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Abstract

Objectives
To study the role of the Rho/ROCK pathway in Ang II and TGF-β1-inducedatrial
remodeling.

Methodsand Results
A canine atrial fibrillation (AF) model was established by rapid atrial pacing (RAP) of the left

atrium. The roles of TGF-β1, the RhoA/ROCK signaling pathway and connective tissue

growth factor (CTGF) in atrial remodelingwere studied via both in vitro and in vivo experi-

ments. Each of the dogs that received RAP developed persistent AF within 4 weeks. The

mRNA expression levels of TGF-β1 (1.32±0.38),Collagen-I(1.33±0.91), CTGF(5.83±3.71),
RhoA(1.23±0.57) and ROCK-1 (1.02±0.27) in the left atriumwere significantly increased fol-

lowing 4 weeks of RAP. Angiotensin II (Ang II) induced the proliferation of atrial fibroblasts

and up-regulated the expression of both CTGF and ROCK-1 in a dose-dependent manner.

Simvastatin and Y27632 reversed Ang II-inducedCFs proliferation, as well as ROCK-

1(0.89±0.05 and 1.27±0.03, respectively) and CTGF (0.87±0.04 and 0.91±0.02, respec-
tively) expression. The expression mRNA of ROCK-1(1.74±0.13) and CTGF (2.28±0.11)
can upregulated by TGF-β1, and down-regulated by Simvastatin (1.22±0.03 vs 2.27±0.11),
Y27632 (1.01±0.04 vs 1.64±0.03), Los (1.04±0.11 vs 1.26±0.05), respectively. Losartan
and Simvastatin attenuated the effects of TGF-β1, inhibited RhoA activity as opposed to

RhoA protein expression. Y27632 had no effect on either the expression or the activity of

RhoA.

Conclusions
The increased expression of profibrotic factors (CTGF, ROCK1 and Smad2/3) played an

important role in our RAP-induced AFmodel. Increased atrial profibrotic factors involve the

activation of either the TGF-β1/RhoA/ROCK-1 or the TGF-β1/Smad2/3 signaling pathway.
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1. Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia encountered in clinical practice
and is common among the elderly, with an annual incidence of approximately 3% among
patients 85 years of age and older[1]. Underlying heart diseasemay result in substantial mor-
bidity[2]. AF is often triggered by rapid electrical activity originating from small areas that
are typically located between the left atrium and the pulmonary veins[3, 4]. New treatment
approaches such as catheter ablation have been used to successfully treat AF. However, said
therapies are effective in only approximately 60% of patients, and the risk of recurrence is 30–
50% during the first year following ablation[5]. Interstitial fibrosis and fibrotic bi-atrial sub-
strates have been observed in cardiac specimens of patients with AF, findings suggestive of the
causal role of fibrosis with respect to AF[6]. Fibrosis initially serves as an important adaptive
response; however, increased atrial fibrosis contributes to the development of conduction
abnormalities, resulting in electrical vulnerability. Electrical remodeling subsequently contrib-
utes to cardiac structural alterations. The molecularmechanisms underlying AF-induced atrial
fibrosis remain unclear. The interrelated pathways apparently include the rennin-angiotensin
system, TGF-β1[7], ERK[8] and oxidative stress pathways[9].

TGF-β1 activity has been observedduring pathologic cardiac remodeling in a variety of ani-
mal models. Furthermore, the overexpression of TGF-β1 preferentially results in the fibrosis of
atrial cells[10]. TGF-β1 is a multifunctional growth factor that has profound regulatory effects
on many developmental and physiological processes. Disruption of the mouse TGF-β1 gene
results in multifocal inflammatory disease[11]. New therapeutic targets of atrial fibrosis had
focus on downstream of the TGF-β1 signaling. CTGF is a downstream factor of TGF-β1[12,
13] in the setting of Ang II-induced cardiac fibrosis; the blockade of the Ang II receptor
decreases fibrosis[12]. TGF-β1 participates in the initial, acute phase of inflammation and
repair following MI, whereas CTGF is associated with the ongoing fibrosis of the heart[14].
Ang II stimulation upregulates both TGF-β1 and CTGF expression in atrial fibroblasts and
myocytes[15]; inhibition via ARB blunts atrial fibrosis in animal models[16, 17] and decreases
the incidence of AF in human patients[18]. The RhoA/ROCK-1pathway, which is downstream
of TGF-β1, is another key mediator in tissue fibrosis[19]. The downregulation of Rho GTPase
activity is associated with the decreased expression of TGF-β1, connective tissue growth factor,
and type III collagen[20]. In recent years, accumulating evidence has demonstrated that the
RhoA/ROCK-1 signaling pathway is involved in the development of the chronic inflammatory
fibrosis of cardiovascular disease.

The role of atrial remodeling in AF and the mechanism underlying remain unknown. It is
unclear whether the Rho pathway is involved in atrial fibrosis, downstream of the RAS. The
relationship between the TGF-β1/RhoA/ROCK-1pathway and the TGF-β1/Smad2/3 pathway
in atrial remodeling must also be elucidated. In the present study, we aimed to determine the
regulatory factors involved in the development of AF, as well as to develop a means of either
attenuating or preventing AF.

2. Methods

2.1 Materials
Angiotensin II, Simvastatin, and Pentobarbital sodiumwere each purchased from Sigma
(Sigma, USA). Losartan and Y-27632 were obtained from Selleck (Selleck Chemicals, USA).
TGF-B1 was purchased from PROSPEC (PROSPEC, Israel). The ROCK-1, CTGF, Collagen–I
(α1), TGF-β1, and Smad 2/3 antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, Delaware Avenue, CA). The RhoA pull-down was provided by Cytoskeleton
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(Cytoskeleton, USA). All DNA probes were synthesized by Invitrogen (Invitrogen, USA). The
HE and Masson trichrome stains were both purchased from Maxin (Fuzhou, Fujian, China).
The hydroxyproline detection kits were purchased from the Nanjing Jiancheng Bioengineering
Institute (Nanjing, Ghina). Fetal calf serum and Dulbecco'smodifiedEagle medium (DMEM)
were obtained from Gibco BRL (Gaithersburg, MD). All buffer solutions used in this study
were prepared in our lab. Additional commonly used chemicals and materials were purchased
from standard commercial sources.

2.2 Animal treatment
All experimental protocols involving the use of animals conformed to the Guide for the Care
and Use of Laboratory Animals and complied with the guidelines specifiedby the Chinese
Heart Association policy pertaining to research animal use and the Public Health Servicepolicy
pertaining to the use of laboratory animals. The experimental protocols were reviewed and
approved by our institutional ethics committee (Approval No: IACUC-2011-0704). The bea-
gles were purchased from Kangda Animal Science and Technology (Guangdong, China). The
animals were maintained in the Animal Experiment Center of Sun Yat-sen University in tem-
perature-controlled animal housing with 12 h alternating light and dark cycles and were pro-
vided adequate nutrition and water ad libitum.

2.2.1 Left atrial rapid pacing. Fifteen beagles of both sexes (12–16 kg) were randomized
into a pacing group (n = 9) and a control group (n = 6). Left atrial rapid pacing was performed
as describedpreviously, with some modifications[17]. The beagles were anesthetized using
pentobarbital sodium (30 mg/kg) and intubated and ventilated using a volume-cycled ventila-
tor (PA-500, PUAO, Nanjing, China). The ventilation was set to 4.2 L/min; the tidal volume
was 0.3 L/min, and the rate was 16 breaths/min. One point six million units of penicillinwere
administered intravenously via the great saphenous vein. Body temperature was maintained at
37.0°C. The heart rate was monitored throughout the operation. The left thoracic cavity was
opened via the sternum between the second intercostal and fourth intercostal spaces; the heart
was subsequently exposed using a dilator. An electrode catheter (Temporary cardiac pacing
lead, No: 2594–43, Tyco International Ltd. USA) was sutured to the left atrium for both pacing
and recording in both groups. The distal ends of the electrode leads were tunneled subcutane-
ously, exposed at the neck, and connected to a pacemaker (an output of 6 V with a 1.0 ms pulse
duration, 400 beats/min, Guangzhou Academy of Sciences, China) in a jacket.

The pacing group was maintained on high rate left atrial pacing (400 beats/min) for 4 weeks,
with a brief break to allow for the measurement of both electrophysiological and mechanical
parameters. The control group underwent an identical surgical procedure but did not undergo
RAP. Postoperative care included the administration of both antibiotics and analgesics.

2.2.2 ECG recordings. Electrocardiogramswere recorded on days 1, 7, 14, 21 and 28 fol-
lowing surgery. An electrophysiological study was performed at 4 weeks following surgery, as
was the case in previous studies[17, 21].

2.2.3 The preparation of the atrial samples. At the end of the experiment, all beagles
were sacrificedwith euthanized using pentobarbital sodium (30 mg/kg), and their hearts were
removed and weighed. The atria were subsequently removed and cut into three (upper, meddle,
lower) sections. Each sectionwas divided equally into ten pieces. One piece was used for the
hydroxyproline content analysis. Three pieces were paraffin-embeddedfor hematoxylin and
eosin staining, Masson's trichrome staining and immunohistochemistry analysis. The remain-
ing pieces were frozen in liquid nitrogen and maintained at -80°C for both mRNA and protein
analysis. A hydroxyproline content analysis was performed using a hydroxyproline kit accord-
ing to the manufacturer’s instructions.
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2.3Western blotting
Fifty micrograms of total protein from homogenized atrial tissue were solubilized for 5 min at
95°C in loading buffer (1% SDS, 30% glycerol, 0.8 mM dithiothreitol, 1 mM Tris-HCl, pH 6.8,
and 2% bromophenol-blue). The samples were subsequently loaded onto a 10% SDS-PAGE gel
for electrophoresis and transferred to PVDF membranes. The membranes were blocked using
5% nonfat dry milk in PBS (containing 0.05% Tween 20) and incubated overnight at 4°C with
the primary antibodies (monoclonal mouse anti-ROCK-1, anti-CTGF, and anti-Collagen-I,
Santa Cruz, Delaware Avenue, CA). Following washing, the membranes were incubated with
either an anti-rabbit or an anti-mouse IgG, HRP-linked antibody (1:3000; DAKO Real EnVi-
sion, Dako, Copenhagen,Denmark) for 2 hours at room temperature. Detectionwas per-
formed using an ECL Western blotting kit (Thermo Fisher Scientific,Waltham, MA, USA).
The band densities were quantified using Image J software (National Institutes of Health,
Bethesda,MD, USA).

2.4 Immunohistochemical staining
For the immunohistochemical analyses, the sections were deparaffinized and digested using
0.05% subtilisin. The inactivation of endogenous peroxidase activity was performed via incuba-
tion in 3% H2O2 in methanol for 30 minutes. Following several washes in phosphate buffered
saline (PBS), the slides were heated in a microwave oven at 121°C for antigen retrieval. After
being cooled at room temperature and washed with PBS, the sections were subsequently incu-
bated with blocking solution for one hour at room temperature. Following PBS washing, the
tissues were bordered using a pap-pen before being incubated with mouse monoclonal anti-
bodies against Collagen I (α1), ROCK-1, CTGF, TGF-β1 and anti-SMAD 2/3 (Santa Cruz,
Delaware Avenue, CA) for 30 minutes at room temperature in accordance with standard pro-
tocols. The histological sections stained with HE and Masson trichrome solution were analyzed
via light microscopy. A minimum of 3 sections per atrial site were examined.

2.5 RNA isolation and amplification
Total RNA was extracted from the atrial tissue in accordance with standard techniques using
an RNeasy Fibrous Tissue Mini Kit and Micro Kit (QIAGEN, Hilden, Germany). The isolated
RNA was quantified via UV spectrophotometry (Agilent Technologies, Boeblingen,Germany).
Quantitative real-time polymerase chain reaction (RT-qPCR) was used to validate the levels of
desmoplastic factor expression. As much as 1 μg of RNA per sample was reverse transcribed
into cDNA using oligo-dT15 primers and M-MLV reverse transcriptase (TaKaRa, Dalian,
China) according to the manufacturer’s instructions. All primers were designed using Primer
5 software. The experiments were performed using Power SYBR Green PCR Master Mix
(TaKaRa, Dalian, China). All measurements were performed in duplicate. The relative quanti-
fication of expression was performed using the “2-ΔΔCT method”[22] via the utilization of glyc-
eraldehyde-3-phosphate dehydrogenase (Gapdh) for normalization.

2.6 Cell culture
Atrial tissue freshly obtained from Neonatal Sprague Dawley (SD) rat hearts. Neonatal SD rat
were killed by cervical dislocation and hearts excised and placed in ice-cold isolation solution
for mincing and digesting via incubation with 0.25% trypsin digest solution (Sigma, USA) for 4
h at 37°C. The atrial cardiac fibroblasts cells were collected via centrifugation,washed with
DMEM (supplied with 0.05% bovine serum albumin (BSA)) and resuspended in full growth
medium (FGM, DMEM supplemented with 10% fetal calf serum (FCS), 2 mmol/L L-glutamine,
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100 μg/mL penicillinG, 100 μg/mL streptomycin and 0.25 μg/mL amphotericin). The cells were
plated into cell culture flasks for 30 min to allow the fibroblasts to adhere, followed by the
removal of any non-adherent cells. The atrial CFs were cultured until they reached 80–90% con-
fluence in fresh full growth medium, in a humidified atmosphere of 5% CO2 at 37°C, and subse-
quently passaged via trypsinization.The experiments were performed using early passage cells
(passages 2–5).

2.6.1 The effect of Ang II on atrial CF proliferation. The atrial CFs were seeded into
96-well plates (5×103 cells per well) in 150 μL of full growth medium. Following overnight
incubation, the cells were growth-arrested in serum-freemedium (SFM) for 48 h. The SFM
was subsequently replaced with 150 μL of minimal growth medium (medium containing 2.5%
FCS) containing the appropriate drugs. Four time points (6 h, 12 h, 24 h, and 48 h following
the addition of the drugs) were designated in this study. Following the culture, viable cells were
detected using an MTT assay as describedpreviously[23]. The experiments were performed on
cells from different passages to rule out the effects of non-specific passage. Similar proliferative
responses were observedusing cells from different passages (data not shown).

The atrial CFs were divided into the four following treatment groups, and each group was
divided into several subgroups: group 1 was used to investigate the effect of Ang II on atrial CF
proliferation. Group 2 was treated with Losartan (10−8, 10−7, 10−6, 10−5, 10−4 mol/L), both with
and without Ang II (10-6mol/L). Group 3 was treated with Simvastatin (0.01μM, 0.1 μM, 1μM,
10μM, 100μM), both with and without Ang II (10-6mol/L). Group 4 was treated with Y27632
(10−8, 10−7, 10−6, 10−5, 10−4 mol/L), both with and without Ang II (10-6mol/L).

2.6.2 Ang II related signaling pathway studies. The atrial CFs were seeded into 12-well
plates (5×104 cells per well) in 1500 μL of full growth medium. When the cells reached 80–90%
confluence, they were growth-arrested in serum-freemedium for 24 h, followed by 24 h of
drug treatment. The SFM was subsequently replaced with 1500 μL of full growth medium for
another 24 h culture. Two time points (4 h and 6 h following the addition of the drugs) were
designated in this study.

The cells were divided into the following 8 groups: group 1 (control, without treatment),
group 2 (TGF-β1, 5 ng/mL, 4 h and 21 h), group 3 (Y27632, 10 μM, 21 h), group 4 (Y27632,
10 μM, 21 h, TGF-β1, 5 ng/mL, 4 h), group 5 (Sim, 0.1 μM and 1 μM, 21 h), group 6 (Sim,
1 μM, 21 h, TGF-β1, 5 ng/mL, 4 h), group 7 (Los, 10−6 mol/L, 21 h, TGF-β1, 5 ng/mL, 4 h), and
group 8 (Los, 10−6 mol/L, 21 h, Sim, 1 μM, 21 h, TGF-β1, 5 ng/mL, 4 h). Following treatment,
the cells were collected, and the mRNA expression levels of ROCK-1 and CTGF were measured
via RT-PCR. The expression levels of CTGF and phosphorylated-Smad2/3were analyzed via
Western blotting. RhoA activity was detected using a RhoA kit (Cytoskeleton, CO, USA)
according to the manufacturer’s instructions.

The effect of the RhoA/ROCK-1 signal pathway on the Ang II induced expression of CTGF
was subsequently studied. The cells were treated as follows: group 1 (control, without treat-
ment), group 2 (Ang II, 10-6mol/L, 10-7mol/L, 10-8mol/L, 4 h and 21 h), group 3 (Y27632,
10 μM, 21 h, Ang II, 10-6mol/L, 21 h), group 4 (Sim, 1 μM, 21 h, Ang II, 10-6mol/L, 21 h),
group 5 (Los, 10−6 mol/L, 21 h, Ang II, 10-6mol/L, 21 h), and group 6 (Los, 10−6 mol/L, 21 h,
Sim, 1 μM, 21 h, Ang II, 10-6mol/L, 21 h). Following treatment, the cells were collected, and the
mRNA expression levels of both ROCK-1 and CTGF were analyzed via RT-PCR. The expres-
sion levels of CTGF and ROCK-1, TGF-β1 were analyzed via Western blotting.

2.7 Statistical analysis
The quantitative data were presented as the means±standard deviations (mean±SDs). Compar-
isons between the quantitative data were made using the t-test, whereas those for the qualitative
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data were tested using the X2 test. Differences in continuous variables were examined via one-
way ANOVA. SPSS 13.0 was used for the statistical analysis. P< 0.05 was considered statisti-
cally significant.

3. Results

3.1 The successful induction of AF and the electrophysiological
parameter changes
AF was induced by S1S2 (250 ms, 300 ms, and 350 ms) and burst (600 bpm) stimulation,
which was repeated 3 times. Eleven cases of paroxysmal AF were observed36 times following
S1S2 stimulation in the pacing group, whereas only 1 case was observed in the control group.
Fifteen events of paroxysmal AF and 12 cases of persistent AF were induced via burst stimula-
tion in the pacing group. However, only 6 cases of paroxysmal AF and no cases persistent AF
were induced via burst stimulation in the control group. The incidences of paroxysmal AF in
the control group and the pacing group were 33.3% (6/18) and 55.6% (15/27), respectively. The
Incidences of permanent AF in the control group and the pacing group were 0% and 44.4%
(12/27), respectively. Each of the dogs that received electrical pacing developed persistent AF
within 4 weeks.

There was no difference in either the P interval or the P-A interval (p = 0.71, data not
shown). The ERPAs at different pacing cycle lengths (250 ms, 300 ms, and 350 ms) were
134.46±21.30 ms (P<0.05 vs Group C), 126.66±10.00 ms (P<0.01 vs Group C) and 132.44
±21.54 ms (P<0.05 vs Group C), respectively. The ERPAV increased from 160.00±0.00 ms to
167.78±4.41 ms (P<0.01vs Group C). CSNRT increased from 103.33±2.58 ms to 115.44±8.24
ms (P<0.01 vs Group C). The AVN-Wen increased from 328.33±24.01 bpm to 294.44±26.03
bpm (P<0.05 vs Group C) (Table 1).

Significant structural changes were observed in the heart following electrical pacing. The tissue
adjacent to the atrium exhibited significant dilatation. Following 4 weeks of pacing, the left atrial
anteroposterior diameter (LAap), left atrial upper-bottom diameter (LAud) and left atrial left-
right diameter (LAh) were 24.33±3.39 mm (P<0.05), 27.11±4.01 mm (P<0.05), and 28.44±4.69
mm (P<0.05), respectively. The right atrial upper-bottom diameter (RAud) was 22.33±2.60 mm
(P>0.05) at week 4, and no changes in the ventricular dimensions were observed (Table 2).

3.2 The elevated expression of hydroxyproline of the heart following RAP
Following 4 weeks of RAP, the expression levels of hydroxyproline at different anatomic loca-
tions of the heart were analyzed. The results indicated that the expression of hydroxyproline

Table 1. The changes in ERPA, ERPAV , CSNRT andAVN-Wen (x±s).

PCLms Group C(n = 6) Group P(n = 9) P P’

0 week 4 week 0 week 4 week

ERPA(250 ms) 153.33±4.22 155.00±10.48 153.33±18.03 134.46±21.30**# 0.002 0.049

ERPA(300 ms) 150.00±6.32 143.33±10.32 142.22±12.02 126.66±10.00**## 0.001 0.008

ERPA(350 ms) 158.33±7.53 153.33±8.16 152.22±21.67 132.44 ±21.54**# 0.000 0.043

ERPAV(350ms) 156.67±8.16 160.00±0.00 157.78±6.67 167.78±4.41**## 0.003 0.001

CSNRT(350ms) 100.83±5.85 103.33±2.58 96.66±8.29 115.44±8.24**## 0.004 0.004

AVN-Wen(bpm) 325.00±15.16 328.33±24.01 335.55±25.05 294.44±26.03**# 0.034 0.024

Note. PCL: Pacing cycle length; ERPAs: atrial effective refractoryperiods; ERPAVs: atrioventricular nodal effective refractoryperiods; CSNRTs: corrected

sinus node recovery times; AVN-Wens: Wenckebach points.*P<0.05, **P<0.01vs Before Pacing after 4weeks, #P’<0.05,##P’<0.01 vs GroupC after

4weeks.

doi:10.1371/journal.pone.0161625.t001
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was elevated following RAP (Fig 1). Compared with Group C, the expression of hydroxyproline
was increased in the left atrium (1.72±0.12 vs 1.46±0.03, P<0.01), the right atrium (1.63±0.08
vs 1.45±0.03, P<0.01), the left ventricle (1.56±0.03 vs 1.43±0.03, P<0.01) and the right ventri-
cle (1.51±0.09 vs 1.39±0.02, P<0.01) in group P; however, the expression levels of hydroxypro-
line of the left atrium was significantly increased compared with the other parameters
(P<0.01). No difference in hydroxyproline expression was observedbetween the left and the
right ventricle (P>0.05).

3.3 The effects of the elevated expression of the profibrotic factors on
atrial remodeling
The mRNA expression levels of TGF-β1 (1.32±0.38 vs 0.58±0.02), Collagen-I (1.33±0.91 vs
0.35±0.33) and CTGF(5.83±3.71 vs 1.53±0.76) in the left atrium were significantly increased
following 4 weeks of RAP (Fig 2A–2C). The mRNA expression levels of RhoA (1.23±0.57 vs
0.55±0.23) and ROCK-1 (1.02±0.27 vs 0.49±0.01) were elevated in the pacing group (Fig 2D
and 2E). The protein expression levels of TGF-β1(0.87±0.35 vs 0.08±0.05), CTGF(2.04
±0.72,0.82±0.34), Collagen-I(1.01±0.29vs 0.24±0.15) and ROCK-1(1.15±0.39 vs 0.28±0.06)
were elevated following RAP (Fig 2F–2I). An immunohistochemical analysis demonstrated
that the expression levels of Collagen-I, CTGF and ROCK-1 were increased in the left atrium
in the pacing group (Fig 2J and 2K).

Table 2. The changes in echocardiographic indicesbefore and after rapid atrial pacing (mm, x±s).

Group C(n = 6) Group P(n = 9) P P’

0 week 4 week 0 week 4 week

LAap 19.67±2.06 19.83±1.72 20.33±1.50 24.33±3.39#* 0.010 0.042

LAud 21.50±2.07 23.50±1.05 23.22±3.67 27.11±4.01#* 0.029 0.047

LAh 22.00±1.55 24.17±2.64 23.22±3.11 28.44±4.69* 0.010 0.065

RAh 18.00±2.00 18.50±1.05 17.22±2.82 21.22±7.39 0.095 0.392

RAud 21.50 ±3.39 21.33±2.16 20.22±2.49 22.33±2.60 0.062 0.451

Note. LAap: left atrial anteroposterior diameter; Laud: left atrial upper-bottomdiameter; LAh: left atrial left-right diameter; Rah: right atrial left-right diameter;

RAud: right atrial upper-bottom diameter.*P<0.05, **P<0.01vs Before Pacing after 4 weeks, #P’<0.05, ##P’<0.01 vs Group C after 4

doi:10.1371/journal.pone.0161625.t002

Fig 1. Comparison of hydroxyproline expressionbetween the two groups. LA, left atrium;RA, right
atrium;LV, left ventricle; RV, right ventricle. *P<0.05, **P<0.01. (n = 6 for GroupC, n = 9 for Group P).

doi:10.1371/journal.pone.0161625.g001
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3.4 The pathological changes in the heart occurred following electrical
pacing
The representative histological sections of the atrial myocardium of each group are depicted in
Fig 3. Following 4 weeks of RAP, disordered and randomly distributed cells were observed
throughout the section. The numbers of nuclei and fibroblasts were also increased following
pacing. Masson staining for collagen demonstrated a significant increase in the level of fibrosis
in the pacing group compared with the control group, as well as elevated collagen expression in
the left atrium (Fig 3).

3.5 The RhoA/ROCK-1 pathway mediatedAng II induced cardiac
fibroblast proliferation and CTGF expression in the atrial CFs
Ang II induced the proliferation of the atrial CFs in both a time and a dose dependent manner.
Following 48 h of culture, the proliferation of the Ang II treated cells was greater than that of
the control cells. Optical density in different concentration of Ang II 10−8, 10−7, 10−6, 10−5,
10−4 mol/L was 0.56,0.54,0.59,0.56,0.69 respectively vs 0.06 in control group,(P<0.01) (Fig
4A).

The Ang II receptor antagonist Losartan and the RhoA/ROCK-1 inhibitors (Sim and
Y27632) significantly inhibited the Ang II induced proliferation of the atrial CFs in a dose
dependent manner. Optical density in different concentration of Los 10−8,10−7,10−6,10−5,10−4

mol/L was 0.35,0.33,0.29,0.29,0.29 respectively vs 0.38 in Ang II(10-6mol/L) group,(P<0.05).

Fig 2. The upper panel depicts mRNA expression levels of TGF-β1 (A), CTGF (B), collagen-I (C), RhoA (D) and ROCK-1 (E) in the canine left atrium
following 4 weeks of RAP. Themiddle panel depicts the protein expression levels of TGF-β1 (F), CTGF (G), collagen I (H) and ROCK-1 (I) in the canine
left atrium following 4 weeks of RAP. The lower panel depicts the immunohistochemical results pertaining to collagen-I (J), CTGF (K) and ROCK-1 (L) in
the hearts (×400). C, control group; P, pacing group. *P<0.05, **P<0.01 vs group C. (n = 6 for GroupC, n = 9 for Group P).

doi:10.1371/journal.pone.0161625.g002
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Optical density in different concentration of Simvastatin 0.01μM,0.1μM,1μMwas 0.29,0.23,0.21
respectively vs 0.34 in Ang II(10-6mol/L) group (P<0.05). Optical density in different concen-
tration of Y27632 10−8,10−7,10−6,10−5,10-4mol/L was 0.30,0.29,0.26,0.28,0.13 respectively vs 0.34
in Ang II(10-6mol/L) group (P<0.05). (Fig 4B–4D). However, none of the inhibitors had an
effect on the proliferation of the atrial CFs in the absence of Ang II stimulation (data not
shown). The results indicate that the RhoA/ROCK-1pathway is a potential downstream effector
in Ang II induced atrial CFs proliferation.

Ang II stimulation upregulated the expression of TGF-β1, ROCK-1 and CTGF in a dose
dependent manner. The expression mRNA of ROCK-1 in different concentration of Ang
II(10−8, 10−7, 10−6) was 1.22±0.02,1.35±0.06,1.73±0.07 respectively at 21 hours vs 0.95
±0.01,1.36±0.03,1.59±0.08at 6 hours (P<0.01). The expression mRNA of CTGF in different
concentration of Ang II(10−8, 10−7, 10−6) was 0.94±0.01,1.10±0.03,1.20±0.02 respectively at
21 hours vs 0.95±0.02,1.08±0.01,1.08±0.01 at 6 hours (P<0.01) (Fig 4E–4G). Each of the
inhibitors down-regulated the expression of ROCK-1 and CTGF. The expression mRNA of
ROCK-1 in different inhibitors (Sim, Y27632, Los, Los+Sim) was 0.89±0.05,1.27±0.03,1.41
±0.03,1.23±0.01 respectively vs 1.60±0.08 in Ang II(10-6mol/L) group. The expression mRNA
of CTGF in different inhibitors (Sim, Y27632, Los, Los+Sim) was 0.87±0.04,0.91±0.02,1.15
±0.01,1.23±0.01 respectively vs 1.20±0.02 in Ang II(10-6mol/L) group. Simvastatin and Losar-
tan downregulated the expression of TGF-β1, and their combined administration exerted
synergistic effects. Y27632 had no effect on Ang II induced TGF-β1 expression. The results
indicated that TGF-β1 and RhoA/ROCK-1 are both downstream factors of Ang II in atrial
CFs (Fig 4H–4J).

Fig 3. Representative HE staining (up panel) andMasson’s trichrome staining (downpanel) of the atrialmyocardium. (A)
Structurally normal atrialmyocardium in the control group and severe fibrosis in the pacing group (×100). (B) Atrialmyocardiumwith HE
staining under ×400 light microscopy. (C) A small amount of collagen is visible within the atrialmyocardium of the control group, and an
increased amount of collagen is visible within the atrialmyocardium following pacing (×100). The red areas representmyocytes, and the
blue areas represent collagen. (D) Atrialmyocardium with Masson’s trichromestaining under ×400 light microscopy. C, control group; P,
pacing group. (n = 6 for GroupC, n = 9 for Group P).

doi:10.1371/journal.pone.0161625.g003
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3.6 The RhoA/ROCK-1 pathway mediated TGF-β1 induced CTGF
expression in the atrial CFs
TGF-β1 significantly upregulated the expression of both CTGF and ROCK-1 (Fig 5A and
5B). The expression mRNA of CTGF in different time induced by TGF-β1(4h,21h)was 2.28
±0.11,1.22±0.07respectively(vs control group,P<0.01). The expression mRNA of ROCK-1 in
different time induced by TGF-β1(4h,21h)was 1.74±0.13,1.20±0.07 respectively(vs control
group, P<0.01). Furthermore, the expression levels of CTGF and ROCK-1 correlated
strongly (Fig 5C), which confirmed our hypothesis. Either the single or the combined admin-
istration of Sim and Los downregulated the mRNA expression of ROCK-1 and CTGF in the
atrial CFs (P<0.05), but the combined administration of the inhibitors did not exert synergis-
tic effects. The expression mRNA of ROCK-1 in different inhibitors (Sim,Y27632,Los,Los
+Sim)was 1.22±0.03,1.01±0.04,1.04±0.11,1.19±0.01 respectively vs 1.74±0.13 in TGF-β1
group. The expression mRNA of CTGF in different inhibitors (Sim,Y27632,Los,Los+Sim)

Fig 4. The effect of the Ang II pathway on atrial CF proliferation (upper panel) and the effect of Ang II on themRNA expression of the AF
factors in the atrial CFs (lower panel). (A) The effects of different concentrations of Ang II on the proliferation of the atrial CFs. (B, C, D) The effects
of different concentration of Los (B), Sim (C) and Y27632 (D) on Ang II induced cell proliferation. Ang II upregulated the expression of ROCK-1 (E),
CTGF (F) and TGF-β1 (G). Sim, Los and Y27632 downregulated the Ang II induced expression of TGF-β1 (J), CTGF (I) and ROCK-1 (H). *P<0.05,
**P<0.01 vs GroupC, #P<0.05, ##P<0.01 vs Group Ang II.(n = 5 for each group).

doi:10.1371/journal.pone.0161625.g004
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was 2.27±0.11,1.64±0.03,1.26±0.05,2.09±0.07 respectively vs 2.28±0.11 in TGF-β1 group (Fig
5D and 5E).

3.7 Smad2/3 and RhoA were mediators of TGF-β1 in the atrial CFs
In the present study, treatment of the atrial CFs with TGF-β1 increased the expression of
Smad2/3(1.26±0.05) vs control group (0.83±0.03),(P<0.01) (Fig 6A). The expression protein
of Smad2/3 in different inhibitors (Sim,Y27632,Los,Los+Sim)was1.12±0.05,1.26±0.01,1.14
±0.04,1.13±0.03 respectively vs 1.25±0.05 in TGF-β1 group. Losartan and Simvastatin atten-
uated the effects of TGF-β1. Unlike Losartan and Simvastatin, Y27632 had no effect on the
expression of Smad2/3 (p>0.05) (Fig 6B). Furthermore, treatment of the atrial CFs with
TGF-β1 increased the expression of GTP-RhoA. The expression protein of GTP-RhoA in dif-
ferent inhibitors (Sim,Y27632,Los,Los+Sim)was1.64,2.72,1.86,0.99 respectively. Losartan
and Simvastatin attenuated the effects of TGF-β1,inhibited RhoA activity as opposed to
RhoA protein expression. Y27632 had no effect on either the expression or the activity of
RhoA (Fig 6C).

Fig 5. The effects of TGF-β1 on themRNA expression of CTGF (A) and ROCK-1 (B) in the atrial CFs. (*P<0.05,** P<0.01 vs control group,
#P<0.05, ##P<0.01 vs TGF-β1 (4 h) group). The correlationbetween themRNA expression of ROCK-1 and CTGF (C). The effects of Sim,
Y27632, and Los and the combined administration of the inhibitors on the mRNA expression of CTGF (D), ROCK-1 (E) in the atrial CFs
stimulated by TGF-β1.*P<0.05,**P<0.01 vs TGF-β1 group, #P<0.05, ##P<0.01 vs Sim+TGF-β1 group.(n = 5 for each group).

doi:10.1371/journal.pone.0161625.g005

Fig 6. The effect of TGF-β1on the Smad signal pathway. (A) TGF-β1 upregulated the expression of
Smad2/3. (B) Sim and Losinhibited the protein expression of Smad2/3 in the atrial CFs treatedwith TGF-β1.
(C) The ratio of GTP-RhoA/total RhoA following different treatments.*P<0.05, **P<0.01 vs TGF-β1 group,
#P<0.05, ##P<0.01 vs Y27632+TGF-β1 group. (n = 5 for each group).

doi:10.1371/journal.pone.0161625.g006
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4. Discussion
In this study, we observed that electrical parameters such as AVN-Wen, CSNRT and ERPAV
were significantly increased, whereas ERPA was markedly decreased, following 4 weeks of
RAP. Meanwhile, the expression of hydroxyproline was increased in the left atrium, and both
the left atrial upper-bottom diameter and left atrial left-right diameter were significantly
increased. AF is a progressive disease that develops secondary to continuous structural remod-
eling and electrical remodeling of the atria, often due to AF itself. The development of regional
fibrosis results in the electrical uncoupling of adjacent muscle bundles, subsequently resulting
in discontinuities in transverse conduction, localized regions of conduction slowing and block,
and increased heterogeneity, which ultimately promotes both focal and macro-re-entry[24]
and results in increased vulnerability to both AF and LA size changes. LA dilatation has been
identified as an independent risk factor for both the development of AF and the aggravation of
atrial contractile dysfunction. Patients with persistent AF often experience left atrial enlarge-
ment[25].

Desmoplastic material (TGF-β1, CTGF, and Collagen-I) plays an important role in atrial
fibrosis. Increased levels of CTGF, Collagen-I and TGF-β1 mRNA and protein expression were
observed in the pacing group, findings consistent with those of previous studies. ROCK-1 and
RhoA mRNA expression and ROCK-1 protein expression were also increased, which paralleled
the increases in desmoplastic material expression. However, whether RhoA and ROCK-1 par-
ticipate in atrial fibrosis has not been determined. The RhoA/ROCK-1pathway plays a signifi-
cant role in myocardial fibrosis[26]. Fluvastatin decreases cardiac fibrosis in spontaneously
hypertensive rats[7]. Simvastatin reduces human atrial myofibroblast proliferation indepen-
dently of cholesterol via the inhibition of RhoA[27]. We observed that ROCK-1 and RhoA
were activated in an AF model and were involved in atrial fibrosis. Our data convincingly dem-
onstrated that dogs with AF exhibit increased levels of desmoplastic material compared with
dogs in sinus rhythm; these changes correlate with both RhoA and ROCK-1 activity.

CTGF is a downstream factor of TGF-β1[12, 13] and Ang II[12]-induced cardiac fibrosis,
and widely regarded as an important amplifier of the profibrogenic action of TGF-β1 in a vari-
ety of tissues. Although we observed that RhoA and Rho kinase participate in atrial fibrosis,
whether the RhoA/ROCK-1 signaling pathway participates in atrial fibrosis via Ang II and
TGF-β1-mediated CTGF upregulation warrants further study. RhoA is a member of the Ras
superfamily, the most studied downstream effector of Rho. Rho-kinasemediates signals from
Rho and induces the formation of both stress fibers and focal adhesions[28]. Yang et al
observed that Ang II-induced cardiac hypertrophy and fibrosis in vivo are at least partially
mediated by RhoA, p-38 MAPK and TGF-β1[29]. An FPPS inhibitor attenuated Ang II-
induced RhoA activation, p-38 MAPK phosphorylation and TGF-β1 mRNA expression[29].
Deletion or inhibition of ROCK-1 also leads to decreased angiotensin II–inducedCTGF
expression and cardiac fibrosis[20, 30]. Perivascular fibrosis in hearts was increased to a lesser
extent in ROCK1(+/-)mice and associated with decreased expression of CTGF, and type III
collagen[20]. Y-27632 is widely used as a specific inhibitor of the Rho-associated coiled-coil
forming protein serine/threoninekinase (ROCK) family of protein kinases, which can attenu-
ate cardiac fibrosis in the setting of Ang II-induced cardiac hypertrophy and perivascular fibro-
sis[31]. CTGF is a downstream factor of RhoA/ROCK in both renal[32] and lung fibroblasts
[33], which are regulated by TGF-β1 and Ang II. Furthermore, type I collagen, CTGF and α-
SMA are each upregulated via the activation of RhoA signaling in keloid fibroblasts, which
may be reversed by Simvastatin[34]. Rho kinase blockade decreasedCTGF levels, probably
through nuclear factor kappaB inhibition, and caused decreased expression of the type I
collagen gene[35]. In the present study, we demonstrated that Ang II not only induced the
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proliferation of neonatal Sprague Dawley (SD) rat atrial cells but also increased the expression
of both ROCK-1 and CTGF in both a concentration and a time-dependentmanner. The
expression of CTGF correlated strongly with that of ROCK-1. Simvastatin, Y27632 and Losar-
tan modulated the Ang II-induced proliferation of CFs and the expression of CTGF. These
findings suggested that CTGF may be a therapeutic target of RhoA/ROCK-1-mediatedfibrosis
in the development of AF. The RhoA/ROCK-1 signaling pathway participated in atrial remod-
eling downstream of RAS. The inhibition of RhoA/ROCK-1 signaling via Simvastatin and
Y27632 attenuated extracellularmatrix deposition by inhibiting both atrial CF proliferation
and CTGF mRNA expression. The mechanism underlying the Ang II-mediated CTGF expres-
sion involves the activation of the RhoA/ROCK-1pathway. The inhibition of this pathway
blocks CTGF expression.

TGF-β1 mediates atrial fibrosis, and the Smads are important downstream effectors of this
process [17]. In 2011, We have demonstrated When Smad2 and Smad3 genes were silenced
by siRNA, the Ang II–induced increase in collagen I expression in the fibroblasts was signifi-
cantly less than that in the fibroblasts transfected with control siRNA[17]. Recent studies have
determined that non-Smad pathways such as the RhoA/ROCKsignaling pathway are also
involved in myocardial fibrosis[20, 26]. TGF-β1-mediated activation of CTGF gene expres-
sion is controlled by Smads, and Rho/ROCKsignaling in intestinal fibrosis[36]. Specific tar-
geting of RhoA with C3 exotoxin or of the Rho kinases with the inhibitor Y-27632 similarly
prevented induction of CTGF after stimulation with TGF-β1[32]. CTGF activates TGF-β1 sig-
nals by direct binding in the extracellular space[37]. Blockade of PKCδ by the selective inhibi-
tor Rottlerin or by siRNA knockdown significantly reduced TGF-β1-induced CTGF
production[38]. Although similar levels of active TGF-β1 were present in the transgenic atria
and ventricles, overt fibrosis was observedonly in the atria[10]. Furthermore, transgene-posi-
tive mice expressing high levels of either wild-type or activated RhoA exhibited pronounced
atrial enlargement, enhanced AF susceptibility and atrioventricular block prior to the onset of
ventricular failure[39]. Nevertheless, the relationship between TGF-β1 and the RhoA/ROCK-
1 signaling pathway with respect to atrial fibrosis is controversial. We have confirmed that
CTGF is a profibrotic molecule induced by Ang II and TGF-β1 via the RhoA/ROCKpathway
in CFs. We also investigated the crosstalk between the TGF-β1/Smad and the RhoA/ROCK-1
signaling pathways with respect to the development of atrial fibrosis. Ang II promotes atrial
CF TGF-β1 mRNA expression over a period of 6 hours in a concentration-dependentmanner,
a process characterized by the increased expression of Smad2/3, Collagen-I and CTGF. These
results indicated that TGF-β1 may function as an early fibrogenic factor involved in Ang II-
mediated fibrosis and that TGF-β1/Smad signaling downstream of Ang II plays an important
role in atrial remodeling. Smad proteins are classic signaling cascade receptors of TGF-β1;
the blockade of AT1 signaling may downregulate Smad expression[17]. Pre-incubation with
Simvastatin decreases the TGF-β1 mRNA expression and RhoA activity induced by Ang II.
Compared with the Simvastatin group, TGF-β1 mRNA expression was more significantly
decreased in the Losartan group. Both simvastatin and Y27632 significantly downregulated
TGF-β1-induced CTGF expression but exerted no significant effects on the cells in the
absence of TGF-β1 stimulation. Compared with Simvastatin, Y27632 was a more efficient
inhibitor of CTGF expression. Y27632 exerted no significant effect on Smad. Simvastatin
attenuated CTGF expression via the inhibition of RhoA activity and TGF-β1 expression. Ang
II partially mediated TGF-β1 expression via RhoA activation. ROCK1 contributed to the
development of cardiac fibrosis[30]. On the molecular level, our results indicated that two
pathways, the Ang II/TGF-β1/Smad pathway and the Ang II/TGF-β1/RhoA/ROCK1pathway,
were associated with atrial remodeling. CTGF was a factor in both TGF-β1/RhoA/ROCK1
and TGF-β1/Smad2/3 signaling.
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Ang II activates multiple intracellular signaling molecules and pathways, including the
RhoA/ROCK-1pathway. We have demonstrated that AT1 receptor antagonist inhibited the
Ang II-induced increase in TGF-β1 expression in isolated adult rabbit cardiac fibroblasts, and
downregulated excessive atrial collagen synthesis in animal left atria after pacing[17]. RhoA/
ROCK signaling activated by Ang II in cardiomyocytes and vascular smooth muscle cells and
is closely tied to both cardiac myocyte hypertrophy and smooth muscle cell proliferation. The
Rho-ROCKsignaling pathway may represent a new therapeutic target in the prevention of
atrial fibrosis. Our observations indicate that the RhoA/ROCK-1pathway participates in atrial
fibrosis. Simvastatin and Y-27632 attenuate CF proliferation and the expression of both colla-
gen I and CTGF. Blocking RhoA/ROCK-1 signaling may attenuate atrial remodeling.Mean-
while, an ARB and a Rho kinase inhibitor exerted similar effects with respect to the inhibition
of collagen-I deposition and CTGF expression in the atrial CFs. Both atrial CF proliferation
and CTGF expression were significantly suppressed by the administration of an ARB and a
Rho kinase inhibitor. However, the combined effects of these two drugs on atrial fibrosis have
not been studied. The present study demonstrated that Simvastatin inhibited Ang II-induced
CF proliferation, both alone and in combination with Losartan, and also downregulated the
expression of CTGF, hydroxyproline and Collagen-I. TGF-β1, ROCK-1 and CTGF expression,
as well as RhoA activity, decreasedmore significantly in the combination therapy group. The
co-incubation of Simvastatin and Losartan exerted synergistic effects. The combination of Sim-
vastatin and Losartanmay be a promising therapeutic modality in the attenuation of atrial
remodeling.

In conclusion, Ang II/TGF-β1/RhoA/ROCK-1 signaling plays an important role in atrial
remodeling. CTGF is an important mediator of the above signaling pathway. RhoA is an addi-
tional downstream effector of TGF-β1 and affects the activity of Smad 2/3 and the RhoA/
ROCK-I pathway. These findings may provide clinicians and researchers with new insight
regarding the mechanisms underlying AF induced atrial fibrosis, as well as information regard-
ing potential therapeutic targets in the management of AF.

Author Contributions

Conceived and designed the experiments:LL XG SW.

Performed the experiments:LL FY GL CX ZX KT YC.

Analyzed the data: LL FY GL CX ZX KT YC XG SW.

Contributed reagents/materials/analysis tools: LL FY GL CX ZX KT YC.

Wrote the paper:LL FY GL CX ZX KT YC XG SW.

References
1. Benjamin EJ, Levy D, Vaziri SM, D'Agostino RB, Belanger AJ, Wolf PA (1994) Independent risk factors

for atrial fibrillation in a population-based cohort.The FraminghamHeartStudy. JAMA 271: 840–844.
PMID: 8114238

2. Wolf PA, Abbott RD, KannelWB (1991) Atrial fibrillation as an independent risk factor for stroke: the
Framingham Study. Stroke 22: 983–988. PMID: 1866765

3. HaissaguerreM, Jais P, Shah DC, Takahashi A, Hocini M, QuiniouG, et al. (1998) Spontaneous initia-
tion of atrial fibrillation by ectopic beats originating in the pulmonary veins. N Engl J Med 339: 659–666.
PMID: 9725923

4. Ames A, StevensonWG (2006)Cardiology patient page. Catheter ablation of atrial fibrillation.Circula-
tion 113: e666–668. PMID: 16585395

5. Iqbal MB, Taneja AK, Lip GY, FlatherM (2005) Recent developments in atrial fibrillation.BMJ 330:
238–243. PMID: 15677659

Rho/ROCK Pathway in Atrial Remodeling

PLOSONE | DOI:10.1371/journal.pone.0161625 September 9, 2016 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/8114238
http://www.ncbi.nlm.nih.gov/pubmed/1866765
http://www.ncbi.nlm.nih.gov/pubmed/9725923
http://www.ncbi.nlm.nih.gov/pubmed/16585395
http://www.ncbi.nlm.nih.gov/pubmed/15677659


6. Frustaci A, Chimenti C, Bellocci F, MorganteE, RussoMA, Maseri A (1997) Histological substrate of
atrial biopsies in patients with lone atrial fibrillation. Circulation 96: 1180–1184. PMID: 9286947

7. Zhai Y, Gao X, Wu Q, Peng L, Lin J, Zuo Z (2008) Fluvastatin decreases cardiac fibrosis possibly
through regulation of TGF-beta(1)/Smad7 expression in the spontaneously hypertensive rats. Eur J
Pharmacol 587: 196–203. doi: 10.1016/j.ejphar.2008.03.006 PMID: 18430418

8. Gao X, He X, Luo B, Peng L, Lin J, Zuo Z (2009) Angiotensin II increases collagen I expression via
transforminggrowth factor-beta1 and extracellular signal-regulated kinase in cardiac fibroblasts. Eur J
Pharmacol 606: 115–120. doi: 10.1016/j.ejphar.2008.12.049 PMID: 19374881

9. Yeh YH, Kuo CT, ChangGJ, Chen YH, Lai YJ, ChengML, et al. (2015)Rosuvastatin suppresses atrial
tachycardia-induced cellular remodeling via Akt/Nrf2/heme oxygenase-1 pathway. J Mol Cell Cardiol
82: 84–92. doi: 10.1016/j.yjmcc.2015.03.004 PMID: 25771143

10. NakajimaH, NakajimaHO, Salcher O, Dittie AS, Dembowsky K, Jing S, et al. (2000) Atrial but not ven-
tricular fibrosis in mice expressing a mutant transforming growth factor-beta(1) transgene in the heart.
Circ Res 86: 571–579. PMID: 10720419

11. Shull MM,Ormsby I, Kier AB, Pawlowski S, Diebold RJ,Yin M, et al. (1992) Targeted disruptionof the
mouse transforminggrowth factor-beta 1 gene results in multifocal inflammatory disease. Nature 359:
693–699. PMID: 1436033

12. Ohnishi H, Oka T, Kusachi S, Nakanishi T, Takeda K, NakahamaM,et al. (1998) Increased expression
of connective tissue growth factor in the infarct zone of experimentally inducedmyocardial infarction in
rats. J Mol Cell Cardiol 30: 2411–2422. PMID: 9925376

13. ChenMM, LamA, Abraham JA, SchreinerGF, Joly AH (2000)CTGF expression is induced by TGF-
beta in cardiac fibroblasts and cardiacmyocytes: a potential role in heart fibrosis. J Mol Cell Cardiol 32:
1805–1819. PMID: 11013125

14. Dean RG, Balding LC, CandidoR, BurnsWC, Cao Z, Twigg SM,et al. (2005) Connective tissue growth
factor and cardiac fibrosis aftermyocardial infarction. J HistochemCytochem 53: 1245–1256. PMID:
15956033

15. Ko WC, Hong CY, Hou SM, Lin CH, Ong ET, Lee CF, et al. (2011) Elevated expression of connective
tissue growth factor in human atrial fibrillationand angiotensin II-treatedcardiomyocytes. Circ J 75:
1592–1600. PMID: 21576830

16. Kumagai K, Nakashima H, Urata H, GondoN, Arakawa K, Saku K (2003) Effects of angiotensin II type
1 receptor antagonist on electrical and structural remodeling in atrial fibrillation.J AmColl Cardiol 41:
2197–2204. PMID: 12821247

17. He X, Gao X, Peng L, Wang S, Zhu Y, Ma H, et al. (2011) Atrial fibrillation induces myocardial fibrosis
through angiotensin II type 1 receptor-specific Arkadia-mediated downregulation of Smad7. Circ Res
108: 164–175. doi: 10.1161/CIRCRESAHA.110.234369PMID: 21127293

18. Cui Y, Ma C, Long D, Wang L, Cao X, ZhangG (2015) Effect of valsartanon atrial fibrillation recurrence
following pulmonaryvein isolation in patients. Exp TherMed 9: 631–635. PMID: 25574246

19. Washida N,Wakino S, Tonozuka Y, HommaK, Tokuyama H, Hara Y,et al. (2011) Rho-kinase inhibition
ameliorates peritoneal fibrosis and angiogenesis in a rat model of peritoneal sclerosis. Nephrol Dial
Transplant 26: 2770–2779. doi: 10.1093/ndt/gfr012PMID: 21378147

20. Rikitake Y, Oyama N,Wang CY, NomaK, SatohM, KimHH,et al. (2005)Decreased perivascular fibro-
sis but not cardiac hypertrophy in ROCK1+/- haploinsufficient mice. Circulation 112: 2959–2965.
PMID: 16260635

21. Cui B, Lu Z, He B, Hu X, Wu B, Xu S,et al. (2011) Acute effects of ganglionated plexi ablation on sino-
atrial nodal and atrioventricular nodal functions. Auton Neurosci 161: 87–94. doi: 10.1016/j.autneu.
2011.01.004PMID: 21316313

22. Livak KJ, SchmittgenTD (2001) Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-DeltaDelta C(T))Method.Methods 25: 402–408. PMID: 11846609

23. CoryAH, Owen TC, BarltropJA, Cory JG (1991) Use of an aqueous soluble tetrazolium/formazan
assay for cell growth assays in culture. Cancer Commun 3: 207–212. PMID: 1867954

24. SpachMS, Boineau JP (1997)Microfibrosis produces electrical load variations due to loss of side-to-
side cell connections: a majormechanismof structural heart disease arrhythmias. Pacing Clin Electro-
physiol 20: 397–413. PMID: 9058844

25. SanfilippoAJ, Abascal VM, SheehanM, Oertel LB, HarriganP, Hughes RA, et al. (1990) Atrial enlarge-
ment as a consequence of atrial fibrillation. A prospective echocardiographic study. Circulation 82:
792–797. PMID: 2144217

26. Zhou H, Li YJ, Wang M, Zhang LH, Guo BY, Zhao ZS, et al. (2011) Involvement of RhoA/ROCK in myo-
cardial fibrosis in a rat model of type 2 diabetes. Acta PharmacolSin 32: 999–1008. doi: 10.1038/aps.
2011.54PMID: 21743486

Rho/ROCK Pathway in Atrial Remodeling

PLOSONE | DOI:10.1371/journal.pone.0161625 September 9, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/9286947
http://dx.doi.org/10.1016/j.ejphar.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18430418
http://dx.doi.org/10.1016/j.ejphar.2008.12.049
http://www.ncbi.nlm.nih.gov/pubmed/19374881
http://dx.doi.org/10.1016/j.yjmcc.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25771143
http://www.ncbi.nlm.nih.gov/pubmed/10720419
http://www.ncbi.nlm.nih.gov/pubmed/1436033
http://www.ncbi.nlm.nih.gov/pubmed/9925376
http://www.ncbi.nlm.nih.gov/pubmed/11013125
http://www.ncbi.nlm.nih.gov/pubmed/15956033
http://www.ncbi.nlm.nih.gov/pubmed/21576830
http://www.ncbi.nlm.nih.gov/pubmed/12821247
http://dx.doi.org/10.1161/CIRCRESAHA.110.234369
http://www.ncbi.nlm.nih.gov/pubmed/21127293
http://www.ncbi.nlm.nih.gov/pubmed/25574246
http://dx.doi.org/10.1093/ndt/gfr012
http://www.ncbi.nlm.nih.gov/pubmed/21378147
http://www.ncbi.nlm.nih.gov/pubmed/16260635
http://dx.doi.org/10.1016/j.autneu.2011.01.004
http://dx.doi.org/10.1016/j.autneu.2011.01.004
http://www.ncbi.nlm.nih.gov/pubmed/21316313
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/1867954
http://www.ncbi.nlm.nih.gov/pubmed/9058844
http://www.ncbi.nlm.nih.gov/pubmed/2144217
http://dx.doi.org/10.1038/aps.2011.54
http://dx.doi.org/10.1038/aps.2011.54
http://www.ncbi.nlm.nih.gov/pubmed/21743486


27. Porter KE, Turner NA, O'ReganDJ, BalmforthAJ, Ball SG (2004) Simvastatin reduces human atrial
myofibroblast proliferation independently of cholesterol lowering via inhibition of RhoA. Cardiovasc Res
61: 745–755. PMID: 14985071

28. AmanoM, Chihara K, Kimura K, Fukata Y, Nakamura N, Matsuura Y, et al. (1997) Formation of actin
stress fibers and focal adhesions enhanced by Rho-kinase. Science 275: 1308–1311. PMID: 9036856

29. Yang J, Zhu HH, ChenGP, Ye Y, Zhao CZ, Mou Y, et al. (2013) Inhibition of farnesyl pyrophosphate
synthase attenuates angiotensin II-induced cardiac hypertrophy and fibrosis in vivo. Int J BiochemCell
Biol 45: 657–666. doi: 10.1016/j.biocel.2012.12.016 PMID: 23277274

30. Zhang YM, Bo J, Taffet GE, Chang J, Shi J, Reddy AK, et al. (2006) Targeted deletion of ROCK1 pro-
tects the heart against pressure overload by inhibiting reactive fibrosis. FASEB J 20: 916–925. PMID:
16675849

31. Wang YX, da CV, Martin-McNulty B, Vincelette J, Li W, Choy DF, et al. (2005) Inhibition of Rho-kinase
by fasudil attenuated angiotensin II-induced cardiac hypertrophy in apolipoprotein E deficientmice. Eur
J Pharmacol 512: 215–222. PMID: 15840407

32. Heusinger-Ribeiro J, EberleinM,Wahab NA, Goppelt-StruebeM (2001) Expression of connective tis-
sue growth factor in human renal fibroblasts: regulatory roles of RhoA and cAMP. J Am Soc Nephrol
12: 1853–1861. PMID: 11518778

33. Huang Z, Taylor L, Liu B, Yu J, Polgar P (2006)Modulationby bradykinin of angiotensin type 1 recep-
tor-evoked RhoA activation of connective tissue growth factor expression in human lung fibroblasts.
Am J Physiol Lung Cell Mol Physiol 290: L1291–1299. PMID: 16684954

34. Mun JH, Kim YM, Kim BS, Kim JH, KimMB, Ko HC (2014) Simvastatin inhibits transforming growth fac-
tor-beta1-induced expression of type I collagen, CTGF, and alpha-SMA in keloid fibroblasts.Wound
Repair Regen 22: 125–133. doi: 10.1111/wrr.12136 PMID: 24471776

35. Bourgier C, Haydont V, Milliat F, Francois A, Holler V, Lasser P, et al. (2005) Inhibition of Rho kinase
modulates radiation induced fibrogenic phenotype in intestinal smoothmuscle cells through alteration
of the cytoskeleton and connective tissue growth factor expression. Gut 54: 336–343. PMID:
15710979

36. Gervaz P, Morel P, Vozenin-BrotonsMC (2009)Molecular aspects of intestinal radiation-induced fibro-
sis. CurrMol Med 9: 273–280. PMID: 19355909

37. Abreu JG, Ketpura NI, Reversade B, De RobertisEM (2002) Connective-tissue growth factor (CTGF)
modulates cell signalling by BMP and TGF-beta.Nat Cell Biol 4: 599–604. PMID: 12134160

38. Lee SJ, Kang JH, Choi SY, Kwon OS (2013) PKCdelta as a regulator for TGF-beta-stimulated connec-
tive tissue growth factor production in human hepatocarcinoma (HepG2) cells. Biochem J 456: 109–
118. doi: 10.1042/BJ20130744PMID: 23988089

39. Sah VP, Minamisawa S, Tam SP, Wu TH, DornGW2nd, Ross J Jr, et al. (1999) Cardiac-specific over-
expression of RhoA results in sinus and atrioventricular nodal dysfunction and contractile failure. J Clin
Invest 103: 1627–1634. PMID: 10377168

Rho/ROCK Pathway in Atrial Remodeling

PLOSONE | DOI:10.1371/journal.pone.0161625 September 9, 2016 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/14985071
http://www.ncbi.nlm.nih.gov/pubmed/9036856
http://dx.doi.org/10.1016/j.biocel.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23277274
http://www.ncbi.nlm.nih.gov/pubmed/16675849
http://www.ncbi.nlm.nih.gov/pubmed/15840407
http://www.ncbi.nlm.nih.gov/pubmed/11518778
http://www.ncbi.nlm.nih.gov/pubmed/16684954
http://dx.doi.org/10.1111/wrr.12136
http://www.ncbi.nlm.nih.gov/pubmed/24471776
http://www.ncbi.nlm.nih.gov/pubmed/15710979
http://www.ncbi.nlm.nih.gov/pubmed/19355909
http://www.ncbi.nlm.nih.gov/pubmed/12134160
http://dx.doi.org/10.1042/BJ20130744
http://www.ncbi.nlm.nih.gov/pubmed/23988089
http://www.ncbi.nlm.nih.gov/pubmed/10377168

