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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in the general population; yet, the precise
mechanisms resulting in AF are not fully understood. Caveolin-1 (Cav-1), the principal structural component of caveolae
organelles in cardiac fibroblasts, is involved in several cardiovascular conditions; however, the study on its function in
atrium, in particular, in AF, is still lacking. This report examines the hypothesis that Cav-1 confers an anti-AF effect by
mediating atrial structural remodeling through its anti-fibrotic action. We evaluated the expression of Cav-1, transforming
growth factor-f1 (TGF-B1), and fibrosis in atrial specimens of 13 patients with AF and 10 subjects with sinus rhythm, and
found that the expression of Cav-1 was significantly downregulated, whereas TGF-f1 level, collagens I/Ill contents and atrial
fibrosis were markedly increased, in AF. Western blot analysis demonstrated that treatment of human atrial fibroblasts
(HAFs) with TGF-B1 resulted in a concentration- and time-dependent repression of Cav-1. Downregulation of Cav-1 with
siRNA increased the TGF-B1-induced activation of Smad signal pathway and collagens production in HAFs. Furthermore,
incubation of HAFs with the peptides derived from Cav-1 to achieve Cav-1 gain-of-function abolished the TGF-f1-induced
production of collagens I/1ll and decreases of MMP-2/-9 expression. Therefore it was concluded that Cav-1 is an important
anti-AF signaling mediator by conferring its anti-fibrotic effects in atrium.
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Introduction

Caveolae are 50- to 100-nm omega-shaped invaginations of the
cytoplasmic membrane, which were first reported as early as the
middle of the last century [1]. Over the past decade, the study on
caveolae has blossomed into a rapidly expanding field, and
caveolae have been identified as an important member partici-
pating in the transcytosis of macromolecules, cholesterol transport
and signal transduction in various types of cells [2-5]. Caveolin-1
1s the first member of the caveolae gene family consisting of three
structurally related proteins: caveolin-1 (Cav-1), caveolin-2 (Cav-
2), and caveolin-3 (Cav-3) [6,7]. Cav-1 is the principal structural
component of caveolae organelles cells [5,8]. In the cardiovascular
system, Cav-1 and Cav-2 are co-expressed in a variety of cells and
tissue types but are most abundantly present in fibroblasts and
endothelial cells, whereas Cav-3 is strictly expressed in cardiomy-
ocytes [6,7,9].

Atrial fibrillation(AF),the most common cardiac arrhythmia, is
frequently accompanied by atrial interstitial fibrosis. A plethora of
studies in animal models of atrial fibrillation (AF) and clinical AF
have verified that AF is associated with progressive atrial structural
and electrical remodeling [11,12]. The consequence of atrial
structural remodeling leading to atrial fibrosis in the development
of AF has been demonstrated in many studies [12]. Indeed,
enhanced atrial fibrosis markedly increased AF susceptibility [11].
During the development of cardiac fibrosis, the transforming

PLOS ONE | www.plosone.org

growth factor-B1 (TGF-B1) is considered to be the key profibrotic
cytokine [13]. Verheule et al [14] have reported that active TGF-
Bl promoted atrial interstitial fibrosis, which was shown to
correspond to an increase in atrial conduction heterogeneity and
AF vulnerability. In the heart, it was verified that Cav-1 was an
inhibitor of the TGF-B1 signaling pathway. Cav-1-knockout
animals displayed enhanced TGF-B1 signaling activities, as
reflected by more widespread collagen deposition accompanied
by reduced expression of matrix metalloproteinases MMP-8 and
MMP-13 mRNAs in the heart [15]. This would imply that Cav-1
can cause subordinate alterations in cardiac structure and function
by regulating cardiac fibrosis.

In view of all these findings, we hypothesized that Cav-1 might
confer an anti-AF effect by participating in the atrial structural
remodeling process through its anti-fibrotic action. The carboxyl
tail of Cav-1, or the Cav-1 scaffolding domain (CSD; residues 82—
101 in Cav-1), is the primary structure that interacts with other
molecules [8]. CSD-derived peptides are able to elicit the same
cellular functions as Cav-1, which 1s fully cell permeable and has
been widely used as a mimic of the full-length Cav-1 in studies of
variety cellular functions associated with Cav-1, indicating the
peptide is a superior gain-of-function tool for studying the function
of Cav-1 [16-19]. Therefore, basing on results of our research on
changes in the atrial tissue of AF, an in vitro study was conducted
to examine our hypothesis whether Cav-1 could reverse the
pathological atrial structural remodeling in patients with AF by
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using a gain-of-function approach with the CSD peptide. The
results provided strong experimental evidence in support of our
hypothesis.

Materials and Methods

Patients

This study was approved by Qi Lu Hospital Committee of Shan
Dong University for Human. Patients (n=23) consisted of 15
females and 9 males (mean age of 52.58*+11.0; range 29-71 years)
presenting with rheumatic heart disease and undergoing mitral/
aortic valve replacement between January 11, 2012 and June 30,
2012. Thirteen were diagnosed with AF (AF group) and 10 with no
history of AF (sinus rhythm [SR] group) (Table 1). None of the
study subjects had hyperthyroidism, hypertension, coronary heart
disease, dilated cardiomyopathy, diabetes, chronic pulmonary
heart disease, or had taken ACE inhibitors or angiotensin receptor
blockers recently (5 half-lives of the drug). After written informed
consent was obtained, atrial tissue samples from the right atrial
appendage were obtained from all subjects. The samples were
then used for primary culturing of human atrial fibroblasts, or
frozen and stored at —80°C for RNA and protein extraction for
gRT-PCR and Western blot, respectively, or fixed by 10%
neutralized formalin for histopathology analysis, as described in
the File S1. This study conformed to the principles outlined in the
Declaration of Helsinki, 1997.

Reagents

Cell culture reagents were purchased from Gibco-BRL (Grand
Island, NY, USA). Recombinant human TGF-B1 was obtained
from Peprotech (Rehovot, Israel). The anti-Cav-1 antibody was
purchased from Cell Signaling Technology (Danvers, MA, USA).
Antibodies specific to collagen 1, collagen III, TGF-B1, and B-actin
were purchased from Abcam (Hong Kong, China). The antibodies
to phosphorylated Smad 2, phosphorylated Smad 3, and total
Smad 2/3 were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA USA). Horseradish peroxidase conjugated immuno-
globulin (IgG) was purchased from Jingiao (Zhongshan, China).

The GSD peptide (amino acids 82-101 of Cav-1; DGIW-
KASFTTFTVIKYWFYR) and a scrambled control peptide
(WGIDKAFFTTSTVTYKWFRY) were synthesized as fusion
peptides to the COOH terminus of the antennapedia interna-
lization sequence (ROQIKIWFONRRMKWKK). Before each
experiment, lyophilized peptides were dissolved to a final
concentration of 1 mM in 10% DMSO as described by
Bernatchez et al. [19].

Table 1. Patients’ Characteristics.

SR(n=10) AF(n=13)
Age(years) 53.2+13.4 52.7+9.7
Sex 4M/6F 5M/8F
EF (%) 58.9+7.2 58.8+8.0
LA diameter(mm) 47.8+4.9 59.4+10.5*%
Cardiac Function(NYHA) 211/8 11 3l1/10 111

There were no significant statistical differences between sinus rhythm group
and AF group in sex, the kind of EF and degrees of cardiac function. *P<<0.01 vs.
SR. Atrial fibrillation, atrial fibrillation, SR, sinus rhythm; EF, left ventricular
ejection fraction; LA, left atrium, NYHA, the New York Heart Association.
doi:10.1371/journal.pone.0085144.t001
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Cell culture

Human atrial fibroblasts (HAFs) were derived from biopsies of
the right atrial appendage, as previous described [20,21]. The
biopsies were obtained from patients with sinus rhythm under-
going mitral/aortic valve replacement. Experiments were per-
formed on cells from up to 9 patients. Cells derived from different
subjects were incubated and treated separately. The same passage
cells derived from the same subject were considered as a batch.
Cells in the same batch were parallel processed. The results were
expressed as the fold changes compared to the control group in
the same batch, in order to avoid the affect of variability in
different subjects. Cells passaged 2—4 times were plated in 6-well
plates and allowed to grow to 80% confluency on gelatin-coated
wells (6-well plates) at 37°C! in a humidified atmosphere of 5%
C0O2/95% air for 24 h in Dulbecco’s Modified Eagle’s Medium
(4:1) containing 10% fetal bovine serum. Serum was withdrawn
24 h before incubation with 100 ng/ml recombinant human
TGF-BI for 0, 6, 12, 24 and 48 h, or with TGF-B1 (0, 0.1, 1, 10,
100 and 1000 ng/ml) for 48 h. HAFs were also pretreated for
30 min with the CGSD peptide (5 pM) or the scrambled peptide
(Scr peptide; 5 uM), and subsequently incubated for 48 h with or
without 100 ng/ml TGF-B1. Cells were then harvested from each
experimental group for Western blot analysis or qRT-PCR, as
described in the File S1.

siRNA transfection

HAFs were plated in 6-well plates with 80% final density, and
transfected with caveolin-1 siRNA (sense 5'-GCCGUGU-
CUAUUCCA UCUA-3'; antisense 5'-UAGAUGGAAU AGA-
CACGGC-3') or a non-silencing negative control siRNA (sense
5’-UUCUCCGAACGUGU CACGU-3'; antisense 5'-ACGU-
GACACGUUC GGAGAA-3") using Hiperfect transfection
reagent (Introgen) following protocols provided by the manufac-
turer. After 48 h of incubation the cells were either harvested for
protein extraction or treated with TGF-B1 as described above.

Statistical analysis

Data are expressed as the mean * SE. Statistical differences
between groups were determined using the one-way ANOVA
followed by Fisher’s protected least significant difference (Fisher’s
PLSD) test. The statistical tests were two-tailed, with a p-value of
<0.05 for significance. The statistical analysis was performed with
SPSS 16.0 software (SPSS, Chicago, IL).

Results

Downregulation of atrial Cav-1 and increase of atrial
fibrosis in AF patients

There were no significant differences between the SR and AF
group in sex, age, types of valve disease, ejection fraction and
degrees of cardiac function. Left atrial diameter in AF group was
larger than the atrial diameter observed the SR group
(59.4%10.5 vs. 47.8%24.9 P=0.004) (Table 1).

gRT-PCR analyses were used to compare the gene expression
of Cav-1 Cav-2 and Cav-3 in atrial tissues of AF and SR patients.
No significant differences were observed for Cav-2 and Cav-3
between SR and AF groups (Fig. S1 and S2). However, the Cav-1
mRNA was downregulated in AF relative to SR (Fig. 1B;
P<0.001). The result of western blot consisted with qRT-PCR
analyses and showed that the protein level of Cav-1 was
approximately 30% lower in AF subjects than in the SR group
(Fig. 1A, P<<0.001).

The protein level of transforming growth factor beta 1 (TGF-
B1), a key profibrotic cytokine [22,23], was significantly elevated
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Figure 1. Quantitative analyses of caveolin-1 (Cav-1) expression in human atrial tissues. A, Comparison of atrial Cav-1 protein levels
between AF and SR subjects, as determined by Western blot analysis. The left panel shows the representative bands, and the right panel the shows
the mean data of band density normalized to B-actin. *P<<0.001 vs. SR, n=10; B, Comparison of atrial Cav-1 mRNA levels between AF and SR subjects,
as determined by real-time RT-PCR (qRT-PCR). *P<<0.001 vs. SR; n=10. Note that the expression of Cav-1 was decreased at both protein and transcript

levels in patients with AF compared to patients with SR. Cav-1, caveolin-1; SR, sinus rhythm; AF, atrial fibrillation.

doi:10.1371/journal.pone.0085144.g001

(~2.5 fold) in AF patients relative to SR subjects (Fig. 2;
P<<0.001). And a negative correlation between TGF-B1 and Cav-
1 levels was identified (r =0.75, P=0.012). In addition, there was
a much higher percentage of fibrotic tissues (defined by the
significant area stained with Masson-trichrome) in AF than in SR
tissues (Fig. 3). Furthermore, the level of collagen I, the main
component of the extracellular matrix in cardiac fibrosis, and
collagen III were markedly greater in atrial tissues from AF
patients than from SR subjects (Fig. 4). These results clearly
indicated that there was a higher degree of fibrosis in AF
patients.

Downregulation of Cav-1 by TGF-B1 in human atrial
fibroblasts (HAFs)

To determine if the observed downregulation of Cav-1 was
caused by upregulation of TGF-B1, we investigated the effects of
exogenous TGF-B1 on expression of Cav-1 in HAFs. To this end,
HAFs were incubated with TGF-B1 of a fixed concentration of
100 ng/ml (Fig. 5A) for varying periods (6, 12, 24, or 48 h) or of
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Figure 2. Comparison of TGF-f1 protein levels between AF and
SR tissues. Upper panel: representative analog data of Western blot
bands; lower panel: averaged analog data of Western blot bands (band
density), normalized to B-actin. #P=0.00 vs. SR, 1P =0.02 vs. SR; n=10.
doi:10.1371/journal.pone.0085144.g002
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varying concentrations (0.1, 1, 10, 100, and 1000 ng/ml) for a
fixed period of 48 h (Fig. 5B). As illustrated in Figure 5A, bi-phasic
time-dependent effects were observed, characterized by an initial
upregulation followed by a downregulation. For the first 12 h,
TGF-B1 increased Cav-1 protein level by around 35% (P =0.002);
thereafter, however, Cav-1 began to decline and at 48 h, it
(P=0.004).
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Figure 3. Comparison of atrial fibrosis between AF and SR
subjects. A, Masson-Trichrome staining sections showing the distri-
bution of fibrosis in AF. B, Masson-Trichrome staining sections showing
the distribution of fibrosis in SR. C, Percentage of fibrotic tissues
quantified based on the Masson-Trichrome staining using Image-
ProPlus. Note that the proportion of fibrosis was considerably greater in
AF subjects than in SR subjects. SR, sinus rhythm; AF, atrial fibrillation.
* P<<0.001 vs. SR; n=10. Scale bar=100 um. Magnification: x200.
doi:10.1371/journal.pone.0085144.g003
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downregulation of Cav-1 expression by TGF-B1 was also evident,
as shown in Figure 5B. Since exposure to 100 ng/ml TGF-B1 for
48 h caused significant downregulation of Cav-1 without inducing
cytotoxicity to affect HAF survival as assessed using the MTT
assay (data not shown), all subsequent Western blot experiments
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were performed by incubating cells with TGF-B1 at 100 ng/ml for
48 h.

Enhanced TGF-B1 induced- Smad signal pathway and
collagen production by knock-down caveolin-1 with
siRNA in HAFs

To investigate the impact of downregulating Cav-1 in HAFs,
Cav-1 siRNA was used to knock down Cav-1. Cav-1 siRNA
suppressed Cav-1 expression by 46% (Fig. 6) and Cav-1
downregulation subsequently increased the amount of Smad2/3
phosphorylation and collagen expression by HAFs (Fig. 7 and 8).

Inhibition of TGF-B1 induced-collagen production and
the activation of Smad signal pathway by the CSD
peptide in HAFs

The results presented above suggested that Cav-1 might be
involved in modulation of atrial fibrogenesis by participating in the
TGF-B1 profibrotic signaling pathway. To examine this notion,
HAFs were pretreated with the CSD peptide (which mimics
functional Cav-1) at a concentration of 5 uM for 30 min, and
subsequently incubated with 100 ng/ml TGF-B1 for 48 hours.
Then the collagen content was measured by Western blot. As
illustrated in Figure 9 and 10, the CSD peptide inhibited the TGF-
Bl-induced activation of Smad 2/3 and pronouncedly reduced the
TGF-B1-induced increase in production of collagens by 98%. By
comparison, the Scr peptide (5 uM), as a negative control, did not
alter the effects of TGF-B1.

To evaluate the degradation of collagen, we assessed the effects
of the CSD peptide on expression of three principal matrix
metalloproteinase collagenases (MMP-1, MMP-2 and MMP-9),
which degrade the extracellular matrix [24,25]. As shown in
Figure 11, the CSD peptide (5 uM) attenuated TGF-B1 induced-
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Figure 5. Effects of TGF-$1 on the expression of Cav-1 in human atrial fibroblasts (HAF). A, Time-dependent alterations of Cav-1 protein
levels assessed by Western blotting in HAFs incubated with TGF-B1 of 100 ng/ml for varying periods (0, 6, 12, 24, and 48 h). Note that TGF-f31 induced
bi-phasic changes of Cav-1 protein expression with initial upregulation followed by subsequent downregulation. Control HAFs were mock-treated. B,
Concentration-dependent effects of TGF-1 on Cav-1 protein levels assessed by Western blot analysis in HAFs exposed to varying concentrations of
TGF-B1 (0, 0.1, 1, 10, 100, and 1000 ng/ml) for 48 h. *P<<0.05 vs. Control; n=3 per group with each measurement conducted in triplicate.

doi:10.1371/journal.pone.0085144.g005
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Figure 6. The siRNA of caveolin-1 suppressed the expression of
caveolin-1 in HAFs. HAFs were transfected with caveolin-1 siRNA or a
non-silencing negative control siRNA using Hiperfect transfection
reagent following protocols provided by the manufacturer. After 48 h
of incubation the cells were harvested for protein extraction. Not that
the caveolin-1 siRNA suppressed the protein level of caveolin-1 by 46%
compared to control group. HAFs, human atrial fibroblasts. NC,
negative control, siRNA-Cav, the caveolin-1 siRNA. *P =0.035 vs. control
group. n=3 per group; measurement in triplicate for each single
experiment.

doi:10.1371/journal.pone.0085144.9g006

decrease of MMPs, whereas the Scr peptide did not significantly
affect TGF-B1-mediated changes to MMPs expression levels.

Discussion

The present study examined the expression alteration of Cav-1
and its possible relationship with the TGF-B1 pro-fibrotic signaling
pathway in AF patients and human atrial fibroblasts. The main
findings of this study included: (1) Cav-1 was significantly
downregulated at both transcript and protein levels, which was
accompanied by an upregulation of TGF-Bl, an increase of
collagens content, and stimulation of atrial fibrosis in atrial tissues
from AF patients relative to SR subjects; (2) Application of TGF-
B1 to HAFs decreased the protein level of Cav-1; (3) Downreg-
ulation of Cav-1 in HAFs increased the TGF-Bl-induced
activation of Smad signal pathway and collagens production. (4)
Utilizing the CSD peptide to achieve Cav-1 gain-of-function
mitigated the TGF-B1 pro-fibrotic signaling pathway, leading to
reduction of collagens content in HAFs. Based upon these findings,
it was concluded that Cav-1 is an important anti-Al' signaling
mediator through its anti-fibrotic effects in atrial tissue.

Cav-1 1s the predominant caveolin isoform in the cardiovascular
system, and it drives the formation of caveolae, as evidenced by
studies depleting Cav-1 wherein loss of Cav-1 results in loss of
caveolae [26]. Most of the published studies on Cav-1 and
cardiovascular diseases employed Cav-1 deficient models, and
researches on the mechanisms responsible for change in Cav-1
expression during these pathological processes are scarce. One
study reported a loss of Cav-1 expression in the myocardium
during ischemia-reperfusion injury [27]. Another study document-
ed a downregulation of Cav-1 in the heart of dogs with
experimental hypertension [28]. In contrast, upregulation of
Cav-1 was found at both protein and mRNA levels in the failing
human heart [29]. However, to our knowledge, there have no
published data regarding Cav-1 expression in atrial tissue; our
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Figure 7. Downregulation of caveolin-1 increased the TGF-f1-
induced phosphorylated Smad 2/3. HAFs in the siRNA-Cav group
were transfected with the caveolin-1 siRNA using Hiperfect transfection
reagent following protocols provided by the manufacturer, and then
HAFs were treated with 100 ng TGF-B1 for 48 h. HAFs in TGF-B1 group
were only treated with 100 ng TGF-B1 for 48 h. Note that downreg-
ulation of caveolin-1 with the caveolin-1 siRNA increased the amount of
phosphorylated Smad 2/3 compared to the TGF-B1 group. HAFs,
human atrial fibroblasts. siRNA-Cav, the caveolin-1 siRNA. p-Smad2,
phosphorylated Smad 2. p-Smad3, phosphorylated Smad 3. t-Smad, the
total Smad 2/3. *P<<0.05 vs. control group. #P<0.05 vs. TGF-B1 group.
n =3 per group; measurement in triplicate for each single experiment.
doi:10.1371/journal.pone.0085144.9007

study therefore represents the first to report the alteration,
specifically, downregulation, of Cav-1 expression in atrial tissues
of AF patients. This downregulation might be induced by TGF-B1
as the Cav-1 downregulation was in parallel to TGF-B1
upregulation in AIF atria, and more notably, exposure of HAFs
to TGF-B1 diminished the expression levels of Cav-1 mRNA and
protein.

Increasing evidence suggests that Cav-1 acting as a scaffolding
protein that functionally regulates signaling molecules plays a
crucial role in the pathogenesis of many diseases [30-32]. Several
studies have suggested a role for Cav-1 in the development of
ventricular cardiac hypertrophy [33]. For example, Cav-1
deficient mice have showed cardiac hypertrophy owing to
hyperactivation of ERK 1/2 signaling under basal conditions
[34]. Similarly, another study found that Cav-1 knock-out mice
displayed dilated left ventricles and right ventricular hypertrophy
[35]. Furthermore, in mice undergone left anterior descending
coronary artery ligation, lacking Cav-1 failed to increase pB-
adrenergic receptor density, leading to reduced cAMP production,
PKA phosphorylation, and survival [36]. Volonte et al [37]dem-
onstrated that Cav-1 and Cav-3 are co-expressed in mouse and rat
atrial cardiomyocytes, and that they can interact and form
heterooligomeric complexes in atrial cells. In Cav-1 deficient mice,
expression of the ATP-gated ion channel P2X7R was increased in
atrial cardiomyocytes [38]. Nevertheless, prior to the current
study, the roles of Cav-1 in atrial pathophysiology have not been
explored. In the present study, provided strong evidence that
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doi:10.1371/journal.pone.0085144.g008
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Figure 9. The CSD peptide inhibited TGF-$1-induced activation
of Smad 2/3 in HAFs. HAFs were pretreated with the CSD peptide at
a concentration of 5 uM or the Scr peptide (5 uM) for 30 min, and
subsequently incubated with or without 100 ng/ml TGF-B1 for 48 h.
Note that the CSD peptide abrogated the TGF-B1-induced upregulation
of phosphorylated Smad 2 and 3. HAFs, human atrial fibroblasts. The
CSD peptide, peptides derived from the scaffolding domain of Cav-1.
Scr peptide, scrambled peptide. p-Smad2,phosphorylated Smad 2.
p-Smad3,phosphorylated Smad 3. t-Smad, the total Smad 2/3.
*P<<0.05 vs. Control; #P<0.05 vs. TGF-B1; n=4 per group; measure-
ment in triplicate for each single experiment.
doi:10.1371/journal.pone.0085144.g009
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downregulation of Cav-1 in atrial tissues contributes to increased
atrial fibrosis in the setting of AF; this is in accordance with the
study showing an increase in right ventricular interstitial fibrosis in
Cav-1-/- mice [10].

Atrial interstitial fibrosis is a basic pathological feature of AF
[39,40]. Collagens I and III, the major matrix proteins of
cardiocytes, constitute 85% of the content of the myocardial matrix.
Increased fibrosis and collagens were often found in atria of AF
patients as opposed to those patients with sinus rhythm as shown in
the present study. TGF-Bl is a key regulator of fibrosis that
enhances collagen synthesis both in vitro and in vivo thereby
affecting remodeling of the ECM [41,42]. Therefore enhancing
TGF-B1 signaling activity would result in cardiac fibrosis [43].
According to previous research [44] and our results, Cav-1 is a
negative regulator of TGF-B1, and decrease of Cav-1 results in the
hyperactivity of TGF-B1 Smad 2/3 signal pathway and an
increased collagen production. It was speculated that the reduced
expression of Cav-1 in AF patients results in the enhanced activities
of the TGF-B1 profibrotic signaling pathway, which promotes the
atrial fibrosis in AF. In the present study, the CSD peptides
abolished the TGF-Bl-induced activation of Smad 2/3 signal
pathway and the expression of collagens I/III in HAFs, demon-
strating that Cav-1 may be able to inhibit the atrial fibrosis in AF.

Collagen deposition is the result of a balance between the
expression of collagen genes and its degradation by MMPs [45].
The primary function of MMPs is to decompose collagens and
reduce collagen content, and their proteolytic activities are
diminished in AF. It is therefore conceivable that changes of
Cav-1 expression and function could have profound impacts on
the expression and function of MMPs. Downregulation of Cav-1
in AF revealed in this study may be, at least partially, a cause for
reduced MMPs function in AF; this is evidenced by our finding
that Cav-1 was able to reverse the downregulation of expression of

MMP-1, MMP-2 and MMP-9 induced by TGF-B1 in HAFs.
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Figure 10. The CSD peptide inhibited TGF-B1-induced upregulation of collagens in HAFs. HAFs were pretreated with the CSD peptide at a
concentration of 5 uM or the Scr peptide (5 uM) for 30 min, and subsequently incubated with or without 100 ng/ml TGF-$1 for 48 h for western blot
or 24 h for gRT-PCR. Note that the CSD peptide pronouncedly abrogated the TGF-B1-induced increased protein level (A) and mRNA level (B) of
collagens. HAFs, human atrial fibroblasts. The CSD peptide, peptides derived from the scaffolding domain of Cav-1. Scr peptide, scrambled peptide.
*P<0.05 vs. Control; #P<<0.05 vs. TGF-B1; n=4 per group; measurement in triplicate for each single experiment.

doi:10.1371/journal.pone.0085144.9010

Taken all together, it appears that in AF, TGF-B1 expression and
signaling activity are enhanced which results in downregulation of
Cav-1. The latter in turn promotes expression and function of
MMPs leading to increased collagen production thereby atrial
fibrosis. While this notion may be a mechanism to support the
observed results in this study, it definitely merits future investiga-
tions to acquire more conclusive evidence.

In the present study, only the in vitro experiment was conducted
to examine the effect of Cav-1 on the atrial pathological changes in
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Figure 11. The CSD peptide attenuated TGF-f1-induced
downregulation of MMPs in HAFs. HAFs were pretreated with
the CSD peptide (5 uM) or the Scr peptide (5 uM) for 30 min, and
subsequently incubated with or without 100 ng/ml TGF-B1 for 48 h.
Note that the CSD peptide remarkably reversed the TGF-B1-induced
downregulation of MMP-1, MMP-2 and MMP-9. MMP, matrix metallo-
proteinase. HAFs, human atrial fibroblasts. The CSD peptide, peptides
derived from the scaffolding domain of caveolin-1; Scr peptide,
scrambled peptide. *P<0.05 vs. Control; #P<0.05 vs. TGF-B1.
n=3 per group with each measurement conducted in triplicate.
doi:10.1371/journal.pone.0085144.g011
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AF, which was the major limitation of the research. Data
presented in this report revealed that Cav-1 is an important
anti-AF signaling mediator through its anti-fibrotic effects in atrial
tissue which might be give us some clues that interventions
targeting on Cav-1 could be new strategies for reversing adverse
atrial structural remodeling in AF, however, the results could not
be directly extrapolated to the vivo study, since the in vivo effect of
supra physiological concentration of mediators depended on the
cellular milieu, and both TGF-B1 and Cav-1 may be affected
greatly by other upstream biomolecules in vivo, such as
angiotensin II [46,47]. So i vivo studies are needed to further
explore the role of caveolin-1 in AF.

Probably the most important finding in this study is that
application of the GSD peptide to mimic the function of Cav-1
minimized collagen production. Data presented in this report
suggested that Cav-1 is an important regulator of AF. However,
this study merely lays the groundwork for future studies on the role
of Cav-1 in AF. Additional studies are warranted to confirm the
results.

Supporting Information

Figure S1 Comparison of atrial Cav-2 mRNA levels
between AF and SR subjects, as determined by real-time
RT-PCR (gRT-PCR). P=0.325, n=6. Note that the gene
expression of Cav-2 showed no significant difference between
groups. Cav-2, caveolin-2; SR, sinus rhythm; AF, atrial fibrillation.
(TTF)

Figure 82 Comparison of atrial Cav-3 mRNA levels
between AF and SR subjects, as determined by real-time
RT-PCR (gRT-PCR). P=0.943, n=4. Note that the gene
expression of Cav-3 showed no significant difference between
groups. Cav-3, caveolin-3; SR, sinus rhythm; AF, atrial fibrillation.
(TTF)
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File S1 The protocols of western blot, gRT-PCR and
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