav-1 and Cav-2, but these proteins 
do not co-localize signi�cantly because Cav-1 is mainly present 
in the plasma membrane and Cav-2 in the Golgi (69). Increasing 
Cav-1 expression regulates monocyte to macrophage di�eren-
tiation (70). LPS and other microbial products modulate Cav-1 
expression (71, 72), which in macrophages inhibits the production 
of pro-in�ammatory cytokines stimulating the expression of anti-
in�ammatory ones (24, 25). Interestingly, macrophages derived 
from primary bone marrow cells only show Cav-2 expression, 
which is diminished by in�ammatory stimuli (73).

Cav-1−/− and Cav-2−/− mice helped to elucidate the role of 
caveolins in the in�ammatory response in  vivo, particularly 
during sepsis (Figure  3). Cav-1−/− mice are more resistant to 
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FIGURE 3 | Cav-1−/− and Cav-2−/− mice exhibit opposite outcomes in lipopolysaccharide (LPS)-induced sepsis. LPS binds to the TLR4 receptor and activates 

MyD88 and TRIF pathways, resulting in activation of the transcription factors NF-κB and IRF, which regulate the transcription of inflammatory cytokines and iNOS. 

The inflammatory cytokines activate the JAK-STAT pathway, regulating the expression of iNOS. The activation of NF-κB is also regulated by NO. Low concentrations 

of NO (nanomolar range) activates NF-κB, whereas high concentration (micromolar range) inhibits it (74). In endothelial cells, eNOS resides in caveolae, where it is 

subjected to inhibition by caveolin-1 (Cav-1). (B) LPS-injected Cav-1−/− and Cav-2−/− mice exhibit distinct outcomes of sepsis. Cav-1−/− mice lungs produce higher 

concentrations of eNOS-derived NO, inhibition of NF-κB, and decreased expression of iNOS compared to wild type (29). The expression of iNOS is also decreased 

in the gut of Cav-1−/− mice, whereas in the gut of Cav-2−/− mice it is increased compared to wild type. In the lungs of Cav-1−/− mice, the vascular permeability is 

decreased, less neutrophils are sequestered. On the other hand, the vascular permeability is enhanced in the gut of Cav-2−/− mice (60). See the main text for details.
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LPS-induced death associated with decreased vascular perme-
ability, recruitment of neutrophils and edema formation in the 
lungs. �ese e�ects are attributed to an increase of endothelial-
derived NO due to the relieve of eNOS inhibition by Cav-1, 
and subsequent inhibition of NF-κB activation and nitric oxide 
synthase (iNOS) transcription (29). Furthermore, the increase 
of NO in LPS-stimulated lung endothelial cells of Cav-1−/− mice 
results in nitration of interleukin-1 receptor-associated kinase, 
loss of kinase activity and impairment of NF-κB activation (28). 
Accordingly, silencing of Cav-1 gene results in diminished LPS-
induced permeability (27).

We have demonstrated that Cav-1 and Cav-2 play important 
and antagonistic roles in the outcome of sepsis induced by LPS 
in mice (Table  2). Cav-1−/− mice show delayed mortality a�er 
stimulation with LPS, while Cav-2−/− mice are more sensitive. 
Endotoxin-induced sepsis in Cav-2−/− mice is associated with 
increased intestinal tissue damage, intestinal permeability, iNOS 
expression in intestinal epithelial cells, and NO production. In 
contrast, Cav-1−/− mice show a decrease of iNOS expression and 
NO production, but no alterations in intestinal permeability. In 
our hands, Cav-1−/− mice showed no increase in NO production 
in their peritoneal cavity (60). Di�erential expression of iNOS is 
associated with a distinct activation of STAT-1. Intestinal cells of 

Cav-2−/− show increased phosphorylation of Tyr701 STAT—as 
compared to wild-type intestinal cells, whereas intestinal cells of 
Cav-1−/− mice show reduced levels of Tyr701 phosphorylation on 
STAT-1. In conclusion, Cav-1−/− and Cav-2−/− mice show opposing 
outcomes in LPS-induced endotoxemia. As Cav-2 is not expressed 
in Cav-1−/− mice, we conclude that the observed e�ects in Cav-2−/− 
mice are not only due to the absence of Cav-2, supporting the idea 
that the balance of Cav-1 and Cav-2 activities is important for the 
expression of iNOS and the progress to sepsis (60).

Di�erent from the outcome observed a�er LPS-induced endo-
toxemia, Cav-1−/− mice show a higher susceptibility to infections 
by Salmonella enterovar, displaying a higher bacterial burden in 
the spleen and liver compared to wild-type mice. Interestingly, 
in isolated macrophages, bacteria uptake is similar for both 
genotypes. �is higher susceptibility is attributed to the higher 
production of pro-in�ammatory cytokines and NO in Cav-
1−/− mice, a phenomenon, which is associated with diminished 
activation of STAT3. �ese mice also show increased in�ltration 
of neutrophils in Salmonella-induced liver granulomas and 
increased liver necrosis (37). �is demonstrates that the role of 
Cav-1 in the in�ammatory response may depend on the in�am-
matory stimulus that triggered the in�ammation and subsequent 
mechanisms involved.
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Other groups also showed that Cav-1 expression correlates to 
e�cient Salmonella invasion in non-phagocytic cells. Caco-2 cells 
(epithelial colorectal adenocarcinoma cells) are devoid of Cav-1 
and are not susceptible to Salmonella. However, these cells can 
acquire an M-like phenotype (M-cells are present in the gastro-
intestinal tract and allow for transport of microbes across the 
epithelia), expressing high levels of Cav-1, when cocultured with 
Raji B cells. In this scenario, they become as highly sensitive to 
Salmonella infection as M-cells (61). Senescent cells (BrdU-treated 
HeLa cells or senescent human diploid �broblasts) express high 
levels of Cav-1 and show a higher endocytic activity. Interestingly, 
these cells are more susceptible to Salmonella compared to non-
senescent counterparts (62). Accordingly, Cav-1 knockdown 
inhibits Salmonella transcytosis and invasion in M-like cells and 
senescent cells, while overexpression of Cav-1 in non-senescent 
cells increases Salmonella invasion.

For the invasion of non-phagocytic cells, Salmonella counts on 
the bacterial e�ector molecules SopE, SopE2, and SopB that are 
delivered into host cells by the type III secretion system (TTSS) 
and activate Rho GTPases that regulate cortical actin for the ruf-
�ing of the plasma membrane and subsequent bacterial invasion. 
Salmonella activates Rac1 and Cdc42, but only Rac1 is necessary 
for bacterial invasion through the apical plasma membrane of 
polarized cells. SopE regulates Rac1 activation in caveolae, which 
are mobilized to the apical membrane. SopE1 and Rac1 interact 
with Cav-1, which mediates the activation of Rac1. Conversely, 
inhibition of Rac1 activation suppresses interaction with Cav-1. 
Accordingly, Cav-1 knockdown decreases interaction between 
Rac1 and SopE impairing Salmonella invasion (64).

Curiously, Cav-2 also impacts Salmonella invasion and cell 
proliferation, but in the opposite way. Unlike Cav-1, Cav-2 is 
expressed in basolateral membranes, where Salmonella is also 
able to invade the cell, a process that involves activation of Rac1 
and Cdc42, but is not dependent on these two GTPases. Cdc42 
interacts with SopB and is required for bacterial intracellular rep-
lication (75). Piglets infected with Salmonella show an increase of 
miR-29a 3 days post-infection, which correlates with a decreased 
expression of its targets Cdc42 and Cav-2 both at transcript and 
protein levels. Transfection of the human intestinal epithelial cell 
line HT-29 with miR-29a decreases protein levels of Cav-2 as well. 
Transfection with miR-29a or Cav-2 siRNA does not decrease 
Cdc42 protein levels in HT-29, but, interestingly, decreases the 
activation of this protein. Accordingly, these procedures also 
provoke an increased uptake of Salmonella and retarded epithelial 
proliferation (63). In summary, while Cav-1 facilitates Salmonella 
invasion, Cav-2 inhibits it. Furthermore, Cav-1 is associated with 
impairment of cell proliferation (47, 76), while Cav-2 promotes 
it (Figure 4; Table 2).

Caveolin-1 and Cav-2 also show opposing e�ects regarding 
infections by the Gram-negative bacteria Pseudomonas aer-
uginosa, although one may observe that disparate results were 
obtained in in vivo studies of Pseudomonas infection, as it will be 
discussed next. �ese bacteria frequently infect epithelial cells in 
immunocompromised individuals. Ra� disturbing agents impair 
Pseudomonas invasion in lung epithelial cells, but not their adher-
ence. P. aeruginosa co-localizes with Cav-1 and Cav-2 and knock-
down of Cav-1 or Cav-2 reduces invasion by 50%. Cav-1 silencing 

results in 60% decrease of Cav-1, but also a signi�cant decrease 
of Cav-2, whereas Cav-2 silencing results in 80% decrease of Cav-
2, but not of Cav-1. Taken together, Cav-2 is the main player in 
Pseudomonas invasion (77). In accordance with this, overexpres-
sion of Cav-2 increases bacteria numbers, while overexpression 
of Cav-1 in lung epithelial cells has no e�ect on Pseudomonas 
invasion. Cav-2 binds and co-localizes with c-Src and, a�er 
Pseudomonas invasion, it also associates transiently to Csk at the 
sites of invasion. Molecular experiments led to the conclusion that 
invasion of Pseudomonas depends on Cav-2 phosphorylation by 
members of Src family and this process is negatively regulated by 
Csk. Accordingly, the use of genistein, a phosphotyrosine kinase 
inhibitor, impairs this microbe infection (65). Besides, lipid ra� 
disruption, which also prevents Cav-2 phosphorylation, suggests 
that the success of invasion depends both on phosphorylation of 
Cav-2 and ra� integrity (77). Cav-1−/− mice and primary cultures 
of tracheal epithelial cells derived from these animals are strik-
ingly resistant to Pseudomonas infection in  vivo. �e mortality 
rate is a 100% for the wild-type mice while only half of Cav-1−/− 
mice die a�er 48 h, and the survivors recover from the infection. 
Accordingly, Cav-1−/− mice produce less of the in�ammatory 
cytokines MIP-2, IL-1β, and TNF-α, recruit a lower number 
of neutrophils, and show decreased lung injury. Interestingly, 
macrophages of both genotypes internalize Pseudomonas equally, 
indicating the major role of lipid ra�s-mediated endocytosis 
by lung epithelial cells in infection, enabling bacteria to escape 
phagocytosis by macrophages and replicate (65).

On the other side, Gadjeva and collaborators observed 
that Cav-1−/− mice are more susceptible compared to wild-
type, associated with high bacterial burden in the lung and 
spleen, and with elevated production of several in�ammatory 
cytokines. Infection is accompanied by neutrophil recruitment 
in both Cav-1−/− and wild-type, but isolated neutrophils of 
Cav-1−/− mice are less e�cient in phagocytosis. Cav-1−/− mice 
are colonized more e�ciently in a model of chronic infection 
(78). �e authors argue that the contrasting results could 
be due to the di�erent bacteria strains used or to the path of 
bacteria delivery (transtracheal instillation vs. inhalation). �e 
same group demonstrated that Cav-1 associates with cystic 
�brosis transmembrane conductance regulator and contributes 
to Pseudomonas invasion. �ey also observed a decrease of 
Pseudomonas invasion a�er the Cav-1 knockdown in human 
bronchial epithelial cells (IB-31). �e Abraham group obtained 
a similar result using murine lung epithelial cells (79). A third 
group working with the same strains and method of infection 
also observed a higher mortality, lung injury and systemic dis-
semination of Pseudomonas in Cav-1−/− mice compared to wild 
type. �ese e�ects correlate with increased ROS production 
and increased neutrophil recruitment to the lung. Colonies of 
bacteria and lipid peroxidation occur in other organs, such as 
the spleen, liver, and kidneys. Alveolar macrophages show a 
higher bacterial content in Cav-1−/− compared to wild-type. In 
culture, isolated macrophages of Cav-1−/− mice phagocyte less 
than wild-type. �e in�ammatory response was increased in 
Cav-1−/− mice compared to wild-type, with regard to detection 
of in�ammatory cytokines in the bronchoalveolar lavage �uid. 
In the lung tissue, Cav-1−/− mice show a stronger activation of 
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FIGURE 4 | Opposite effects of caveolin-1 (Cav-1) and Caveolin-2 (Cav-2) during Salmonella invasion in enterocytes. Salmonella can enter enterocytes through the 

apical plasma membrane or the basolateral membrane using distinct mechanisms. Salmonella delivers into host cells, bacterial effector molecules, such as SopE 

that interacts with Cav-1, mediating the activation of Rac1 in caveolae that are then mobilized to the apical membrane. Activated Rac1 regulates cortical actin 

resulting in the ruffling of the plasma membrane facilitating bacterial invasion (64). On the other hand, Cav-2 is expressed only in basolateral membranes, where it 

inhibits Cdc42 activation, decreasing Salmonella’s uptake. Interestingly, Salmonella induces the transcription of miR-29a, which decreases Cav-2 expression, 

relieving Cdc42 inhibition, increasing Salmonella uptake (63).
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proteins crucial for the in�ammatory response, such as NF-κB, 
STAT3, JAK2, and SOCS3 (80).

Cav-2−/− mice could be used to better understand the e�ect 
of Cav-1 and Cav-2 on pathogen infection. Caveolins also play a 
major role in �brosis, which could represent a repair process to 
restore tissue integrity a�er an acute or chronic in�ammation as 
will be discussed in the next topic.

Fibrosis
Fibrosis is characterized by excessive accumulation of ECM, 
in particular of collagen. It is a complex process starting with 
epithelial damage and apoptosis, myo�broblast proliferation 
and di�erentiation, and recruitment of in�ammatory cells. 
Cav-1−/− or Cav-2−/−mice present thickening of alveolar septa, 
disorganized parenchyma, hypercellularity, and increased num-
bers of endothelial cells, all characteristics of �brosis (9, 13, 14). 
Both mice su�er from severe pulmonary dysfunction attributed 
to the absence of Cav-2. However, a substantial literature shows 
that Cav-1 regulates �brosis in lung and dermal patient-derived 
cells and in the mouse model of bleomycin-induced pulmonary 
�brosis (40–43). �e roles of Cav-1 and Cav-2 in �brosis will 

be discussed next, and the main �ndings of the actions of these 
proteins are illustrated in Figure 5.

Scleroderma or systemic sclerosis (SSc), an autoimmune 
disease characterized by the excessive accumulation of collagen 
in the skin and in internal organs, frequently accompanied by 
microvascular injury and immunological alteration. Ho�man–
Tourkina’s group found that in lung �broblasts, collagen expres-
sion is regulated by PKCε, PKCα, and ERK-1/2. Gain and loss 
of function experiments revealed that PKCε increases ERK-1/2 
activation, whereas PKCα induces Cav-1, which inhibits 
ERK-1/2. In SSc lung �broblasts, Cav-1 is reduced, ERK-1/2 is 
hyperactivated and collagen production is augmented. However, 
further studies are needed to explain why silencing Cav-1 does 
not alter ERK-1/2 activation and collagen production, and 
why ERK-1/2 activation is lower compared to normal lung 
�broblasts. Also, SSc dermal �broblasts show elevated Cav-1 
expression, but also possess more activated ERK-1/2 compared 
to normal dermal �broblasts. �e analysis of bleomycin-injured 
lungs in vivo corroborates that �brotic tissue is characterized by 
the lower Cav-1 expression, hyperactivation of ERK-1/2, and 
excessive collagen production (41).
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FIGURE 5 | Role of caveolins in the development of fibrosis. Caveolin-1 (Cav-1) inhibits expression of ECM proteins by two described mechanisms: it binds to TGFβ 

receptor type I (TβR-I), inhibiting Smad-2/3 activation and translocation to the nucleus (81), and/or it inhibits ERK-1/2, JNK, and AKT. In both cases, the result is 

decreased production of collagen, tenascin, fibronectin, and α-SMA by fibroblasts (40, 42, 43). In leukocytes, Cav-1 restricts the production of inflammatory 

mediators. On the hand, absence of Caveolin-2 (Cav-2) is associated with increased Cyclin D1 and decreased p27, and increased number of apoptotic cells in the 

lungs of bleomycin-treated mice. The lungs of Cav-1−/− mice express negligible levels of Cav-2, but these mice do not show increased fibrosis as Cav-2−/− mice, 

indicating these proteins counterbalance in the development of bleomycin-induced lung fibrosis (60).
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Wang’s group showed that the lung tissue of idiopathic pulmo-
nary �brosis patients also have reduced Cav-1 expression both at 
mRNA and protein levels compared to the lungs of healthy con-
trol subjects. �e Cav-1 reduction is observed in epithelial and 

�broblasts but not in endothelial cells. Furthermore, transfection 
of Cav-1 diminishes the damage caused by bleomycin in lung 
tissue of mice, characterized by less �brosis, disruption of the 
alveolar unit and in�ammatory cell in�ltration. �ese changes are 
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accompanied by a reduction of TGF-β content, Smad-2 phospho-
rylation, �bronectin accumulation, and collagen production (43). 
Besides the reduction of TGF-β content, what could explain the 
reduction of Smad-2 activation, Cav-1 interacts with TGF-β type 
I receptor through its CSD domain, with subsequent inhibition 
of Smad-2 phosphorylation and nuclear translocation of Smad-2 
(81). Accordingly, gain and loss of function experiments using 
human primary pulmonary �broblasts and the human pulmo-
nary �broblast cell type MRC-5 showed that Cav-1 suppresses 
the TGF-β signaling pathway, by inhibiting Smad-2 and Smad-3 
phosphorylation, their nuclear translocation and thereby the pro-
duction of SMA-α, collagen, and �bronectin. Furthermore, TGF-
β activity decreases Cav-1 expression, while Cav-1 modulates 
TGF-β-induced collagen and �bronectin production via ERK-1/2 
and JNK inhibition, respectively (43). Another study showed that 
overexpression of Cav-1 inhibits production of collagen, tenascin, 
and SMA-α, whereas Cav-1 silencing has the opposite e�ect, and 
that CSD peptide alone has the same e�ects, both in normal and 
scleroderma patient-derived �broblasts. Mechanistically, these 
e�ects depend on the inhibitory e�ect of Cav-1 or CSD peptide 
on the activity of ERK-1/2, JNK, and Akt (42).

We have also provided evidence that Cav-1 participates of 
�brosis in the pathogenesis of SSc. Lungs of SSc and pulmonary 
arterial hypertension (PAH) patients show decreased expression 
of Cav-1 in the thickened alveolar septa compared to normal lungs 
and to non-a�ected regions of the lungs of the same patients. �e 
skin of SSc patients show reduced levels of Cav-1 compared to 
normal skin, and so do in vitro cultured �broblasts derived from 
skin lesions of PAH patients compared to healthy controls. Cav-
1−/− mice show enhanced collagen deposition in lungs and skin 
compared to wild-type. CSD peptide reduces collagen produc-
tion at basal level and a�er TGF-β stimulation and signi�cantly 
diminishes Smad-3 phosphorylation and translocation to the 
nucleus (40).

Caveolin-1 also has a role in innate immune cells which may 
contribute to �brosis. During bleomycin-induced lung �brosis, 
leukocytes are recruited to the lungs and secrete in�ammatory 
mediators that damage the tissue and activate �broblasts. �ese 
activated �broblasts can further di�erentiate into �brocytes and, 
thereby intensify the �brotic process. Bleomycin treatment also 
reduces Cav-1 expression in circulating monocytes, as well as in 
monocytes and neutrophils found in the lung tissue, compared 
to saline. �is e�ect is associated with hyperactivation of MAPK 
(ERK, JNK, and p38) signaling pathways, which potentially con-
tributes to an exaggerated in�ammatory response. Monocytes, 
polymorphonuclear cells, and T  cells (but not B  cells) of SSc 
patients also show diminished Cav-1 expression and enhanced 
expression of p-ERK-1/2, p-JNK, and p-p38 and of in�ammatory 
markers, such as Cox-2 and CXCR4. Treatment with CSD abro-
gates leukocyte recruitment and reverses MAPK hyperactivation, 
CXCR4 and MMP9 overexpression in monocytes of either normal 
or SSc origin, as well as in TGF-β-treated monocytes (82). �ese 
results corroborate the studies that implicate Cav-1 as a modula-
tor of the in�ammatory response, as aforementioned in this 
review. SSc monocytes express high levels of CXCR4 and migrate 
to CXCL12 faster, and this e�ect is reversible by CSD. Also TGF-
β-treated �broblasts express lower levels of Cav-1, higher levels 

of CXCR4 and migrate more e�ectively, adding more evidence 
for the role of Cav-1 in �brosis via modulation of TGF-β signal-
ing (83). Cav-1 may be involved in the predisposition African-
Americans show to develop interstitial lung disease in patients 
with SSc. Monocytes from African-Americans express less Cav-1 
and migrate more e�ciently toward the CXCR4-ligand SDF-1 
compared to Caucasian-derived monocytes (84). Monocytes 
from African-Americans also express more chemokine receptors 
(CCRs), show increased Src activation and increased migration 
toward MCP-1 and MCP-3. All these alterations are reversible by 
CSD treatment (85).

In summary, many evidence points toward an anti-�brotic 
property of Cav-1. �e mechanisms involved include inhibition 
of MAPK and Src kinases activation, inhibition of TGF-β signal-
ing pathway, inhibition of expression of in�ammatory mediators 
of cell activation and cell migration. Further, Cav-1 in�uences the 
�brosis outcome acting on distinct cell types, such as epithelial 
and endothelial cells, �broblasts and leukocytes.

Although the altered morphology of lungs in Cav-1 and 
Cav-2-de�cient mice was attributed to the absence of Cav-2 
(9), Cav-2 was not directly investigated as a potential agent in 
�brosis-like Cav-1. We showed that Cav-2 is indeed involved 
by di�erent mechanisms. Treatment of wild-type mice with 
bleomycin drastically reduces the expression of the beta isoform 
of Cav-2 in the lung and its phosphorylation at Tyr19 and Ser23. 
Further studies are necessary to understand the importance of 
Cav-2 phosphorylation in �brosis though. Cav-2 phosphoryla-
tion at Ser23 and Ser36 has been implicated in the formation of 
deep caveolae (18), phosphorylation of Cav-2 at Tyr19 disrupts 
interaction with Cav-1 (19) and is required for P. aeruginosa 
infection (77). Phosphorylation of Tyr19 and Tyr27 occur upon 
EGF stimulation at distinct time points and cause di�erential 
subcellular localization (20). Cav-2 and its beta isoform are found 
in lipid droplets (86) and mouse lung �broblasts can be classi-
�ed in two distinct subpopulations. One class is characterized 
as �y1+, spindle-shaped cells, rich in lipid droplets and able to 
secrete high amounts of collagen, but not �bronectin. �e other 
class is �y-1− round-shaped cells without lipid droplets, and 
with a higher capacity to secrete �bronectin than collagen (87). 
Is the beta isoform of Cav-2 speci�cally involved in the regulation 
of a �brosis-prone pro�le of �broblasts? Distinct Cav-1 isoforms 
are associated with speci�c cell types of the lung. For instance, 
alveolar type I epithelial cells mainly express the β isoform of 
Cav-1, whereas endothelial cells are rich in the Cav-1 α isoform 
(88). �e Cav-1 α-isoform, but not the β-isoform is implicated 
with the formation of deep caveolae (17). �ere is—to my best 
knowledge—no report about Cav-2 isoforms distribution in the 
lung. �e striking decrease observed in the β isoform of Cav-2, 
however, may well correspond to a direct e�ect in speci�c cell 
types.

Cav-2−/− mice, but not Cav-1−/− mice are more susceptible 
to bleomycin-induced damage compared to wild-type (Table 2). 
�e injury is characterized by alveolar thickening, increased cell 
density, and deposition of collagen. Interestingly, the exacer-
bated e�ect of bleomycin in Cav-2−/− mice compared to Cav-
1−/− and wild-type mice does not seem to be associated with the 
TGF-β signaling pathway because there is no alteration in TβRI 
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expression or in the activation state of Smad-2/3 in the di�erent 
genotypes. Accordingly, although Cav-2−/−lungs contain more 
collagen, their ability to produce collagen is not altered, based 
on the variation observed between the collagen content of lungs 
of saline-instilled and bleomycin-treated mice in each genotype. 
Apoptosis and proliferation though are more prominent in the 
lungs of bleomycin-treated Cav-2−/− mice compared to wild 
type. We could not identify which cell type was apoptotic in our 
studies, but apoptosis of epithelial cells is an important trigger of 
lung �brotic response (89), and an expressive increase of apop-
tosis may underlie the exacerbated bleomycin-induced injury 
observed in Cav-2−/− mice compared to wild type. �e inves-
tigation if phosphorylation of Cav-2 is involved in apoptosis of 
epithelial cells will provide further important information here.

Fibrosis is accompanied by proliferation and accumulation 
of mesenchymal cells in the lung parenchyma. Endothelial cells 
also proliferate during neovascularization of �brotic foci (89). 
�e role of Cav-1 and Cav-2 in endothelial proliferation and 
di�erentiation during �brosis requires further investigation, 
because both apparently interfere with tumor-induced angio-
genesis in distinct ways, as discussed before. Bleomycin-injured 
lungs of Cav-2−/− mice show increased expression of Cyclin D1 
and decreased expression of p27; an increase of Cyclin A and 
B1, and a decrease of p27 were also observed in mouse lung 
endothelial cells (53). Because Cav-1−/− mice express negligible 
amounts of Cav-2 and respond di�erently to treatment with 
bleomycin, we conclude that Cav-1 and Cav-2 have distinct 
roles in bleomycin-induced �brosis and the balance between 
the two Cav proteins determines the development of �brotic 
process (54).

ANTAGONISTIC ACTIONS OF Cav-1  

AND Cav-2 IN OTHER CELLULAR 

PROCESSES

Insulin-Induced Proliferation
Caveolin-1 expression induces cell cycle arrest. �e mechanisms 
include repression of Cyclin D1 transcription and p53/p21 acti-
vation (46, 47). One of the diverse actions of ERK-1/2 on cell 
cycle control involves both Cav-1 and Cav-2 with antagonistic 
activities (Table 2) (66). Hirc-B cells are Rat-1-derived �broblasts 
that overexpress the insulin receptor. In these cells, Cav-2 is the 
major caveolin and Cav-1 is expressed at reduced levels. Insulin 
treatment of Hirc-B cells induces Cav-2 expression and stimu-
lates the phosphorylation of ERK-1/2, as well as the interaction 
of p-ERK-1/2 with Cav-2, translocation of p-ERK-1/2 into the 
nucleus and a sixfold induction of the number of cells in S phase. 
Transfection of Cav-1 reverts this process (66). �e interaction 
of Cav-2 with p-ERK-1/2 depends on phosphorylation of Cav-2 
on Tyr19. Silencing of Cav-2 impairs not ERK-1/2 activation, but 
the insulin-induced nuclear translocation of p-ERK-1/2, with 
subsequent reduction of expression of c-Jun, cyclin D1, and DNA 
synthesis (90).

As mentioned in the Section “Fibrosis,” the correlation of 
Cav-2 and cyclin D1 was distinct to what we found in the lungs 
of bleomycin-instilled mice, where we observed a striking 

reduction of Cav-2 phosphorylation at Tyr19 and Ser23, as well 
as an enhancement of cyclin D1 expression, although we did not 
access which lung cells were directly a�ected. Cav-2−/− mice lungs 
also showed a further increase in expression of cyclin D1 (54).

Endocytosis
As for other cellular processes mentioned above, the role of 
caveolins in endocytosis is also controversial. �e morphology of 
caveolae suggests a role in the concentration and internalization 
of substances. It is the case for the SV40 virus or cholera toxin B, 
that preferentially enters the cell through caveolae, by interaction 
with ganglioside GM1, although they can also use alternative 
pathways (91, 92). Nevertheless, some characteristics of caveolae 
also argue against a general role in endocytosis (93): (1) unlike 
clathrin-coated vesicles, caveolae are not ubiquitous; (2) mice 
de�cient in caveolins are viable, while deletion or silencing of 
clathrin results in slow growth and embryonic lethality in a vari-
ety of animals (94); (3) only 5% of all caveolae are endocytosed 
and these structures exclude bulk proteins (95–97). �erefore, 
caveolae are not ideal candidates for an essential role in overall 
endocytosis. Caveolae might rather participate in the internaliza-
tion of speci�c cargos. It also has been suggested that caveolae 
are involved with lipid metabolism (97), and might serve as a 
membrane reservoir protecting the plasma membrane against 
mechanical stress (93, 98).

�ough the role of caveolae in endocytosis is still a matter 
of debate, Cav-1 is able to inhibit endocytosis through several 
distinct caveolae- or clathrin-dependent and independent 
mechanisms (92, 99, 100). Besides Cav-1, cavin-1, and cavin-3 
also inhibit the CLIC–GEEC pathway, a clathrin-independent 
endocytic pathway, distinct from the caveolar one (99).

So far, only two studies, using distinct models, report opposing 
activities of Cav-1 and Cav-2 in endocytosis (Table 2) (67, 68). 
Schmuel and collaborators investigated the regulation of clathrin-
mediated endocytosis of the M1 muscarinic receptor (mAChR) 
by caveolins. �ey found that Cav-1 and Cav-2 act in concert 
and that the balance of the expression of both proteins controls 
mAchR internalization. �is receptor resides on the basolateral 
membrane of MDCK cells and is endocytosed upon stimulation 
with agonists, such as carbachol. Ectopic expression of Cav-1 
does not alter mAChR endocytosis, whereas expression of Cav-2 
inhibits it dramatically. Interestingly, co-expression with Cav-1 
rescues the inhibitory e�ect of Cav-2. mAChR co-localizes with 
Cav-2 in intracellular compartments in cells expressing Cav-2 
alone, but localizes to the plasma membrane and intracellular 
compartments when Cav-1 and Cav-2 are co-expressed. �e 
authors propose a model in which its interaction with Cav-2 
impairs clathrin-coated pits mediated endocytosis of mAChR. 
Cav-1 dependent sequestration of Cav-2 would then disrupt 
Cav-2 inhibitory e�ect (67).

In two further studies, caveolins were implicated in the 
control of intraocular pressure (IOP) (68, 101). �e authors 
propose endocytosis and mechano-protection as mechanisms. 
IOP is the main risk factor for glaucoma and is regulated by the 
conventional out�ow pathway. �is consists of the trabecular 
meshwork (TM) and the Schlemm’s canal (SC) that controls the 
drainage of the aqueous humor of the eye, and consequently, 
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IOP. In ex vivo perfused organ cultures of both human and 
porcine anterior segments, Cav-1 silencing facilitates out�ow, 
whereas Cav-2 silencing has the opposite e�ect (68). �e 
authors suggest that IOP is modulated by the turnover of ECM 
protein in a process involving caveolin-regulated endocy-
tosis. Cav-1 and Cav-2 partially co-localize in TM, and both  
co-localize with cortactin, an archetypal marker of podosome- 
or invadopodia-like structures (PILS) (68). �ese structures are 
rich in matrix metalloproteinases (MMPs) and are involved in 
focal degradation and turnover of ECM. �e addition of MMPs 
in the perfusion medium of anterior chambers increases out�ow 
(102). MMP2, MMP14, and ADAMTS4 co-localize, to di�erent 
degrees, with Cav-1 and Cav-2. Interestingly, silencing of Cav-1 
or Cav-2 leads to enhanced expression of MMP2, MMP14, 
and ADAMTS4 increased degradation of gelatin and increased 
�bronectin in TM tissue and �brillar �bronectin in TM cells. 
�e antagonizing e�ects, which silencing of Cav-1 or Cav-2 
cause on IOP, do not correlate with e�ects on ECM turnover 
though and the cause of the e�ects on IOP requires further 
investigation (68).

On the other hand, other studies show that Cav-1−/− mice 
exhibit ocular hypertension and reduced out�ow in apparent 
disagreement with Aga’s study (101, 103, 104). Elliott and col-
laborators argue that in Aga’s study, the silencing of Cav-1 may 
not have been complete and that the remaining protein may be 
responsible for the contrasting results obtained a�er complete 
removal of Cav-1. Cav-1 KO mice express negligible amounts of 
Cav-2 because Cav-2 expression strictly depends on Cav-1 (see 
above). Partial silencing of Cav-1 though results in some Cav-2 
expression. E�cient Cav-2 silencing likewise results in a strong 
reduction of Cav-2, but maintenance of Cav-1 expression. It is 
possible, that in this system, the number and quality of caveolae 
a�er Cav-1 or Cav-2 silencing may be altered, but this awaits 
further studies. In Cav-1−/− mice, eNOS is hyperactivated, 
probably due to Cav-1 inhibition relief, and partially rescues 
the out�ow de�ciency (101, 104). Moreover, variations of the 
ocular pulse can be studied by cyclic mechanical stretching of 
TM cells. TM and SC are rich in caveolae, where Cav-1 and 
Cav-2 co-localize and where partial co-localization of cavin-1 
is detected. Mechanical stimulation causes cavin dissociation 
from caveolins, indicating a disassembly of caveolae. Cav-1−/− 
SC show higher membrane damage a�er induction of high 
IOP. Hence, the authors propose that Cav-1 has a mechano-
protection role in the eye (101). Interestingly, polymorphisms 
at CAV1/2 loci are associated both with glaucoma and with 
IOP (101).

CONCLUSION AND PERSPECTIVES

In this review, we summarized the literature that considers Cav-1 
and Cav-2 as antagonists for the regulation of several cellular 
processes such as endothelial proliferation, endocytosis, infec-
tion, in�ammatory response, and �brosis. Cav-1 and Cav-2 are 
co-expressed in most cells, except striated muscle cells, and they 
generally co-localize in caveolae. Cav-1 is a necessary constituent 
of caveolae and Cav-2 is able to modulate certain characteristics 

of these membrane structures. Many proteins are concentrated 
in caveolae, which function as cellular platforms for appropri-
ate signal transduction. Some of these proteins bind to and 
are regulated by Cav-1 such as eNOS, EGFR, and Src kinases. 
Besides their activity in caveolae, caveolins are found in other 
cellular compartments like Golgi, mitochondria, nucleus, and 
lipid droplets, where they participate in the regulation of a vari-
ety of cellular processes. �ese include gene expression, protein 
glycosylation, protection of mitochondrial function, and lipid 
transport (105) (Table 1). It is still unclear, whether or not speci�c 
activities of Cav-1 and Cav-2 depend on their localization into 
caveolae. Some caution is recommended when analyzing results 
obtained by arti�cially eliminating or overexpressing caveolins 
as these may result in the ablation of caveolae. In cases where 
the subcellular localization of caveolins is altered, such as what 
happens a�er Cav-1 overexpression, this mislocalization may 
cause e�ects on its own, beyond those caused by the expression 
level alone. In the absence of Cav-1, no caveolae are formed and 
Cav-2 localizes to di�erent subcellular locations if it is expressed 
at all. In some studies, cells naturally devoid of Cav-1 and Cav-2 
are used to ectopically express one or both of these proteins. 
�ough these cells may be useful tools to study the role of each 
caveolin independently, they also may not completely re�ect 
the real functions of caveolins expressed in cells that naturally 
express caveolins.

Despite the intrinsic problems of some strategies used so far 
to study caveolin function, a variety of results obtained in dif-
ferent models indicate that Cav-1 and Cav-2, frequently acting 
in concert and seen as partners, may indeed cause antagonistic 
e�ects (Tables 1 and 2). To our knowledge, this is the �rst review 
that speci�cally addresses this issue. Until today, the amount of 
work dedicated to Cav-2 and its activities is small compared to the 
large knowledge accumulated on Cav-1. Future work about these 
proteins working in concert may elucidate how the regulation 
of cellular processes is a�ected by the di�erent caveolin family 
members.
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