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Abstract

We investigated the effect of phenylephrine (PE)- and 
isoproterenol (ISO)-induced cardiac hypertrophy on 
subcellular localization and expression of caveolin-3 
and STAT3 in H9c2 cardiomyoblast cells. Caveolin-3 
localization to plasma membrane was attenuated and 
localization of caveolin-3 to caveolae in the plasma 
membrane was 24.3% reduced by the catecholamine- 
induced hypertrophy. STAT3 and phospho-STAT3 
were up-regulated but verapamil and cyclosporin A 
synergistically decreased the STAT3 and phospho- 
STAT3 levels in PE- and ISO-induced hypertrophic 
cells. Both expression and activation of STAT3 were in-
creased in the nucleus by the hypertrophy. Immunoflu-
orescence analysis revealed that the catecholamine- 
induced hypertrophy promoted nuclear localization of 
pY705-STAT3. Of interest, phosphorylation of pS727- 
STAT3 in mitochondria was significantly reduced by 
catecholamine-induced hypertrophy. In addition, mi-
tochondrial complexes II and III were greatly down- 
regulated in the hypertrophic cells. Our data suggest 
that the alterations in nuclear and mitochondrial acti-
vation of STAT3 and caveolae localization of caveolin-3 
are related to the development of the catechol-

amine-induced cardiac hypertrophy.
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Introduction

Hypertension is major risk factors for cardiac da-
mage, ischemia, myocardial infarction, and conge-
stive heart failure (Zampaglione et al., 1996). In 
response to increased demands for cardiac work 
caused by various pathologic stresses, heart adapts 
through compensatory hypertrophy of myocytes. 
Thus, cardiac hypertrophy is recognized in many 
cardiovascular diseases, such as hypertension, 
vascular disease, and myocardial infarction, and is 
an independent risk factor for cardiac morbidity 
and mortality. Hypertrophic stimuli induce an in-
crease in cell size in the absence of cell division 
through Ca2+ signaling and activation of PKC, 
MAPK and PKB/ Akt (Watanabe et al., 2001; Dorn 
and Force, 2005), and are accompanied by 
increased protein synthesis with reprogramming of 
gene expression (Takeo et al., 2000). Cardiac 
hypertrophy is induced by a variety of factors, such 
as vasoactive peptides, growth factors, cytokines, 
and hormones (Nicol et al., 2001). Catechol-
amines, including phenylephrine (PE) and isoprote-
renol (ISO) play pivotal roles in cellular growth 
(Colombo et al., 2001) and induce cardiac 
hypertrophy (Taigen et al., 2000; Zou et al., 2001; 
Hwang et al., 2006). Persistent stimulation of 
cardiac cells by catecholamine has been known to 
induce activation of the Ca2+/calmodulin-dependent 
phosphatase, calcineurin and described as a prime 
example of calcineurin-induced cardiac hypertro-
phy (Karpen and Rich, 2001; Zou et al., 2001). 
    Caveolin is a principal protein component of ca-
veolae (Anderson, 1998; Smart et al., 1999; Razani 
et al., 2002). It has been proposed that caveolin 
family members function as scaffolding proteins 
(Schlegel et al., 1999) to organize lipid-modified sig-
naling molecules (G-proteins, Src-family kinase, 
PKCα, and eNOS) (Segal et al., 1999; Everson 
and Smart, 2001; Li et al., 2001; Oh and Schnitzer, 
2001). Caveolin also directly interacts with many 
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Figure 1. Morphological changes 
and measurement of hypertrophic 
growth of H9c2 cardiac myocytes by 
PE- or ISO-induced hypertrophy. 
H9c2 cells were maintained in 1% 
serum media for 18 h and treated 
with PE (50 μM) or ISO (10 μM) for 
48 h. The cellular hypertrophy was 
assayed by cell surface area 
measurement. Cell size was ana-
lyzed using Image Pro Plus soft-
ware, and the values represent the 
relative area ± S.E., n = 3. *, P ＜
0.01. 

growth factor receptors (RTKs, EGFR, PDGF and 
VEGF), leading to the inhibition of their function 
(Couet et al., 1997; Liu et al., 1999; Yamamoto et 
al., 1999). Caveolin-3 is known as a muscle-specific 
membrane protein crucial for myoblast differen-
tiation. The expression of caveolin-3 is linked to the 
maturation of muscle phenotype and it is tightly 
regulated by hypertrophic C2C12 myoblast cells 
(Fanzani et al., 2007). Signal transducer and acti-
vator of transcription factor 3 (STAT3) is a critical 
mediator for survival of cardiomyocytes (Sano et 
al., 2000) and appears to be essential in the 
induction of cardiac myocyte hypertrophy through 
gp130 (Kunisada et al., 1998; Kunisada et al., 
2000). The underlying physiological mechanisms 
of caveolin-3 and STAT3 in cardiac myocyte hyper-
trophy, however, have not yet been elucidated.
  The present study was conducted to investigate 
whether caveolin-3 and STAT3 as regulatory mole-
cules contribute to the hypertrophy of cardiac cells 
in an experimental model of catecholamine-induced 
hypertrophic H9c2 cardiomyoblast cells. We gene-
rated the hypertrophic H9c2 cardiomyoblasts by 
PE and ISO treatment and examined the hyper-
trophy along with specific inhibitors, verapamil and 
cyclosporin A (CsA). By subcellular and caveolin- 
rich membrane fractionations and immunofluo-

rescence microscopy, our data indicate that the 
alternation of caveolin-3 and STAT3 status is linked 
to the development of cardiac hypertrophy.

Results

Expression of caveolin-3 in catecholamine-induced 
hypertrophy

To verify the catecholamine-induced cellular hyper-
trophy in H9c2 cardiomyoblasts, the cell surface 
area measurement was performed as described in 
Methods. As demonstrated in Figure 1, in H9c2 
cells treated with PE or ISO, cell size was signi-
ficantly increased by 2.2 or 2.3 fold, respectively. 
    The effect of catecholamine-induced hypertro-
phy on expression of caveolins and hypertrophy- 
related intracellular signal molecules and their 
activation was examined in H9c2 cardiomyoblast 
cells. When the hypertrophy was induced by PE 
and ISO treatment, the expression of caveolin-3, 
caveolin-2, calcineurin, ERK, and Akt showed no 
detectable changes in the hypertrophic cells as 
compared to the untreated cells (Figure 2A). 
Phosphorylation of ERK and Akt also showed no 
changes by PE- or ISO-induced hypertrophy. These 
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Figure 2. Effect of catecholamine-induced hypertrophy on expression and cellular localization of caveolin-3. (A) Cells were maintained in 1% serum me-
dia for 18 h and treated with PE (50 μM) or ISO (10 μM) for 48 h. Whole cell lysates (WCL) were subjected to immunoblot analysis using anti-caveolin-3, 
anti-caveolin-2, anti-calcineurin, anti-phospho-ERK, anti-ERK, anti-phospho-Akt, and anti-Akt antibodies. (B) Cells were incubated with PE (50 μM) or ISO 
(10 μM) for 48 h and subjected to subcellular fractionation as described in “Methods”. Membrane and cytosol fractions were subjected to SDS-PAGE and 
then immunoblot analysis with anti-caveolin-3 antibody. (C) Cells were incubated with PE (50 μM) for 48 h. Isolation of caveolae were performed by su-
crose density fractionation. Fractions collected were subjected to immunoblot analysis with anti-caveolin-3 antibody. Distribution of caveolin-3 was quanti-
fied by densitometry. The results represent mean ± S.E. of three independent experiments. (D) H9c2 cells were plated onto coverslips and maintained in 
1% serum media for 18 h. Cells were then incubated with PE (50 μM) or ISO (10 μM) for 48 h. After fixation and permeabilization, cells were stained with 
anti-caveolin-3-antibody followed by Alexa FluorⓇ488-conjugated antibody, respectively as described under “Methods”. Coverslips were mounted on a 
slide and analyzed by fluorescence microscopy. Results are representative images of cells from three independent experiments. Green: Caveolin-3, Blue: 
Nucleus (DAPI), Merge: Caveolin-3 + DAPI. 

data indicate that the catecholamine-induced hy-
pertrophy has no effect on the caveolin-3 ex-
pression. 

Caveolae localization of caveolin-3 in 
catecholamine-induced hypertrophy 

Interestingly, when we preliminarily tested any 
retardation in membrane association of caveolin-3 
in catecholamine-induced hypertrophic cells, PE- 
and ISO-induced hypertrophy resulted 41.4 and 
30% reduction in the membrane localization of 
caveolin-3, respectively (Figure 2B). Since these 
results suggested that recruitment of caveolin-3 to 
the plasma membrane-containing membrane, more 

specifically to caveolae might be retarded by the 
catecholamine-induced hypertrophy, we investiga-
ted further the effect of the PE- or ISO-induced 
hypertrophy on caveolae localization of caveolin-3. 
As caveolin-rich membrane fractions were ana-
lyzed as shown in Figure 2C, caveolae were iso-
lated from most cellular proteins separated in non 
caveolar fractions 9-12 and a pellet, and localized 
in fractions 4, 5 and 6 in the sucrose gradient 
fractionation. The caveolae localization was 24.3% 
reduced by PE-induced hypertrophy with a conse-
quent increase in the bottom phase of pellet in non 
caveolar fraction. The results were further confir-
med by immunofluorescence microscopy to directly 
assess the subcellular localization of caveolin-3. 
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Figure 3. Effect of catecholamine-induced hypertrophy on expression 
and activation of STAT3. Cells were treated as follows lanes; (1), control; 
(2), PE (50 μM) for 48 h; (3), ISO (10 μM) for 48 h; (4), PE (50 μM) plus 
CsA (500 ng/ml) for 48 h; (5), ISO (10 μM) plus verapamil (1 μM) for 48 
h; (6), ISO (10 μM) plus CsA (500 ng/ml) for 48 h. WCL were subjected 
to immunoblot analysis with anti-STAT3, anti-pS727-STAT3, anti-pY705- 
STAT3, and anti-STAT1 antibodies. 

Consistent with the result shown in Figure 2C, 
caveolin-3 localized to the plasma membrane in 
untreated cells (Figure 2D, panel 1). The localiza-
tion of caveolin-3 was, however, prevented in PE- 
and ISO-induced hypertrophic cells (Figure 2D, 
panels 2 and 3). Thus, these results demonstrate 
that the catecholamine-induced hypertrophy atte-
nuates the localization of caveolin-3 to caveolae in 
the plasma membrane.

Modulation in expression and activation of STAT3 by 
catecholamine-induced hypertrophy 

STAT3 is known to play a critical role in cardiac 
hypertrophy (Kunisada et al., 1998, 2000). Recently, 
ISO-induced phosphorylation of pY705-STAT3 was 
reported in neonatal rat cardiomyocytes (Zhang et 
al., 2008). When we examined the expression and 
phosphorylation of STAT3 in the PE- and ISO- 
induced hypertrophic H9c2 cardiomyoblasts, phos-
phorylation of pY705- STAT3 was dramatically 
increased by 16.2 and 19.8 fold, respectively 
(Figure 3, panel 1, lanes 2 and 3). Phosphorylation 
of pS727-STAT3 was increased by 1.8 fold in both 
PE- and ISO-induced hypertrophic cells as com-
pared to the untreated cells (Figure 3, panel 2, 
lanes 2 and 3). STAT3 was 1.6 fold up-regulated in 
the hypertrophic cells (Figure 3, panel 3, lanes 2 
and 3). STAT1, unlike STAT3 showed no changes 
(Figure 3, panel 4). These data show that expre-
ssion and activation of STAT3 was up-regulated by 
the catecholamine- induced hypertrophy.
    Verapamil, a Ca2+ channel inhibitor and CsA, a 
calcineurin inhibitor have been known to prevent 

cardiac hypertrophy in various rodent models 
induced by PE or ISO treatment (Kato et al., 2000; 
Taigen et al., 2000; Zou et al., 2001). When PE- or 
ISO-induced hypertrophic H9c2 cardiomyoblast cells 
were treated with verapamil or CsA, STAT3 was 
down-regulated below the basal level (Figure 3, 
panel 3, lanes 4, 5, and 6). Phosphorylation of 
pY705- and pS727-STAT3 was also markedly re-
duced by verapamil or CsA as compared to the 
untreated cells (Figure 3, panels 1 and 2, lanes 4, 
5, and 6). These results show that activation of 
STAT3 is up-regulated by the catecholamine-indu-
ced cardiac hypertrophy through Ca2+-dependent 
signaling pathway in H9c2 cardiomyoblasts. 

Alteration of STAT3 activation in mitochondria and 
nucleus by catecholamine-induced hypertrophy

A recent study showed that STAT3 activation is 
required for maintaining mitochondrial complex 
function of the respiratory chain in primary pro-B 
lymphocytes (Potla et al., 2006). We investigated 
the effect of catecholamine-induced hypertrophy 
on expression and phosphorylation of STAT3 in 
mitochondria and nucleus. In untreated cells, 38.8 
± 5% (n = 3) of pS727-STAT3 was detected in 
mitochondrial fraction. However, the mitochondrial 
activation of pS727-STAT3 was reduced to 27 ± 
3% (n = 3) and 25.6 ± 3% (n = 3) in PE- and ISO- 
induced hypertrophic cells, respectively (Figure 4A, 
panel 1, a). No significant changes were detected 
on STAT3 expression and activation of pY705- 
STAT3 in mitochondrial fraction of the hypertrophic 
cells (Figure 4A, panels 2 and 3, b and c). Of 
interest, the expression and phosphorylation of 
STAT3 in the nucleus were increased by PE- and 
ISO-induced hypertrophy (Figure 4A, panels 1, 2, 
and 3, a, b, and c). No significant changes were 
detected in nuclear and mitochondrial localization 
of STAT1 by catecholamine-induced hypertrophy 
(Figure 4A, panel 4, d). In support of the fractio-
nation data, immunofluorescence staining demons-
trated the nuclear translocation of pY705-STAT3 in 
response to PE and ISO treatment as compared to 
the untreated cells (Figure 4B). Taken together, 
these results indicate that the catecholamine-in-
duced hypertrophy modulates the expression and 
activation of STAT3 in mitochondria and nucleus.

Down-regulation of mitochondria complexes by 
catecholamine-induced hypertrophy

The oxidative phosphorylation system is located in 
the inner membrane of mitochondria and com-
prises five individual complexes (complexes I to V) 
(Scha ̈gger and Pfeiffer, 2000). Since the phospho-
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Figure 4. Effect of catecholamine-induced hypertrophy on expression and activation of STAT3 in mitochondria and nucleus. H9c2 cells were maintained 
in 1% serum media for 18 h. Cells were then incubated with PE (50 μM) or ISO (10 μM) for 48 h. (A) Cytosolic (Cyt), nuclear (Nuc), and mitochondrial 
(Mit) fractions were analyzed by immunoblotting using antibodies specific for STAT3, pS727-STAT3, pY705-STAT3, STAT1, anti-complex V, anti-α-tubulin. 
Subcellular localization of STAT3 and phosphorylation of STAT3 were quantified by densitometry. The protein levels were quantified by densitometry and 
the sum of Cyt, Nuc, and Mit fractions set arbitrarily to 100%. Quantification represents the relative intensity to the control cells; mean ± S.E., n = 3. *, P
＜ 0.05 (a-d). (B) H9c2 cells were plated onto coverslips and maintained in 1% serum media for 18 h. Cells were then incubated with PE (50 μM) or ISO 
(10 μM) for 48 h. After fixation and permeabilization, cells were stained with anti-pY705-STAT3 antibody followed by TRITC-conjugated antibody, re-
spectively as described under "Methods". Coverslips were mounted on a slide and analyzed by fluorescence microscopy. Results are representative im-
ages of cells from three independent experiments. Red: pY705-STAT3; Blue: Nucleus (DAPI); Merge: pY705-STAT3 + DAPI.
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Figure 5. Effect of catecholamine-induced hypertrophy on expression of 
mitochondria complexes. H9c2 cells were maintained in 1% serum me-
dia for 18 h and incubated with PE (50 μM) or ISO (10 μM) for 48 h. 
WCL were subjected to mitochondrial fractionation. Equal amounts of 
protein from cytosolic and mitochondrial fractions were immunoblotted 
with anti-complex II, anti-complex III, anti-complex V, anti-GRIM-19 and 
anti-α-tubulin antibodies. 

rylation of pS727-STAT3 in the mitochondria is 
impaired by the PE- and ISO-induced hypertrophy 
(Figure 4A), we further explored the effect of PE- 
and ISO-induced hypertrophy on expression of the 
mitochondria complexes. As shown in Figure 5, 
complex II and III was 34 and 81% down-regulated 
in PE- and 59 and 41% in ISO-induced hypertro-
phic cells, respectively with no changes in complex 
V. Collectively, these data suggest that the PE- and 
ISO-induced hypertrophy decreases activation of 
pS727-STAT3 in mitochondria and in turn, atte-
nuates mitochondria function to carry on oxidative 
phosphorylation, possibly by preventing the inte-
raction between pS727-STAT3 and mitochondrial 
complexes. 

Discussion

We investigated the regulatory function of caveolin-3 
and STAT3 in catecholamine-induced cardiac hy-
pertrophy. It has been shown that the expression of 
caveolin-3 is increased in hypertrophied C2C12 
myoblasts transfected with an activated form of Akt 
(Fanzani et al., 2007). In the present study with 
H9c2 cardiomyoblasts, the PE- or ISO-induced 
hypertrophy exhibited no changes on the activation 
of Akt and expression of caveolin-3 (Figure 2A). 
Although it would appear that caveolin-3 in the 
catecholamine-induced hypertrophic cells is not 
directly involved in PI3-kinase/Akt-regulated signa-
ling pathway, our data show that the hypertrophy 
caused retardation of caveolin-3 translocation to 
caveolae in plasma membrane from cytosol (Figure 
2C and D). These results indicate a possible defect 

in the caveolae localization of caveolin-3 in deve-
lopment of the catecholamine-induced cardiomyo-
blast hypertrophy. 
    STAT3 signaling pathway has been shown to 
mediate cardiac hypertrophy in fetal cardiomyo-
cytes and transgenic mice (Kunisada et al., 1998, 
2000). Recent study with neonatal rat cardio-
myocytes demonstrated that ISO increases tyrosine 
phosphorylation of STAT3 (Zhang et al., 2008). As 
we investigated the effect of PE- and ISO-induced 
hypertrophy on activation of STAT3 in H9c2 cardio-
myocytes, the phosphorylation of pY705- and 
pS727-STAT3 was increased by the catechol-
amine-induced cardiac hypertrophy (Figure 3). 
When we further examined effects of the specific 
inhibitors, verapamil and CsA in order to define the 
regulatory mechanism by STAT3, verapamil and 
CsA prevented the catecholamine-induced expression 
and activation of STAT3 (Figure 3), suggesting an 
involvement of the Ca2+- dependent phosphatase 
calcineurin in the catecholamine-induced cardiac 
hypertrophy. Thus, our findings indicate that phos-
pho-STAT3 has a regulatory role in the catechol-
amine-induced development of cardiomyoblast hy-
pertrophy.
    STAT3 has been reported to interact with GRIM- 
19, known component of mitochondrial complex I 
(Lufei et al., 2003; Zhang et al., 2003; Potla et al., 
2006). However, the molecular mechanisms by 
which STAT3 regulates mitochondrial function in 
cardiac hypertrophy have not been established. 
The present study demonstrates that phospho-
rylation of pS727-STAT3 in mitochondria is atte-
nuated by PE- and ISO-induced cardiac hyper-
trophy (Figure 4A, a). Further, the mitochondrial 
complexes in mitochondria oxidative phospho-
rylation system were remarkably down-regulated 
by the hypertrophy (Figure 5). These results 
suggest that reduction of pS727-STAT3 activation 
in the mitochondria leads to the down-regulation of 
mitochondrial complexes in response to catechol-
amine-induced hypertrophy. In contrast, the expre-
ssion and activation of STAT3 in nucleus were 
increased by the PE- and ISO-induced hypertrophy 
(Figure 4A, a, b and c). Re-localization of pY705- 
STAT3 to the nucleus was also observed in 
catecholamine-induced hypertrophic cells (Figure 
4B). Thus, these results suggest that the increased 
activation of STAT3 in the nucleus leads to transac-
tivation of hypertrophic responsible genes such as 
ANF and c-fos as described (Kunisada et al., 1998).
    In summary, the present study provides evidence 
that the catecholamine-induced cardiomyoblast hy-
pertrophy in H9c2 cells attenuates the transloca-
tion of caveolin-3 to caveolae in plasma mem-
brane, promotes nuclear localization of pY705- 
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STAT3, increases expression and activation of 
STAT3 in nucleus, and reduces pS727-STAT3 acti-
vation in mitochondria. Thus, the modulation of 
caveolin-3 and STAT3 status by the hypertrophy 
play an important role in the pathogenesis of 
cardiomyoblast hypertrophy. 

Methods

Cell culture and treatment 

H9c2 (a cardiomyoblast cell line derived from embryonic 
rat heart tissue) cells were maintained in DMEM 
(GIBCO/BRL) supplemented with 10% FBS (Hyclone, 
Logan, Utah) and 100 U/ml penicillin/streptomycin (Sigma 
Chemical Co., St. Louis, MO) in a 5% CO2 incubator at 
37oC as described previously (Ha and Pak, 2005; Kwon et 
al., 2008). To test an experimental hypertrophy condition, 
cells were serum starved for 18 h in DMEM containing 1% 
FBS and treated with either 50 μM PE or 10 μM ISO for 48 
h. To investigate the effect of selective inhibitors in the 
catecholamine-induced hypertrophy, cells were treated 
with either 1 μM verapamil or 500 ng/ml CsA for 48 h 
together with PE or ISO (Taigen et al., 2000). PE, ISO, 
verapamil, and CsA were obtained from Sigma Chemical 
Co. (St. Louis, MO).

Measurement of hypertrophic growth in H9c2 
cardiomyoblasts

Hypertrophy was assayed by measurement of cell surface 
area of H9c2 cells as previously described (Hwang et al., 
2006; Alvarez et al., 2007). Cells grown on glass coverslips 
were serum starved for 18 h in DMEM containing 1% FBS 
and treated with either PE or ISO for 48 h. The cells were 
washed with PBS and fixed for 20 min at RT with 3.7% 
paraformaldehyde in PBS. Fixed cells were rinsed with 
PBS and stained with 0.1% Crystal violet (Sigma) for 10 
min. The coverslips were then washed and mounted on 
glass slides. Images were obtained using an Olympus 
DP-71 digital camera attached to an Olympus BX51 
microscope. Ten random photographs were taken from 
each sample and surface area from at least five cells from 
each photograph was determined using Image Pro Plus 6.1 
software (MediaCybernetics). The data shown represent 
the image analysis from three independent experiments. 

Immunoblot analysis 

Proteins extracts were generated using RIPA buffer (50 mM 
HEPES, 150 mM NaCl, 100 mM Tris-HCl, pH 8.0, 1% Triton 
X-100, 1% deoxycholic acid, 0.1% SDS, 5 mM EDTA) 
containing 10 mM NaF, 5 mM DTT, 1 mM PMSF, 1 mM 
sodium vanadate, 20 μM leupeptin, and 100 μM aprotinin) 
as described before (Kim and Pak, 2005). Equal amounts 
of samples (50 μg) were separated on 10 or 12.5% (w/v) 
SDS-polyacrylamide gels and transferred to PVDF mem-
brane (Millipore; Bedford, MA). Transfers were blocked 
overnight at 4oC with 5% (v/v) nonfat dry milk in TBS, 0.1% 
(v/v) Tween 20, and then incubated for 2 h at room 

temperature (RT) in the primary antibody. The primary 
antibodies used were as follows: caveolin-2 (BD 610658), 
caveolin-3 (BD 610420), ERK (BD 610031), Akt (BD 
610877), calcineurin (BD 610259), STAT3 (BD 610190), 
and GRIM-19 (BD 612388) antibodies from BD Trans-
duction Laboratories; α-tubulin (sc-5286) antibody from 
Santa Cruz Biotechnology; phospho-ERK (Thr202 and 
Tyr204) (#9101), phospho-Akt (Ser473) (#9271), pS727- 
STAT3 (#9136), and pY705- STAT3 (#9135) antibodies 
from Cell Signalling; complex II (MS204), complex III 
(MS304), and complex V (MS507) antibodies from Mito 
Science. The membrane were washed with TBS, 0.1% (v/v) 
Tween 20 and incubated for 1 h at RT in HRP-conjugated 
anti-rabbit (#W4011) or anti-mouse (#W4021) secondary 
antibodies (Promega) in 5% (v/v) nonfat dry milk in TBS, 
0.1% (v/v) Tween 20. The immunoblots were developed 
using the ECL detection reagent (RPN2106, Amersham 
Biosciences). 

Cytosol and membrane fractionation 

Cells were washed twice in PBS and homogenized in 
homogenization buffer (150 mM NaCl, 1 mM EGTA, 0.1 
mM MgCl2, 10 mM HEPES, pH 7.4) containing phospha-
tase and protease inhibitors (2 mM sodium orthovanadate, 
10 mM NaF, 1 mM tetrasodium pyrophosphate, 10 μg/ml 
leupeptin, 250 μM PMSF) and subjected to subcellular 
fractionation as described previously (Yu et al., 1999; Ha 
and Pak, 2005) with the following modification. Briefly, cell 
homogenates were centrifuged for 5 min at 200 g to 
remove nuclei and the resulting supernatant was recen-
trifuged at 16,000 g for 15 min yielding a pellet of plasma 
membrane containing membrane fraction. The supernatant 
representing cytosolic fraction was concentrated. The 
membrane and cytosolic fractions were subject to immu-
noblot analysis with anti-caveolin-3 antibody. 

Purification of caveolin-rich membrane fractions 

Isolation of caveolae was performed without detergent as 
described previously (Smart et al., 1995; Ha and Pak, 
2005; Head et al., 2006; Kang et al., 2006). Briefly, cells 
were harvested with 0.5 M sodium carbonate, pH 11.0 at 
4oC. To disrupt cellular membranes, homogenization was 
carried out with a loose fitting Dounce homogenizer (10 
strokes). The homogenate was then adjusted to 40% su-
crose by adding an equal volume of 80% sucrose prepared 
in Mes-buffer saline (25 mM Mes, pH 6.5, 150 mM NaCl), 
placed on the bottom of an ultracentrifuge tube, overlaid 
with a 5-35% discontinuous sucrose gradient (4 ml of 5% 
sucrose, 4 ml of 35% sucrose; both in Mes-buffered saline 
containing 250 mM sodium carbonate), and centrifuged at 
39,000 g for 18 h in a SW41 rotor (Beckman Instruments, 
Palo Alto, CA). After the centrifugation, twelve 1-ml gra-
dient fractions and a pellet were collected. Caveolar 
fractions were routinely localized in fractions 4, 5 and 6. 
Each 1-ml fraction was concentrated by precipitation with 
20% TCA for 30 min in ice. Precipitated proteins were 
pelleted by centrifugation at 3,700 g for 15 min at 4oC. The 
pellets were washed twice with 80% ethanol and dissolved 
in SDS-PAGE sample buffer for SDS-PAGE and immu-
noblotting for caveolin-3. 
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Mitochondria fractionation 

Cells were incubated with 50 μM PE for 48 h or 10 μM ISO 
for 48 h and subjected to subcellular fractionation (Potla et 
al., 2006). Cells were harvested by centrifugation, washed 
with PBS, and resuspended in ice-cold P21 buffer (5 μg/ml 
aprotinin, 1 μg/ml leupeptin, 25 μg/ml perfabloc, 1 μg/ml 
pepstatin A, 200 μM PMSF, and 1 mM sodium orthovana-
date). The cells were homogenized and centrifuged at 
1,000 rpm for 5 min at 4oC to pellet nuclei as nuclear 
fraction. The supernatant was centrifuged at 8,700 rpm for 
10 min at 4oC. The supernatant was then transferred to a 
fresh tube and centrifuged at 46,000 rpm for 1 h at 4oC 
(Sorvall Ultra microcentrifuge, Rotor: S45A). The resulting 
supernatant, cytosolic fraction was collected. The pellet 
was resuspended using approximately 70-100 μl fresh P21 
buffer and layered on the top of a sucrose-Percoll gradient 
and centrifuged at 27,000 rpm for 45 min at 4oC (Sorvall 
Ultra microcentrifuge, Rotor: S45A). The mitochondrial 
pellet was appeared in the middle of the tube. The mito-
chondrial pellet was resuspended with 1 ml of a 50:50 mix 
of P21 buffer containing sucrose and EDTA and P21 buffer 
without sucrose and EDTA and centrifuged at 8,700 rpm for 
10 min at 4oC. The pellet was taken and added 100 μl of 
P21 buffer (containing sucrose and EDTA) plus 1% CHAPS 
to solubilize the pellet, and incubated on ice for 15 min. The 
solubilized mitochondrial fraction was centrifuged at 14,000 
rpm for 10 min at 4oC. The supernatant was finally collected 
as mitochondrial fraction. The nuclear, cytosolic and 
mitochondrial fractions were subjected to immunoblot 
analysis with anti-STAT3, anti-pS727-STAT3, anti-pY705- 
STAT3, and anti-complex II, III, and V antibodies.

Immunofluorescence microscopy

H9c2 cells grown on glass coverslips were serum starved 
for 18 h in DMEM containing 1% FBS and treated with 
either PE or ISO for 48 h. The cells were washed with PBS 
and fixed for 20 min at RT with 3.7% paraformaldehyde in 
PBS. Fixed cells were rinsed with PBS and permeabilized 
with PBS containing 0.1% Triton X-100 for 20 min. Per-
meabilized cells were rinsed with PBS, incubated with 1% 
BSA in PBS for 30 min and then with anti-caveolin-3 and 
anti-pY705-STAT3 antibodies diluted 1/500 in 1% BSA in 
PBS for 2 h at RT. After washing three times with PBS, the 
primary antibodies were detected with Alexa FluorⓇ488- 
conjugated anti-mouse (1/250 dilution) (Invitrogen) or 
TRITC-conjugated anti-mouse (1/200 dilution) IgG antibo-
dies (Jackson ImmunoResearch Laboratories Inc) for 
caveolin-3 and pY705-STAT3, respectively for 1 h RT. The 
coverslips were then washed and mounted on glass slides. 
Fluorescent images were obtained using appropriate filters 
on an Olympus BX51 microscope and imaged with an 
Olympus DP-71 digital camera with an image processing 
system equipped with Image-ProPlus 6.1 (MediaCyberne-
tics) as described previously (Ha and Pak, 2005; Kwon et 
al., 2008). Neither labeling in the absence of the primary 
antibody nor cross-reactivity between secondary and 
primary antibodies was observed.

Densitometry analysis 

Autoradiograms were quantified with an imaging den-

sitometer using the Molecular Analyst software (Bio-Rad 
Laboratories, model GS-700). Signal intensities of bands in 
immunoblots were determined by the scanning laser 
densitometry.

Statistical analysis 

Values are means ± S.E. Results were analyzed using 
the student's t-test. P ＜ 0.05 was considered indicative of 
a significant difference. 
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