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Abstract Myocardial ischemia/reperfusion (I/R) injury

is a major cause of morbidity and mortality worldwide.

Caveolae, caveolin-1 (Cav-1), and caveolin-3 (Cav-3)

are essential for the protective effects of conditioning

against myocardial I/R injury. Caveolins are membrane-

bound scaffolding proteins that compartmentalize and

modulate signal transduction. In this review, we intro-

duce caveolae and caveolins and briefly describe the

interactions of caveolins in the cardiovascular diseases.

We also review the roles of Cav-1/-3 in protection

against myocardial ischemia and I/R injury, and in

conditioning. Finally, we suggest several potential

research avenues that may be of interest to clinicians and

basic scientists. The information included, herein, is

potentially useful for the design of future studies and

should advance the investigation of caveolins as thera-

peutic targets.
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Akt Protein kinase B

APC Anesthetic preconditioning

Cav Caveolin

CSD Caveolin scaffolding domain

eNOS Endothelial nitric oxide synthase

ERK1/2 Extracellular signal-regulated kinases 1 and 2

GPCRs G protein-coupled receptors

GSK3b Glycogen synthase kinase-3b
HO-1 Heme oxygenase-1

IPC Ischemic preconditioning

IPTC Ischemic postconditioning

I/R Ischemia/reperfusion

KO Knockout

MAPKs Mitogen-activated protein kinases

mPTP Mitochondrial permeability transition pore
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OE Overexpression

PI3K Phosphoinositide-3 kinase

PKC Protein kinase C

RISK Reperfusion injury salvage kinase

SAFE Survivor activating factor enhancement

Introduction

Coronary artery reperfusion is currently the most effective

therapy for acute myocardial infarction; however, the

process of restoring blood flow to the ischemic myo-

cardium can also induce myocardial injury, termed

myocardial ischemia/reperfusion (I/R) injury [93].

Numerous studies have reported that caveolae, caveolin-1

(Cav-1), and caveolin-3 (Cav-3) are essential for protection

against myocardial I/R injury [51, 80, 94]. Caveolae are

50–100 nm-wide flask-shaped plasma membrane invagi-

nations that contain oligomeric caveolins [3, 67]. Caveolins

are crucial drivers of caveola formation and have served as

the major defining markers of caveolae since their dis-

covery. There are three mammalian caveolins: Cav-1, Cav-

2, and Cav-3 [28, 66, 85, 100, 114]. Both Cav-1 and Cav-3

play significant roles in myocardial protection against I/R

injury; however, the role of Cav-2 remains unclear [14, 89].

Cav-1 and Cav-3 knockout (KO) mice have been shown to

exhibit reduced survival after ischemic injury compared

with wild-type mice [43], while Cav-3 overexpressing

(OE) mice have been demonstrated to exhibit increased

tolerance to myocardial I/R injury [102] (Fig. 1). Further-

more, Cav-1 and Cav-3 KO mice are resistant to the car-

dioprotective effects of ischemic conditioning [47, 98] and

pharmacological conditioning (e.g., anesthetic precondi-

tioning, opioid preconditioning) against myocardial I/R

injury [89, 111, 123]. Cav-1 and Cav-3 have been shown to

compartmentalize and regulate a number of cardioprotec-

tion-related signaling molecules, including phosphoinosi-

tide-3 kinase (PI3K)/protein kinase B (Akt) [39],

extracellular signal-regulated kinases 1 and 2 (ERK1/2)

[16], endothelial nitric oxide (NO) synthase (eNOS) [19],

G proteins [69], tyrosine kinases, and protein kinase C

(PKC) [61], etc. These findings suggest that caveolins play

a role in cardioprotection.

The focus of this review is to summarize the latest

progress regarding the protective effects of both Cav-1 and

Cav-3 in myocardial ischemia and I/R injury. First, we

introduce background information on caveolae and cave-

olins. Then, we summarize the roles of Cav-1/-3 in

myocardial ischemia, I/R injury. Next, we provide in-depth

descriptions of the involvement of Cav-1 and Cav-3 in

conditioning against myocardial I/R injury. Finally, we

discuss several novel potential directions for future

research on caveolins and caveolae. The information

compiled, herein, may serve as a comprehensive reference

for the activities of both Cav-1 and Cav-3 in the cardio-

vascular system and may be helpful for the design of future

studies and for the future development of caveolins as

therapeutic targets.

General background on caveolae and caveolins

Caveolae and the caveolin family

Caveolae are considered a specialized subset of detergent-

insoluble plasma membrane microdomains named lipid

rafts, and they are characterized by high cholesterol, sph-

ingolipid, and sphingomyelin concentrations [3, 67]

(Fig. 2a). Traditionally, caveolae have been implicated in

vesicular uptake associated with transcytosis, potocytosis,

and pinocytosis [26]. However, with the advent of

advanced molecular biological techniques, other functions

of caveolae have been discovered, including roles in

maintaining cholesterol homeostasis and the regulation of

cell signaling [29]. Caveolae selectively sequester mem-

brane-targeted proteins and create a unique signaling

microdomain, thereby compartmentalizing and regulating

numerous signaling molecules, including eNOS, G protein-

coupled receptors (GPCRs), and PKC [95], etc. Complex

details regarding caveolae have been discussed in previous

reviews [67, 78].

Caveolae are characterized by the presence of caveolins,

which distinguishes caveolae from other lipid raft domains

Fig. 1 The discovery of caveolae and caveolins. The flow chart depicts the main events in the history of research on caveolae and caveolins.

CSD caveolin scaffolding domain, OE overexpression
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[67]. Caveolins are essential for caveola formation,

because they oligomerize to form large multimeric com-

plexes, and these interactions serve as the driving force for

caveola formation [79, 97]. Currently, the caveolin family

consists of three members: Cav-1, Cav-2, and Cav-3. Cav-1

is expressed in a variety of tissues, particularly in termi-

nally differentiated cells, such as adipocytes, endothelial

cells, muscle cells, macrophages, and type I pneumocytes.

Cav-2 forms hetero-oligomers with Cav-1 and requires

Cav-1 for stabilization and plasma membrane localization

[85]. Cav-2 is expressed in the same cell types as Cav-1

[38]. Cav-1 KO mice exhibit significantly decreased Cav-2

expression, most likely because Cav-1 determines the

localization of Cav-2 despite the presence of an adequate

Cav-2 expression level [59]. In the absence of Cav-1, Cav-

2 remains within the Golgi complex and is subsequently

degraded by the proteasomal pathway [59, 66]. In Cav-2

KO mice, Cav-1 properly localizes to the plasma mem-

brane and contributes to caveola formation [84]. In con-

trast, Cav-3 is muscle-specific [26, 66, 114], shares 65 %

sequence identity and 85 % sequence similarity with Cav-

1, and forms homo-oligomeric complexes [100]. Moreover,

Cav-3 can act independently of Cav-1 to drive caveola

formation [29]. Caveola formation and Cav-1 and Cav-2

expression are not affected by the loss of Cav-3 in non-

muscle tissues, whereas the density of sarcolemmal cave-

olae is decreased in the absence of Cav-3 [84].

Interestingly, Cav-1/-3 double-KO mice show a loss of

caveola formation in all cells [65]. More detailed reviews

of caveolins can be found in the literature [38, 84, 115].

Structural characteristics of caveolins

Cav-1 is a 22–24 kDa integral membrane protein consist-

ing of 178 amino acid residues, and both its N- and

C-termini face the cytoplasm [28]. Several domains have

been identified in Cav-1, including an oligomerization

domain (residues 61–101), a caveolin scaffolding domain

(CSD) (residues 82–101), and a transmembrane domain

(residues 102–134) [116]. Cav-2 consists of 162 amino

acids and shares 38 % sequence identity and 58 %

sequence similarity with Cav-1 [85]. Cav-3 consists of 151

amino acids and contains several separate domains: an

N-terminal domain (residues 1–53), a CSD (residues

54–73), a transmembrane domain (residues 74–106), and a

C-terminal domain (residues 107–151) [26] (Fig. 2b).

Caveolins are more than just caveolae-associated proteins.

Importantly, the CSD plays a role in mediating protein–

protein interactions and is responsible for the interactions

between caveolins and various signaling proteins [64, 97].

Caveolins and signal transduction

Caveolins not only anchor signaling molecules but also

inhibit or promote the signaling capacities of these mole-

cules in a CSD-dependent manner [71, 95]. Cav-1 co-lo-

calizes with and regulates various signaling molecules. For

example, it directly negatively regulates the activities of

epithelial growth factor receptor, eNOS, PKC, G proteins,

and Src family proteins [54], whereas it activates the

insulin receptor [64]. The evidence supporting the role for

Cav-2 as a signaling modulator is less clear, perhaps partly

because its CSD sequence is divergent from that of Cav-1

[115]. Moreover, the muscle-specific isoform Cav-3

Fig. 2 Lipid rafts, caveolae, and structural characteristics of Cav-1/-

3. a This diagram summarizes the detailed organization of lipid rafts

and caveola membranes. Lipid rafts are small, heterogeneous, highly

dynamic, sterol- and sphingolipid-enriched domains formed by lipid–

lipid interactions that compartmentalize cellular processes [67].

Moreover, small lipid rafts can be stabilized to form larger platforms

though protein–protein and protein–lipid interactions [67]. The liquid-

ordered phase in the outer leaflet of the membrane is enriched in

cholesterol and exoplasmic-oriented sphingolipids. The liquid-disor-

dered phase in the cytoplasmic leaflet of the membrane is composed

essentially of phospholipids. Compared with lipid rafts, the liquid-

ordered phase of caveolae forms a small flask-shaped invagination

due to the composition of caveolins. Caveolins oligomerize to form

large multimeric complexes, and these interactions serve as the

driving force for caveola formation. Due to the role of caveolins,

caveolae possess the ability to selectively sequester membrane-

targeted proteins and to create a unique signaling microdomain,

thereby compartmentalizing and regulating signal transduction.

b Schematic representation showing the domain organizations of

Cav-1 and Cav-3. CSD caveolin scaffolding domain
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performs regulatory functions similar to those of Cav-1 in

skeletal muscle, smooth muscle, and cardiac muscle cells

[26] (Fig. 3a).

Caveolins and the cardiovascular system

Caveolins have essential functions in the cardiovascular

system. Studies using gene KO mice have shown that the

loss of caveolins results in various pathological cardio-

vascular conditions [20]. Cav-1 or Cav-3 KO results in

cardiac hypertrophy, contractile dysfunction, and heart

failure [64]. Moreover, Cav-1/3 double-KO mice develop

severe cardiomyopathy with a dramatic increase in left

ventricular wall thickness compared with Cav-1 KO, Cav-3

KO, and wild-type mice [65]. However, Cav-2 KO mice do

not exhibit signs of either cardiovascular dysfunction or

lipid disorders, although they have severe pulmonary dys-

function despite the lack of disruption of caveola formation

[77]. Furthermore, human CAV3 gene mutations are asso-

ciated with long QT syndrome and limb-girdle muscular

dystrophy [58, 109]; and a recent study conducted by

Schilling et al. has reported that cardiac myocyte-specific

Cav-3 OE mice have decreased heart rates and increased

cardiac ion channels expression (Kv1.4 and Kv4.3 channels,

Fig. 3 Signaling network by which Cav-1/-3 are involved in

myocardial protection and conditioning. a This diagram summarizes

how caveolins integrate into cholesterol-rich caveola membranes and

assist with caveola formation. Caveolins are integral membrane

proteins, and both their N- and C-terminal ends face the cytoplasm.

The caveolin scaffolding domain binds to and regulates the activities

of various signaling molecules. Cav-1-, Cav-3- or both Cav-1/-3-

binding signaling molecules in cardiomyocytes are selectively listed

in the diagram. b Schematic diagram of typical protocols for ischemic

preconditioning (IPC), ischemic perconditioning, and ischemic post-

conditioning (IPTC). In IPTC, transient myocardial ischemia is

induced at the onset of reperfusion. c IPC impairs Cav-1–eNOS

complex formation and activates eNOS; IPC, ceramide precondition-

ing, and tocotrienol preconditioning enhance the inhibitory effect of

Cav-1 on the pro-apoptotic factor MAPKa, but suppress the inhibitory
effect of Cav-3 on the anti-apoptotic factor MAPKb; Cav-3 binds to

and promotes the activity of AdipoR1; and IPC and IPTC promote

formation of the Cav-3–MG53–PI3K complex, activating the PI3K/

Akt cascades. Thus, all of these treatments contribute to cardiopro-

tection against myocardial I/R injury. d This diagram depicts the

trafficking of caveolins to mitochondria, which enhances myocardial

cellular stress adaptation by improving mitochondrial energetics,

reducing ROS generation and enhancing calcium tolerance. First,

caveolins are synthesized in the rough endoplasmic reticulum as

integral membrane proteins. Then, they traffic through the Golgi

complex to the cell surface. They also traffic to mitochondria.

Following IPTC, Cav-3 forms structures that may drive the translo-

cation of ERK1/2, GSK3b, and Akt to mitochondria, thereby

regulating mPTP opening. CSD caveolin scaffolding domain, GPCRs

G protein-coupled receptors, PI3K phosphoinositide-3 kinase, Akt

protein kinase B, ERK1/2 extracellular signal-regulated kinases 1 and

2, PKC protein kinase C, MAPK mitogen-activated protein kinase,

eNOS endothelial nitric oxide synthase, ERa estrogen receptor alpha,

HO-1 heme oxygenase-1, GLUT-4 translocation of glucose trans-

porter-4, d-OR delta opioid receptor, AdipoR1 adiponectin receptor 1,

Popdc1 Popeye domain-containing 1, AMPK AMP-activated protein

kinase, AC adenylate cyclase, PKA protein kinase A, NO nitric oxide,

GSK3b glycogen synthase kinase-3b, mPTP mitochondrial perme-

ability transition pore
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Nav1.5 channels, and connexin 43), and have changes in

electrocardiogram intervals (prolonged PR intervals and

shortened QTc intervals) [86].

Roles of Cav-1/-3 in protection against myocardial
ischemia and I/R injury

Analyses of the phenotypes of mice with genetic deletion

or overexpression of specific caveolin isoforms have pro-

vided key evidence of the protective roles of caveolins

against myocardial ischemia [102]. Cav-1 KO mice sub-

jected to permanent left anterior descending coronary

artery ligation exhibit reduced survival compared with the

corresponding wild-type mice. Mechanistically, Cav-1 KO

mice subjected to myocardial ischemia display reduced b-
adrenergic receptor density at the plasma membrane and

decreased cyclic adenosine monophosphate and protein

kinase A (PKA) phosphorylation, and these effects exac-

erbate cardiac dysfunction and result in reduced survival

after ischemia [43]. Moreover, cardiac myocyte-specific

Cav-3 OE mice show enhanced ischemic tolerance through

increased basal Akt and glycogen synthase kinase-3b
(GSK3b) phosphorylation in cardiomyocytes, which inhi-

bits mitochondrial permeability transition pore (mPTP)

opening, thereby contributing to cardiac protection [102].

Cav-1/-3 play cardioprotective roles during myocardial

I/R injury, as demonstrated by numerous studies showing

that Cav-1 and Cav-3 KO mice exhibit increased myocar-

dial I/R injury [70, 113] and are resistant to induction of

myocardial protection by conditioning treatments [47, 70,

103, 123], whereas cardiac-specific OE of Cav-3 mimics

the preconditioning phenotype against I/R injury [102].

Peart et al. have recently suggested that myocardial I/R

tolerance declines with age and that age-dependent

reductions in both Cav-3 expression and caveola abun-

dance may contribute to this phenomenon [73]. Caveolins

function as scaffolds for signaling molecules, providing

temporal and spatial regulation of signal transduction [87].

An emerging concept may help to understand the cardio-

protective roles of caveolins, suggesting that caveolins and

signaling molecules exist as multiprotein complexes,

‘‘signalosomes’’, which form and dissociate under basal

and stimulated conditions [21, 87]. (i) Under basal condi-

tions, Cav-1/-3 may allosterically inhibit a wide range of

signaling molecules involved in cardioprotection, including

GPCRs [34, 69], Ga subunits of heterotrimeric G proteins

[52], Src kinases [16, 69], PI3K [48, 87], Akt [46, 69],

ERK1/2 [4], eNOS [21, 25, 47], PKC isoforms [61, 120],

mitogen-activated protein kinases (MAPKs) [14, 16], and

heme oxygenase-1 (HO-1) [16], etc. (ii) However, Cav-1/-

3 promote increased signaling following stress (e.g., I/R or

metabolic inhibition) [4, 13, 21] or conditioning (e.g.,

ischemic conditioning or pharmacological conditioning)

stimulation [14, 16, 47, 70]. (iii) Mechanistically, Cav-1/-3

phosphorylation via Src activation alters the properties of

Cav-1/-3 during stress or conditioning treatments [13, 48,

70, 82, 83, 99]; moreover, the levels of caveolae and

caveolins are significantly reduced after myocardial

infarction and I/R injury, which may also facilitate the

disassociation of caveolins from myocardial-protective

signaling molecules [4, 12, 76, 92]. However, Cav-1/-3

appear to confer myocardial protection against I/R injury in

a variety of ways, for example, via epigenetic regulation

[15]. Thus, further studies will facilitate an increased

understanding of the complex cardioprotective mechanisms

of Cav-1/-3.

Roles of Cav-1/-3 in conditioning phenomena

Conditioning (e.g., ischemic conditioning or pharmaco-

logical conditioning) phenomena exert powerful protective

effects against myocardial I/R injury [32, 36]. Ischemic

conditioning refers to an endogenous phenomenon in

which brief episodes of nonlethal ischemia and reperfusion

confer protection against I/R injury [32]. The conditioning

stimulus can be applied before ischemia (ischemic pre-

conditioning, IPC), after the onset of ischemia (ischemic

perconditioning), within the first minute of myocardial

reperfusion (ischemic postconditioning, IPTC) or even to a

distant organ or tissue (remote ischemic conditioning) [32,

36, 37] (Fig. 3b). Also, pharmacological conditioning,

which mimics ischemic conditioning, has emerged with

elucidation of the mechanistic pathways underlying

ischemic conditioning [8, 36]. The roles of Cav-1/-3 in

IPC, IPTC, and pharmacological conditioning have been

studied; however, their roles in ischemic perconditioning

and remote ischemic conditioning remain unknown [14,

35, 70]. The mechanisms underlying ischemic conditioning

are rather complex and result in the recruitment of a

number of pro-survival protein kinase pathways, such as

the reperfusion injury salvage kinase (RISK, involving the

PI3K/Akt and ERK1/2 cascades) and survivor activating

factor enhancement (SAFE, involving the TNFa and

STAT3 cascades) pathways [31, 36, 49]. The emerging

evidence regarding Cav-1/-3 may help to elucidate the

cardioprotective signaling mechanisms and establish them

as spatially and temporally concerted actions that occur

during conditioning. Mechanistically, in addition to the

involvement of caveolins, ‘‘signalosomes’’, which associ-

ate with and dissociate from signaling molecules under

basal and stimulated conditions [21, 87], and conditioning,

which increases the formation of caveolae and the amount

of caveolins, in contrast with I/R injury, have also

been studied [102]. Interestingly, caveolins promote
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cardioprotective signaling by enhancing receptor–effector

coupling or by enhancing receptor affinity when their

expression is increased [74, 87, 113]. Next, we summarize

recent findings related to the involvement of Cav-1/-3 in

conditioning against myocardial I/R injury.

Cav-1 involvement in conditioning against
myocardial I/R injury

IPC and ceramide preconditioning

Cav-1, as a scaffold for signaling molecules, interacts with

and inhibits the activities of various signaling proteins

(e.g., p38 MAPK, eNOS, and HO-1) [14, 17], while Cav-1

phosphorylation via Src activation alters the properties of

Cav-1 and contributes to cardioprotection during IPC and

anesthetic preconditioning [70]. Das and colleagues have

determined that IPC, ceramide preconditioning, and toco-

trienol preconditioning significantly increase the interac-

tion of Cav-1 with the pro-apoptotic factor p38 MAPKa
and decrease the association of Cav-3 with the anti-apop-

totic factor p38 MAPKb, thereby enhancing cardioprotec-

tion in preconditioned hearts [14, 16, 17] (Fig. 3c).

Moreover, reduced interactions of Cav-1 with HO-1 and

eNOS have been reported in rat hearts treated with toco-

trienol compared with those subjected to I/R alone.

Because HO-1 and eNOS are pro-survival signaling com-

ponents, inhibiting their interactions with Cav-1 promotes

survival signaling in tocotrienol-treated hearts [14, 16].

Ceramide, which is generated from sphingomyelin

during I/R, induces cardiomyocyte death, whereas its

metabolite sphingosine-1-phosphate (sphingosine-1-P)

promotes both the survival and proliferation of cardiomy-

ocytes [6, 14]. Der and colleagues have reported that cer-

amide extensively accumulates in caveolin-rich

membranes during I/R, indicating that increased interac-

tions between Cav-1 and eNOS contribute to myocardial

dysfunction. Desipramine, an inhibitor of ceramide for-

mation, suppresses the interaction between eNOS and Cav-

1, thereby inducing cardioprotection [19]. Although cer-

amide plays a deleterious role in ischemic injury, it is

essential for IPC-induced cardioprotection. Additionally,

ceramide itself mimics the effects of IPC. In rat hearts

subjected to either IPC or ceramide preconditioning, a

decrease in the ceramide concentration has been associated

with enhancement of the sphingosine-1-P concentration in

caveolae, suggesting that both types of preconditioning

trigger the degradation of ceramide and the accumulation

of sphingosine-1-P, thereby inducing myocardial protec-

tion [14, 19]. Furthermore, both types of preconditioning

enhance the association of Cav-1 with pro-apoptotic p38

MAPKa; this enhancement can be partially attenuated by

desipramine treatment, demonstrating the cardioprotective

role of ceramide preconditioning. In summary, ceramide

accumulates in caveolin-rich membranes and induces car-

diomyocyte death during I/R. However, conditioning

results in the degradation of ceramide, and this effect is

essential for promoting cardioprotection. Although the

roles of ceramide in both I/R and conditioning remain

controversial, Cav-1 mediates these activities; therefore,

these potential roles warrant further investigation.

Other types of pharmacological preconditioning

Several studies have suggested that either the activation or

preservation of Cav-1 plays a cardioprotective role in

myocardial I/R injury and that the upstream mediators of

Cav-1 may contribute to those effects. Epigallocatechin-3-

gallate (EGCg), the most physiologically potent compound

in green tea, displays anti-oxidative properties and ame-

liorates myocardial injury in the setting of myocardial

ischemia [42, 53]. Using in vivo myocardial ischemia and

in vitro oxidative stress models, Hsieh and colleagues have

found that Cav-1 activation promotes the increased activity

of the EGCg-induced cardioprotective Akt/GSK-3b sig-

naling pathway [41]. Additionally, Chaudhary and col-

leagues have reported that epoxyeicosatrienoic acid (EET)-

mediated myocardial protection from I/R injury involves

the preservation of Cav-1 [12]. EETs are metabolized from

arachidonic acid by cytochrome P450 epoxygenases [91].

Ischemia causes damage to mitochondrial cristae, resulting

in the disappearance of both caveolae and Cav-1 from the

wild-type mouse heart. However, treatment of the wild-

type mouse heart with EETs results in enhanced post-is-

chemic functional recovery and increased Cav-1 expres-

sion [12]. Despite these findings, the mechanisms

underlying these effects remain unclear, and further studies

are needed to explore the role of Cav-1 in pharmacological

conditioning.

Cav-3 involvement in conditioning against
myocardial I/R injury

IPC and IPTC

Cav-3 plays a key role in the spatiotemporal regulation of

signaling molecules during ischemic conditioning. Recent

studies have reported that the MG53-mediated interaction

between Cav-3 and PI3K is essential for the IPC-/IPTC-

induced activation of RISK signaling [9, 122]. MG53, also

known as TRIM72, is a novel TRIM family protein that

plays a cardioprotective role in the setting of I/R injury

[125]. The N-terminal TRIM domain of MG53 interacts

with Cav-3, whereas its C-terminal SPRY domain binds to
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PI3K, forming a functional complex, Cav-3–MG53–PI3K.

Moreover, either MG53 or Cav-3 KO blocks the IPC-in-

duced activation of PI3K [9, 122] (Fig. 3c). Cardiac

myocyte-specific Cav-3 OE mimics the cardioprotective

effects of IPC by increasing both Akt and GSK3b phos-

phorylation [102]. Therefore, further investigation is war-

ranted to determine whether Cav-3 OE induces

cardioprotection by mimicking IPC in an MG53-dependent

manner.

The fate of cardiomyocytes under pathological condi-

tions is closely associated with mitochondrial function; the

mPTP is not only associated with a major cause of reper-

fusion injury but is also an effective target for cardiopro-

tection [30, 63]. The activation of both ERK1/2 and Akt

prevents GSK3b-mediated mPTP opening [10]. Hernández

and colleagues have reported that in a rat heart I/R model

subjected to IPTC, Cav-3 forms structures that may drive

the transport of ERK1/2, Akt, and GSK3b into the mito-

chondria, regulating mPTP opening and contributing to the

cardioprotective effects of IPTC [35] (Fig. 3d). Addition-

ally, Sun et al. have provided evidence that IPC results in

further increases in subsarcolemmal mitochondrial eNOS

and Cav-3 expression, thereby increasing eNOS/NO/S-ni-

trosylation signaling in subsarcolemmal mitochondria [98].

Mitochondrial proteins are major targets of S-nitrosylation,

and NO-mediated S-nitrosylation signaling promotes IPC-

induced cardioprotection [75]. In summary, mitochondria

play central roles in cardiomyocyte death and survival, and

potentially represent the end effectors of cardioprotective

interventions.

Anesthetic preconditioning

Volatile anesthetics, such as isoflurane and sevoflurane, have

long been used in the clinical management of anesthesia;

however, evidence suggests that they also have cardiopro-

tective functions [45]. Anesthetic preconditioning (APC)

refers to the protective effects of volatile anesthetics on the

body, including the heart, prior to a lethal ischemic insult.

The myocardial protection conferred by APC can be classi-

fied into two types: acute APC and delayed APC. Acute APC

is transient and subsides after a few hours, whereas delayed

APC begins 12–24 h after the initial anesthetic treatment

[11, 101]. Acute APC-induced cardioprotection cannot be

elicited in either Cav-1- or Cav-3-deficient mice in vivo,

indicating that both Cav-1 and Cav-3 are essential for acute

APC-induced cardioprotection in the setting of I/R injury

[40, 70]. However, Tsutsumi and colleagues have reported

that Cav-3, but not Cav-1, is required for delayed APC-in-

duced myocardial protection [103]. Furthermore, these Cav-

3-dependent delayed cardioprotective effects are accompa-

nied by the translocation of glucose transporter-4 (GLUT-4)

to caveolae after 24 h of isoflurane exposure. The

upregulation of Cav-3 and GLUT-4 and an increase in the

interaction between Cav-3 and GLUT-4 are observed after

isoflurane treatment [103]. Therefore, the interaction

between Cav-3 and GLUT-4 contributes to delayed APC-

induced cardioprotection. Additionally, Wang et al. have

recently revealed that isoflurane preconditioning results in

the accumulation of Cav-1 and Cav-3 in mitochondria and

improves mitochondrial functioning in a GPCR/Gi signal-

ing-dependent manner [111]. Furthermore, Zhao and col-

leagues have provided evidence that sevoflurane

preconditioningmediates cardioprotection against I/R injury

by inhibiting cyclooxygenase-2 (COX-2) in a Cav-3-de-

pendent manner [123]. However, the molecular mechanisms

underlying this phenomenon are currently unknown, and

whether COX-2 inhibition plays a role in either acute or

delayed APC warrants further investigation.

Opioid preconditioning

Opioids, which are a class of neurohormones, are released

acutely from nerve endings and are also synthesized in

cardiomyocytes. Exogenous administration of opioids and

activation of opioid receptors (ORs) induce cardioprotec-

tion against I/R injury [36, 72]. Delta opioid receptor (d-
OR), the dominant OR isoform in the heart, is involved in

opioid preconditioning and ischemic conditioning [68, 88].

Tsutsumi and colleagues have reported that Cav-3 orga-

nizes ORs in caveolae and that Cav-3 expression appears to

be essential for d-OR-induced cardioprotection against

myocardial I/R injury. Moreover, the innate cardioprotec-

tion exerted by Cav-3 OE in mice is opioid-dependent

[104]. However, See Hoe et al. have recently suggested that

the mechanisms underlying the cardioprotection conferred

by acute OR activation (acute ligand-activated precondi-

tioning) differ from those underlying sustained OR acti-

vation (SOA) [89]. Methyl-b-cyclodextrin (MbCD)
depletes membrane cholesterol, whereas Cav-3 KO selec-

tively depletes caveolae, and both MbCD treatment and

Cav-3 KO disrupt caveolae and attenuate acute d-OR-me-

diated myocardial protection. However, the mechanisms

underlying the protective effects of SOA are distinct from

those associated with acute OR activation-mediated pro-

tection, as the effects of SOA are less sensitive to choles-

terol depletion than those of the acute OR response, and

they are completely independent of both Cav-3 expression

and caveolae [89]. Accordingly, further investigation is

warranted to clarify the potential mechanisms underlying

the cardioprotective effects of SOA.

Adiponectin preconditioning

Adiponectin (APN) is an anti-diabetic and anti-atherogenic

adipocytokine secreted by adipose tissue. The plasma APN
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level is decreased in obesity, insulin resistance, and type 2

diabetes [62]. Additionally, both experimental and clinical

studies have demonstrated that APN acts as an endogenous

cardiovascular protective molecule [10]. APN regulates

cellular functions by binding to and activating adiponectin

receptors (AdipoRs), including AdipoR1 and AdipoR2

[44]. APPL1 and adenylate cyclase (AC) are the most

prominent downstream signaling molecules in APN-me-

diated AMP-activated protein kinase (AMPK) activation

and anti-oxidative signaling (involving PKA activation),

respectively. Wang and colleagues have reported that Cav-

3 co-localizes with and interacts with AdipoR1, APPL1,

and AC to form a signaling complex within caveolae [113].

Moreover, Cav-3 KO mice express normal levels of APN-

induced signaling molecules, but the cardioprotective

effects exerted by APN are apparently lost in these mice,

suggesting that the Cav-3-AdipoR1 interaction is essential

for APN-initiated AMPK-dependent and anti-oxidative

intracellular cardioprotective signaling [113] (Fig. 3c).

Other types of pharmacological preconditioning

Cav-3 participates in other pharmacological conditioning

phenomena against myocardial I/R injury. Melatonin (N-

acetyl-5-methoxytryptamine), the major secretory product

of the pineal gland, displays anti-atherogenic, anti-oxidant,

anti-inflammatory, anti-apoptotic, and vasodilatory prop-

erties [56]. Melatonin-induced cardioprotection is associ-

ated with activation of the RISK pathway, including

activation of both Akt and ERK1/2 [55]. Lamont et al. have

reported that melatonin protects the heart from I/R injury

via the activation of the powerful pro-survival SAFE

pathway, which involves the activation of both TNFa and

STAT3 [50]. Moreover, a recent study conducted by our

group has revealed that melatonin attenuates myocardial

I/R-induced mitochondrial oxidative damage via JAK2/

STAT3 signaling [117]. Also, Şehirli and colleagues have

observed that melatonin treatment significantly increases

the Cav-3 level in rats with heart failure, suggesting that

Cav-3 may play an essential role in melatonin-induced

myocardial protection [90]. However, the downstream

signaling pathway involving Cav-3 under melatonin treat-

ment is unclear. These results indicate that a potential

relationship exists between Cav-3 and either the RISK or

SAFE pathway in the presence of melatonin.

Geranylgeranylacetone (GGA), an acyclic polyiso-

prenoid, is commonly used as an oral anti-ulcer medication

in Asia [108]. It exerts delayed cardioprotective effects

associated with an increased number of caveolae and

increased expression of Cav-3 [124]. Moreover, isoflurane

preconditioning-induced myocardial protection may be

enhanced by the combination of GGA administration with

sub-therapeutic isoflurane preconditioning. The protective

effects of both of these treatments are abolished in Cav-3

KO mice, indicating that these effects are Cav-3-dependent

[107]. Recently, Wang et al. reported that GGA-induced

HSP70 OE promotes myocardial protection against humid

heat stress [112]. HSP70 is a protein that also directly co-

localizes with and interacts with Cav-3 [106]. These results

suggest that a novel pathway exists by which Cav-3

interacts with and influences HSP70 in the presence of

GGA, resulting in myocardial protection.

Glucagon-like peptide-1 (GLP-1) is an intestinal hor-

mone that stimulates insulin secretion and inhibits gluca-

gon secretion [24]. Both in vitro and in vivo models have

demonstrated that GLP-1 contributes to myocardial pro-

tection against I/R injury and that exendin-4 (Ex-4), an

exogenous GLP-1 receptor (GLP-1R) agonist, exerts sim-

ilar effects [7, 96]. Tsutsumi et al. have reported that both

caveolae and Cav-3 are essential for GLP-1- and Ex-4-

induced myocardial protection against I/R injury and that

these factors interact with and co-localize with GLP-1R

[105]. Further, Alcalay and colleagues have reported that

the evolutionarily conserved membrane protein Popeye

domain-containing 1 (Popdc1), also referred to as Bves, co-

localizes with Cav-3 in the sarcolemma and protects

against I/R injury via preservation of the structural and

functional integrity of caveolae [2]. Table 1 summarizes

the involvement of Cav-1/-3 in conditioning against

myocardial I/R injury and also presents information

regarding the experimental models used and bibliographic

references.

Collectively, the targeting of Cav-3 expression and its

activation, as mediated by pharmacological conditioning,

may represent a promising therapeutic strategy for

myocardial protection against ischemia.

Physical therapy

In addition to the previously mentioned ischemic and

pharmacological preconditioning, Cav-3 plays a role in

physical therapy against myocardial ischemia. Giusti and

colleagues have suggested that long-term mild exercise

increases Cav-3 expression in the mouse heart, thereby

promoting cardioprotection against I/R injury [27].

Chung and colleagues have reported that estrogen

receptor alpha (ERa) co-localizes with Cav-3 on the

plasma membrane of rat cardiomyocytes. Metabolic inhi-

bition in an in vitro model mimicking myocardial infarc-

tion induces the tyrosine phosphorylation of Cav-3 via an

Src activation-mediated mechanism, and this phosphory-

lation decreases its association with ERa. Accordingly, this
dissociation attenuates the suppressive effects of Cav-3 on

ERa, resulting in the increased stimulation of ERa by

estradiol, thereby triggering downstream signaling path-

ways by inhibiting the metabolic inhibition-induced
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Table 1 Cav-1/-3 is involved in conditioning against myocardial I/R injury

Conditioning Caveolin Experimental models Mechanisms References

Ischemic
conditioning

IPC Cav-1 I/R model of Cav-1 KO
mice

Cav-1 phosphorylation via Src activation contributes to
cardioprotection

[70]

Cav-3 I/R model of Cav-3 OE
mice

Increased levels of caveolae and Cav-3 but not
Cav-1

[102]

Cav-3 I/R model of Cav-3 KO
mice

In subsarcolemmal mitochondria, IPC increases the
eNOS/Cav-3 levels, thus inducing caveolae-derived
eNOS/NO/S-nitrosylation cardioprotective signaling

[98]

Cav-3 I/R model of MG53 KO
mice

Increased MG53-dependent interaction of Cav-3 with
PI3K, thus enhancing RISK pathway activity

[9]

Cav-1/-3 I/R model of rats (i) Increased expression of Cav-3, GLUT-4, and phospho-
eNOS but not that of Cav-1

(ii) Decreased interaction between Cav-1 and eNOS and
increased interaction between Cav-3 and GLUT-4

[47]

IPC or ceramide
preconditioning

Cav-1/-3 I/R model of rats Increased interaction between pro-apoptotic p38 MAPKa
and Cav-1 and reducing the interaction between anti-
apoptotic p38 MAPKb and Cav-3

[14]

IPTC Cav-3 I/R model of MG53 KO
mice

Increased MG53-dependent interaction of Cav-3 with
PI3K, thus enhancing RISK pathway activity

[122]

Cav-3 I/R model of rats with
dilated
cardiomyopathy

Cav-3 may drive translocation of ERK1/2, Akt, and
GSK3b to the mitochondria, thus inhibiting mPTP
opening

[35]

Anesthetic
preconditioning

Isoflurane Cav-1 I/R model of Cav-1 KO
mice

Cav-1 phosphorylation via Src activation contributes to
cardioprotection

[70]

Cav-3 I/R model of Cav-3 KO
mice

Caveolae and Cav-3 are critical for anesthetic-induced
protection against I/R injury

[40]

Cav-3 I/R model of Cav-1
or Cav-3 KO mice

Delayed APC increases expression of Cav-3 and GLUT-4
but not that of Cav-1 and increases the interaction
between Cav-3 and GLUT-4

[103]

Cav-1/-3 I/R model of Cav-3 OE
mice

Promotion of localization of Cav-1/-3, Akt, and GSK3b
to mitochondria in a GPCR/Gi signaling-dependent
manner

[111]

Isoflurane ?
GGA

Cav-3 I/R model of Cav-3 KO
mice

Increased Cav-3 expression [107]

Sevoflurane Cav-3 I/R model of Cav-3 KO
mice

Inhibition of COX-2 and oxidative stress in a
Cav-3-dependent manner

[123]

Other
pharmacological
preconditioning

EGCg Cav-1 H2O2-treated H9c2 cells
and rat model of
myocardial ischemia

Promotion of Akt/GSK-3b signaling via Cav-1 activation [41]

EETs Cav-1 I/R model of soluble
epoxide hydrolase KO
mice

Increased Cav-1 expression [12]

GGA Cav-3 I/R model of Cav-3 KO
mice

Increased Cav-3 expression [106]

Opioids Cav-3 I/R model of Cav-3 OE/
KO mice

Cav-3 is essential for acute d-OR activation-induced
cardioprotection

[89]

Adiponectin Cav-3 I/R model of Cav-3 KO
mice

Cav-3/AdipoR1 interaction is essential for adiponectin-
initiated AMPK-dependent and anti-oxidative
intracellular cardioprotective signaling

[113]

Exendin-4 Cav-3 I/R model of Cav-3 KO
mice

Cav-3/GLP-1R interaction is critical for exendin-4-
induced protection against I/R injury

[105]

Tocotrienol Cav-1/-3 I/R model of rats Reduced interaction of Cav-1 with HO-1 or eNOS and of
Cav-3 with p38 MAPKb and increased interaction of
Cav-1 with p38 MAPKa

[16]

IPC ischemic preconditioning, IPTC ischemic postconditioning, I/R ischemia/reperfusion, KO knockout, OE overexpression, eNOS endothelial

nitric oxide synthase, NO nitric oxide, PI3K phosphoinositide-3 kinase, RISK reperfusion injury salvage kinase, GLUT-4 translocation of glucose

transporter-4, MAPK mitogen-activated protein kinase, Akt protein kinase B, ERK1/2 extracellular signal-regulated kinases 1 and 2, GSK3b
glycogen synthase kinase-3b, APC anesthetic preconditioning, COX-2 cyclooxygenase-2, GGA geranylgeranylacetone, EGCg epigallocatechin-

3-gallate, EETs epoxyeicosatrienoic acids, d-OR delta opioid receptor, AdipoR1 adiponectin receptor 1, GLP-1R glucagon-like peptide-1

receptor, HO-1 heme oxygenase-1
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phosphorylation of connexin-43 (Cx43) [13]. Shi and col-

leagues have demonstrated that chronic hypoxia increases

eNOS expression but that it decreases the levels of both

Cav-3 expression and Cav-3–eNOS complexes in the heart.

Therefore, enhanced cardiomyocyte eNOS activity results

in both increased NO production and enhanced resistance

to ischemia [92].

Potential directions

Cav-1 and Cav-2 form hetero-oligomers [85]; moreover,

Cav-2 is degraded in the absence of Cav-1 in lung and

adipose tissues [20]. In the hearts of rats with experimental

autoimmune myocarditis, Cav-1 and Cav-2 expression is

increased [1]. This finding at least demonstrates that Cav-2

participates in pathological processes involving the heart.

However, few studies have examined the role of Cav-2 in

myocardial I/R injury. Whether Cav-2 has Cav-1-inde-

pendent functions in myocardial tissue is unknown. The

influence of caveolins on I/R injury has been demonstrated

in animals with Cav-1 KO and Cav-3 KO or OE but not in

those with Cav-1/-3 double-KO. Therefore, the use of other

animals with multiple genetic alterations related to cave-

olins may reveal as-yet unknown functions of caveolins in

I/R injury.

The current evidence regarding the association between

caveolins and I/R injury remains limited to animal exper-

iments. Undoubtedly, the next step in the process of elu-

cidating the roles of the various caveolin family members

in human myocardial ischemia is to apply what we have

learned from murine models to the human population. This

strategy has already been applied to some extent in

research of other cardiovascular diseases, such as familial

hypertrophic cardiomyopathy [33, 60] and long QT syn-

drome [109], but research progress is limited to Cav-3 [26].

A noninhibitory mutant of the Cav-1 scaffolding domain

has also been demonstrated to enhance eNOS-derived NO

synthesis and vasodilation [5]. Unfortunately, whether

caveolin mutations are associated with myocardial ische-

mia and I/R remain unclear. Animal studies have revealed

that caveolin expression and caveolae abundance decrease

with aging and that these decreases may contribute to a

decline in aging-related myocardial I/R tolerance [73];

moreover, the concentrations of caveolins and caveolae are

correlated with the protective effects of conditioning

against myocardial ischemia and I/R injury [47, 70, 102,

123]. Therefore, clinical importance may lie in (i) identi-

fying conditions in which either the concentrations of

caveolins and caveolae in myocytes are reduced or their

functions are impaired through mutations or molecular

interactions that block the protective effects of condition-

ing; and (ii) determining how to maintain caveolins at

appropriate levels to prevent myocardial ischemia and I/R

injury.

Through multiple experiments performed both in vitro

and in vivo, the interactions between caveolins and various

signaling molecules have been widely investigated. Most

of the signaling molecules targeted by caveolins, including

GPCRs, G proteins, PI3K, Akt, MAPK, PKC, HO-1,

eNOS, and Src, are involved in myocardial protection

against I/R injury; however, whether other complicated

crosstalk occurs between these signaling molecules and

caveolins requires further study. Moreover, determination

of the mechanisms underlying the regulation of caveolins

by opioids and APN is still in the initial stages, and the

exact mechanisms involved remain to be elucidated. Col-

lectively, caveolin-targeted molecules, especially those in

the heart, require further investigation. This information

should be useful for the treatment and prevention of

myocardial ischemia and I/R injury.

The raft hypothesis involves the lipid-dependent segre-

gation of specific membrane components in the plasma

membrane. Lipid rafts are classified by their structures and

compositions and are grouped into various subclasses, and

caveolae are just one example [57]. The distinctive feature

of caveolae is the presence of caveolins, whereas other

lipid rafts are characterized by the presence of other pro-

teins. These proteins drastically change the morphology

and/or the functioning of lipid rafts. Modifiers of raft

functions (MORFs) refer to a newly emerging class of

structural proteins [78]. The first MORF identified was the

Cav-1 protein. In addition to caveolins, several other pro-

teins have been identified that may be enriched in lipid

rafts, resulting in dramatic structural and functional chan-

ges, including the flotillins [81, 110, 118], stomatins [81],

36-kDa vesicular integral membrane protein (VIP36) [22],

and MAL/BENE [18]. Interestingly, flotillin-1 expression

is also affected by myocardial ischemic injury [121].

Whether community ecology exists between caveolins and

these proteins during myocardial ischemia or in protection

against myocardial ischemia and I/R is unknown.

Undoubtedly, further research is necessary to address the

associations and distinctions between these proteins and

caveolins, as well as their contributions to ischemia and

I/R.

Notably, several recent studies have focused on the role

of caveolins in modulating mitochondrial function and

thereby, contributing to myocardial protection. Wang and

colleagues have reported that isoflurane preconditioning

promotes the trafficking of both Cav-1 and Cav-3 to

mitochondria. However, the functions and mechanisms of

Cav-1 and Cav-3 in mitochondria are unclear [111]. It has

been documented that caveolins localize to mitochondria

and that the transport of caveolins to mitochondria

enhances myocardial cellular stress adaptation by
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improving mitochondrial energetics, reducing reactive

oxygen species (ROS) generation and enhancing calcium

tolerance [23] (Fig. 3d). Sun et al. have provided evidence

that IPC results in further increases in subsarcolemmal

mitochondrial eNOS and Cav-3 expression, thereby

enhancing cardioprotective eNOS/NO/S-nitrosylation sig-

naling in subsarcolemmal mitochondria [98]. We speculate

that eNOS/NO/S-nitrosylation signaling may be involved

in the modulation of caveolins in mitochondria during

APC, ultimately contributing to myocardial protection.

Concluding remarks

Increasing evidence suggests that both Cav-1 and Cav-3

protect the heart from I/R injury. The modulation of

caveolin expression and function appears to be a promising

strategy for attenuating I/R injury. Young et al. have

reported that infusion of the CSD peptide of Cav-1 into I/R

hearts results in the recovery of cardiac function [119].

This finding implies that the CSD peptide of caveolin has

potentially therapeutic effects. The currently available data

indicate that a complex signaling network is involved in

Cav-1 and Cav-3 regulation. Their numerous regulators

and signaling targets have provided researchers with many

opportunities to explore their underlying mechanisms.

However, many issues regarding the functions of caveolins

in the heart must be addressed. Future work should clarify

the roles of caveolins in cardiac cell biology before they

can be considered as viable therapeutic targets in transla-

tional studies of myocardial ischemia.
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