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Role of mineralocorticoid receptor on atrial structural
remodeling and inducibility of atrial fibrillation
in hypertensive rats

Shinpei Kimura, Masahiro Ito, Makoto Tomita, Makoto Hoyano, Hiroaki Obata, Limin Ding,
Masaomi Chinushi, Haruo Hanawa, Makoto Kodama and Yoshifusa Aizawa

Hypertension is well known to increase atrial fibrillation (AF) and the development of AF is associated with atrial chamber

remodeling. Although mineralocorticoid receptor (MR) inhibition provides cardiovascular protection, the role of MR on atrial

structural remodeling and inducibility of AF in hypertension remains unclear. Here, we investigated roles of the MR on atrial

structural remodeling and inducibility of AF in hypertensive rats by using MR antagonist eplerenone (EPL). Dahl salt-sensitive

(DS) rats were fed a normal-salt or a high-salt (HS) diet from 7 weeks, and a non-antihypertensive dose of EPL or vehicle was

administrated from 13 weeks, at which time myocytes hypertrophy, interstitial fibrosis in the atrium and AF inducibility had

increased, until 20 weeks. There was no significant difference in systolic blood pressure between DS+HS (186±4mmHg)

and DS+HS+EPL (184±5mmHg) at 20 weeks. Burst atrial pacing demonstrated decreased AF inducibility in DS+HS+EPL

(0 of 10) compared with DS+HS (7 of 10). Fibrosis and myocytes hypertrophy in the atrium were decreased in DS+HS+EPL

with the reduction of atrial inflammatory cytokines. These beneficial effects of EPL were associated with less atrial oxidative

stress, as assessed by 4-hydroxy-2-nonenal staining, and reduced activation of the Rho GTPase Rac1 in the atrium. Thus, MR

has important roles in atrial structural remodeling and AF inducibility in Dahl rats. The effects of MR are associated, at least in

part, with activation of Rac1-oxidative stress/inflammatory axis.
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INTRODUCTION

Atrial fibrillation (AF) is the most common type of arrhythmia in
clinical practice and is associated with increased risks for mortality
and stroke.1–4 Hypertension is known as the most predominant
disease to develop AF.5,6 As the development of AF is associated
with structural remodeling of the atrium, such as myocyte hyper-
trophy and interstitial fibrosis, preventing atrial remodeling may
offer new therapeutic approaches to AF, the so called ‘upstream
therapy’.7,8

Recent large clinical trials, both the Randomized Aldactone Evalua-
tion Study (RALES) and Eplerenone Post-Acute Myocardial Infarction
Heart Failure Efficacy and Survival (EPHESUS) studies, and other
animal studies have demonstrated the beneficial effects of mineralo-
corticoid receptor (MR) antagonists on the prognosis and ventricular
remodeling.9–12 However, little is known about the effects of the MR
antagonist on atrial remodeling in hypertension. MR stimulation is
linked to interstitial fibrosis, inflammation, hypertrophy and super-
oxide production in the heart,13–15 all of which are known to provide a
pathogenic substrate for AF.8 Thus, it is possible that MR is closely

linked with atrial structural remodeling and AF inducibility, and
MR inhibition might reverse them.
Growing evidence has revealed that reactive oxygen species (ROS)

may have important roles in cardiovascular physiology and patho-
physiology.16 ROS may act as signaling molecules for cardiac remodel-
ing and/or injure myocardial structure directly.17,18 There are several
sources of ROS in the heart, including mitochondrial electron trans-
port system, nitric oxide synthase, xanthine oxidase and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase. Rac1, one of the
small G proteins, has predominant roles in NADPH oxidase activity
and is critical for generating ROS.19,20 Recently, some reports have
revealed the relationship between MR activation and Rac1 activity.21,22

However, little is known about the relationship between MR and Rac1
in the heart.
In this study, we attempted to test the effect of MR inhibition on

atrial structural remodeling and inducibility of AF in the low-aldos-
terone hypertension model, Dahl salt-sensitive (DS) rats. Further-
more, we evaluated the role of MR on ROS production and Rac1
activation in the atrium.
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METHODS

Animals
Six-week-old male DS rats were purchased from Japan SLC Company (Shizuoka,

Japan) and were maintained in our animal facilities. Throughout the studies, all

the animals were treated in accordance with the guidelines for animal experi-

ments as laid out by our institute, and the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of Health.

Design of the study
Experiment 1: atrial structural remodeling and AF inducibility in DS rats. DS

rats were randomly divided into two groups: DS rats given an 8% high-salt

(HS) diet (DS+HS, n¼5) and DS rats given a normal-salt (NS) (0.3% NaCl)

diet (DS+NS, n¼5) at 7 weeks. Systolic blood pressure was determined

every week with a standard tail-cuff method. At 13 weeks, the studies of echo-

cardiography and electrophysiology were performed followed by histological

study for atrial structural remodeling.

Experiment 2: role of MR on atrial structural remodeling and AF inducibility

in DS rats. DS rats fed the 8% HS diet from 7 weeks of age were randomized at

13 weeks to receive chow containing a non-antihypertensive dose of 200mg

of eplerenone (EPL) (Pfizer Inc, Groton, CT, USA) per kg of body mass per day

(DS+HS+EPL, n¼10) or vehicle (DS+HS, n¼10) until 20 weeks. The doses of

EPL used in this study were determined on the basis of our preliminary

experiments. Age-matched DS rats maintained with the normal salt diet served

as the control (DS+NS, n¼7). Systolic blood pressure was determined every week

with a standard tail-cuff method. At 13 and 20 weeks, echocardiography was

performed, and electrophysiological data and myocardial structural remodeling

were subsequently evaluated.

Blood pressure measurement and echocardiography
Systolic blood pressure was measured every week with the use of a non-invasive

tail-cuff system (BP-98A, Softron Co., Ltd, Tokyo, Japan). Echocardiography

was performed as we have previously described.23 The left ventricular (LV)

internal diameter in end diastole (LVDD) and end systole (LVSD), LV posterior

wall thickness, LV fractional shortening (LVFS) and diameter of left atrium

(LA) were calculated from M-mode echocardiograms in the LV long-axis view

over three consecutive cardiac cycles.

Electrophysiological study
An electrophysiological study was performed as we have previously described.24

Baseline cardiac cycle intervals, including RR, PR and AV intervals, were

measured in all rats. A wave duration was defined as the distance from the

beginning of the A wave to the end of the A wave in the electrogram obtained

from the right atrium. With burst pacing in the atrium at progressively shorter

cycle lengths, the AV nodal Wenckebach point was determined. AF induction

was defined as irregular activities, which were recorded via a pair of electrodes

at the tip of catheter placed perpendicularly to that of stimulation. We repeated

stimulation three times, at cycle lengths of 40ms for 10, 20 and 30 s of duration,

and if AF was induced at least once, AF was considered to be inducible.

Histopathological analysis
The hearts were rinsed with saline. Both LA and RA were cut in cross-sections.

Sections were fixed in 10% buffered formalin, embedded in paraffin and then

stained with hemotoxylin-eosin and masson trichrome stain. Digital images of

the stained sections were acquired with a microscope digital camera system

(OLYMPUS BX60, OLYMPUS Corporation, Tokyo, Japan). Morphometrical

analysis was carried out using MacSCORE software, version 2.5 (Mitani

Corporation, Tokyo, Japan). The size of atrial myocytes and the fibrous tissue

content in the atrium were analyzed as we have previously described.25

Blood analysis
Blood samples were collected from the inferior vena cava. The concentrations

of aldosterone in plasma were measured with radioimmunoassay kits (SPAC-S

Aldosterone kit, TFB, Tokyo, Japan). Plasma electrolytes, sodium and

potassium, were measured using an electrolyte autoanalyzer (ATWill EA-06,

Yokohama, Japan). Interleukin 6 and tumor necrosis factor (TNF)-a analysis

was undertaken using the quantitative sandwich enzyme immunoassay tech-

nique (R & D Systems, Minneapolis, MN, USA).

Real time PCR analysis
Total RNAwas extracted from LA tissue and quantitative real time PCR analysis

was performed using a Light Cycler-FastStart DNA MasterSYBR Green (Roche,

Indianapolis, IN, USA). Primer sequences were as follows: TNF-a,
5¢-CTGTGCCTCAGCCTCTTCTCATTC-3¢ (sense) and 5¢-TTGGGAACTTCTC
CTCCTTGTTGG-3¢ (antisense); monocyte chemoattractant protein-1,

5¢-CTGTCTCAGCCAGATGCAGTTAAT-3¢ (sense) and 5¢-TATGGGTCAAGT
TCACXATTCAAAG-3¢ (antisense); osteopontin, 5¢-CGAGGTGATAGCTTGG
CTTA-3¢ (sense) and 5¢-ACTATCGATCGCATCCGACT-3¢ (antisense); angio-
tensin converting enzyme (ACE), 5-GCAGTACAAAGACTTGCCTG-3¢ (sense),
5¢-TGGCAGAGGCTGACATGTTA-3¢ antisense). The absolute copy numbers of

particular transcripts were calculated using Lightcycle software (Roche Applied

Science, Indianapolis, IN, USA) with the standard curve approach.

Immunohistochemistry
Immunohistochemistry for 4-hydroxy-2-nonenal (HNE) was performed in

both LA and LV. Briefly, non-specific binding was blocked with 10% normal

goat serum in phosphate-buffered saline (pH 7.4) for 30min before incubation

with the monoclonal anti-HNE antibody (1:50 dilution, NOF Corporation,

Tokyo, Japan) in phosphate-buffered saline overnight at 41C. Tissue sections

were then incubated for 30min at room temperature with an anti-mice

immunoglobulin G secondary antibody using Histofine simple stain Rat

MAX-PO (Nichirei, Tokyo, Japan). The sections were visualized under

bright-field microscopy, and the images were recorded with the use of

MacSCOPE (Mitani Corporation, Tokyo, Japan) after digitization of the images

with a camera system. At least five fields were selected per rat and quantifica-

tion was also performed blindly. Data are expressed as the percentage of the

positive stained lesions.

Rac1 activity
Activated Rac1 was detected with a Rac1 Activation Assay Kit in both LA

and LV (Upstate Biotechnology, Inc, Waltham, MA, USA) according to the

manufacturer’s instructions as we have previously described.26

Statistical analyses
Statistical analyses were performed using the unpaired student’s t-test or

one-way analysis of variance and the Bonferroni multiple comparison test.

The differences were considered significant at Po0.05. All data are expressed as

means±s.e.m.

RESULTS

Experiment 1: atrial structural remodeling and AF inducibility in
DS rats
Blood pressure and cardiac morphology. General characteristics at 13
weeks are presented in Table 1. At 13 weeks of age, systolic blood
pressure in the DS+HS group was significantly higher than that of the
DS+NS group. The ratio of heart weight to body weight in the DS+HS
group was significantly higher than that of the DS+NS group.

Echocardiography. The DS+HS group displayed cardiac hypertrophy
with deteriorated systolic performance, as shown by echocardiography
(Table 1). LA was larger in the DS+HS group than that of the DS+NS
group at 13 weeks. Both LVDD and LVSD in the DS+HS group
were significantly greater than those of the DS+NS group. Both
IVS and posterior wall in the DS+HS group were significantly increased
compared with those of the DS+NS group. LVFS in the DS+HS group
was significantly lower than that of the DS+NS group (Table 1).

Atrial structural remodeling. Hematoxylin-eosin staining revealed that
the size of the myocytes significantly increased in the DS+HS group
compared with that of the DS+NS group (Figures 1a and b). Masson
trichrome staining showed that the DS+HS group had significantly
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increased interstitial fibrosis in the atrial tissue compared with that of the
DS+NS group (Figures 1c and d).

Electrophysiological evaluation. Awave duration in the DS+HS group
was significantly longer than that of the DS+NS group (Table 1). AF
was induced in four of five rats (80%), which lasted for 24±6.0 s in
the DS+HS group, but not in the DS+NS group (Table 1).

Experiment 2: role of MR on atrial structural remodeling
and AF inducibility in DS rats
Blood pressure and cardiac morphology. General characteristics at 20
weeks are presented in Table 2. Systolic blood pressure in both
the DS+HS group and DS+HS+EPL group were significantly higher
than those of the DS+NS group throughout the experiment. There
were no significant differences between the DS+HS group and the
DS+HS+EPL group regarding systolic blood pressure at any age
including at 20 weeks. The heart weight to body weight ratio in the
DS+HS group was increased compared with that of the DS+NS group.
EPL treatment tended to decrease this ratio in the DS+HS+EPL group,
however there was no significant difference between them.

Echocardiography. Echocardiography revealed that LA, LVDD, LVSD
and wall thickness were significantly increased, and LVFS was
decreased in the DS+HS group compared with those of the DS+NS
group at 20 weeks. EPL treatment in the DS+HS+EPL group signi-
ficantly reduced the increases in LA, but not in LVDD, LVSD and wall
thickness compared with those of the DS+HS group.

Myocyte size and myocardial fibrosis in the atrium. Hematoxylin-eosin
staining revealed that the size of the atrial myocytes in the DS+HS
group significantly increased compared with those of the DS+NS group
and EPL treatment significantly attenuated this in the DS+HS+EPL
group (Figures 2a and b). Masson trichrome staining showed that
interstitial fibrosis of the atrium in the DS+HS group had significantly
increased compared with that of the DS+NS group and EPL treatment
significantly decreased this in the DS+HS+EPL group (Figures 2c and d).

Table 1 Characteristics at 13 week

DS+NS (n¼5) DS+HS (n¼5)

Hemodynamics

BW (g) 329±9 321±11

HW/BW (mg g�1) 3.25±0.15 4.27±0.26

SBP (mm Hg) 146±14 186±5*

Hematology

WBC (103 mm�3) 4880±548 9800±1056**

RBC (104 mm�3) 784±121 677±80

Hb (gml�1) 12.7±1.2 11.8±0.5

Ht (%) 49.8±1.9 48.6±1.2

Plt (104 mm�3) 71.2±10.5 83.4±9.4

Echocardiography

LA (mm) 3.9±0.07 4.2±0.05**

LVDD (mm) 6.4±0.14 7.5±0.2**

LVSD (mm) 3.94±0.04 5.30±0.16**

LVFS (%) 38±0.01 29±0.02**

PW (mm) 1.54±0.05 1.90±0.05**

Electrophysiology

SCL (ms) 176.0±2.7 179.0±2.7

AV interval (ms) 50.0±2.5 56.0±4.8

A wave duration (ms) 31.0±2.7 42.0±4.1*

WBP (bpm) 526±70 568±20

AF 0/5 4/5*

Abbreviations: AF, atrial fibrillation; AV, atrioventricular; BW, body weight; DS, Dahl salt;
HW, heart weight; HW/BW, ratio of heart weight to body weight; HS, high salt; Ht, hematocrit;
LA, left atrial diameter; LVDD, left ventricular end diastolic diameter; LVSD, left ventricular end
systolic diameter; NS, normal salt; Plt, platelet count; PW, diastolic posterior wall thickness;
SBP, systolic blood pressure; SCL, sinus cycle length; WBP, AV nodal Wenckebach point.
Data are mean±s.e.
*Po0.05 vs. DS+NS, **Po0.01 vs. DS+NS.
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Figure 1 (a, b) Hematoxylin-eosin staining demonstrates that the size of

myocytes increases in the DS+HS group at 13 weeks. *Po0.05 vs. DS+NS

group. Bar¼0.01 mm. (c, d) Masson trichrome staining demonstrates

increased interstitial fibrosis in left atrial sections in the DS+HS group at 13

weeks. *Po0.01 vs. DS+NS group.
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Electrophysiological evaluation. Awave duration in the DS+HS group
was significantly longer than that of the DS+NS group, and EPL
treatment significantly shortened it in the DS+HS+EPL group
(Table 2). AF, which was not induced in the DS+NS group, was
induced in 7 of 10 rats (70%) in the DS+HS group and EPL treatment
completely prevented this in the DS+HS+EPL group (0 of 10 rats,
Table 2, Figure 3).

Blood analysis. The serum concentrations of aldosterone in both the
DS+HS group and DS+HS+EPL group were significantly lower than
that of the DS+NS group. EPL had no effect on the serum concentra-
tion of aldosterone (Figure 4). There was no significant difference
in plasma electrolytes, or the serum concentration of TNF-a and
interleukin-6 among the three groups (Table 2, Figure 4).

The mRNA expression and inflammation in the atrium. The levels of
inflammation-related cytokine expressions in the atrium, including
monocyte chemoattractant protein-1, osteopontin and TNF-a were
significantly increased in the DS+HS group compared with those of
the DS+NS group and EPL treatment significantly attenuated these
(Figures 5a–c). The expression of ACE mRNA in the atrium was
increased in the DS+HS group compared with that of the DS+NS

group, and was significantly decreased by EPL treatment in the
DS+HS+EPL group compared with the DS+HS group (Figure 5d).
The amount of perivascular infiltration of inflammatory cells
increased significantly in the DS+HS group compared with that of
the DS+NS group, and EPL treatment in the DS+HS+EPL group
markedly decreased this (data not shown).

Oxidative stress in the atrium. Staining for HNE in DS+HS group
showed that the myocardium was stained diffusely in both LA and LV.
The increased staining was markedly attenuated only in LA, but not in
LV by EPL treatment (Figure 6a).

Rac1 activation in the atrium. Rac1 activation in LAwas increased in
DS+HS group, and this activation was inhibited only in LA, but not in
LV by EPL in DS+HS+EPL group (Figures 6b and c).

DISCUSSION

There have been accumulating studies investigating the role of MR in
the heart. Previous papers have shown that MR stimulation with
aldosterone and inappropriate salt intake caused cardiac hypertrophy
and fibrosis, which were independent of blood pressure and preceded
by perivascular and interstitial inflammation.13–15 These factors are
known to have important roles in developing a pathogenic substrate
for AF.8 Recently, Milliez et al. reported that spironolactone decreased
atrial ectopy and fibrosis after myocardial infarction in rats.27 Shroff
et al. revealed that EPL decreased AF maintenance and fibrosis in dogs
with tachycardia-induced heart failure.28 However, the role of MR in
the atrium, especially, in hypertension remains unclear. In this study,
feeding a HS diet to DS rats from 7 to 13 weeks resulted in a
significant increase in systolic blood pressure, myocyte hypertrophy
and fibrosis in the atrium. Concomitant treatment with EPL from 13
to 20 weeks ameliorated myocyte hypertrophy and interstitial fibrosis
in the atrium. These results indicated that MR activation is important
in the etiology of atrial structural remodeling in DS rats. We also
demonstrated that the MR antagonism markedly prevented AF
inducibility in this model. Of note, inflammatory changes in the
atrium were attenuated by MR inhibition with decreased expression
of monocyte chemoattractant protein-1, osteopontin and TNF-a.
Our group previously demonstrated that EPL attenuated myocardial
fibrosis and reduced LV mRNA expression of TGF-b in rats in a post-
myocarditis heart failure model.29 We evaluated the mRNA expression
of TGF-b in the heart, however the results were not uniform (data not
shown). The number of WBCs in plasma decreased significantly in the
EPL treated group compared with that of the non-treated group. The
mechanism of this phenomenon was not revealed in our experiments.
Peripheral blood mononuclear cells have been shown to release
proinflammatory cytokines, which may have an important role in
the process of LV remodeling.30 Although the fraction of WBC was not
examined, there was no significant difference in systemic levels of
proinflammatory cytokines in any of the groups. Thus, we believe that
there was no significant relationship between the number of WBCs
and the change of phenotypes in our experiments.
Recent studies indicate a mechanistic link between the inflamma-

tory processes and the development of AF.31,32 Frustaci et al. first
demonstrated a high prevalence of inflammatory infiltrates, myocyte
necrosis and fibrosis in atrial biopsies from patients with lone AF, but
not in atrial biopsies from control patients.33 Other papers have
reported that an increase in high-sensitivity C-reactive protein levels
is an independent risk factor for future AF among patients with sinus
rhythm.34,35 Whether inflammation is a consequence or a cause of AF
is still controversial. However, our study demonstrated that inflam-
mation-mediated atrial structural changes have important roles in DS

Table 2 Characteristics at 20 week

DS+NS (n¼7) DS+HS (n¼10) DS+HS+EPL (n¼10)

Hemodynamics

BW (g) 388±15 384±10 390±10

HW/BW (mg g�1) 3.16±0.12 4.79±0.22** 4.46±0.16**

SBP (mmHg) 158±12 186±4* 184±5*

Hematology

WBC (103 mm�3) 5200±689 9250±578** 6060±451z
RBC (104 mm�3) 906±23 723±57 714±60

Hb (g ml�1) 15. 7±0.4 13.6±0.8 13.7±0.9

Ht (%) 48.7±1.0 47.8±2.1 45.4±2.1

Plt (104 mm�3) 51.5±3.0 83.9±6.1 81.2±10.2

Plasma analysis

Na (mequiv. l�1) 147.0±1.8 146.0±2.0 146.2±2.2

K (mequiv. l�1) 4.2±0.3 4.0±0.3 4.0±0.3

Echocardiography

LA (mm) 4.0±0.08 4.5±0.09** 4.2±0.08w

LVDD (mm) 7.18±0.07 7.89±0.07* 7.59±0.12

LVSD (mm) 4.34±0.13 5.80±0.15** 5.51±0.06**

LVFS (%) 39±1.7 26±1.3** 27±1.1**

PW (mm) 1.70±0.05 2.0±0.03** 1.9±0.03**

Electrophysiology

SCL (ms) 175.0±3.0 177.0±1.6 183.5±5.6

AV interval (ms) 51.0±2.0 49.5±2.9 45.5±1.2

A wave duration (ms) 30.0±1.7 37.0±2.2* 31.5±1.1w

WBP (bpm) 612±37.6 592±13.4 566±22.6

AF 0/7 7/10** 0/10z

Abbreviations: AF, atrial fibrillation; AV, atrioventricular; BW, body weight; DS, Dahl salt;
HS, high salt; Ht, hematocrit; HW, heart weight; HW/BW, ratio of heart weight to body weight;
LA, left atrial diameter; LVDD, left ventricular end diastolic diameter; LVSD, left ventricular end
systolic diameter; NS, normal salt; Plt, platelet count; PW, diastolic posterior wall thickness;
SBP, systolic blood pressure; SCL, sinus cycle length; WBP, AV nodal Wenckebach point.
Data are mean±s.e.
*Po0.05 vs. DS+NS, **Po0.01 vs. DS+NS.
wPo0.05 vs. DS+HS, zPo0.01 vs. DS+HS.
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rats and therapy towards decreasing inflammation, including MR
inhibition, have great possibilities in treating patients with AF.
Especially, our results demonstrated for the first time that MR
inhibition had reverse remodeling effects on both the atrial structural
remodeling and AF inducibility caused by hypertension.

Recent large clinical trials have demonstrated the clinical impor-
tance of the MR antagonist, however, precise mechanisms of its
beneficial action have not been fully understood.9,10 Interestingly,
serum concentrations of the aldosterone level of the patients were
not elevated in either the RALES or EPHESUS studies. We confirmed
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Figure 2 (a, b) Hematoxylin-eosin staining demonstrates that the size of myocytes increased in the DS+HS group, and EPL treatment markedly attenuates

this in the DS+HS+EPL group at 20 weeks. *Po0.05 vs. DS+NS, wPo0.05 vs. DS+HS. Bar¼0.01 mm. (c, d) Masson trichrome staining demonstrates

increased interstitial fibrosis in left atrial sections in the DS+HS group, and EPL treatment markedly attenuates this in the DS+HS+EPL group at 20 weeks.

*Po0.01 vs. DS+NS group, wPo0.01 vs. DS+HS.
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that the serum concentration of aldosterone did not increase in the
DS+HS group compared with that of the DS+NS group. Recent
basic studies have demonstrated that MR activation is important in
the etiology of cardiovascular and renal diseases not only in high-
aldosterone status but also in low-aldosterone hypertension,12,36

which are consistent with our results. How is MR activated in low-
aldosterone hypertension? The underlying mechanism of this pheno-
menon remains unknown. In the present study, the expression of ACE
mRNA in the atrium was increased, and MR inhibition with EPL
significantly decreased this. A previous study indicated the existence

of a positive feedback pathway from MR activation to ACE within
the local cardiac renin-angiotensin-aldosterone system.37 These results
suggested the existence and the importance of local tissue regulation of
the rennin-angiotensin-aldosterone system in the atrium. Further
study is needed to clarify the mechanism of MR activation in DS rats.
Another new finding of this study is that MR inhibition with EPL

attenuated Rac1 activation in the atrium. This effect was associated
with decreased myocardial oxidative stress, as assessed by HNE
staining. Rac1, which is one of the small G proteins, is essential for
the assembly of the active NADPH oxidase complex, which may be a
source of ROS.19,20 In addition to ROS production by NADPH
oxidase, Rac1 also has been shown to participate in signaling pathways
of LV hypertrophy and myocyte apoptosis.20,26 Recently, Adam et al.
demonstrated that chronic cardiac overexpression of Rac1 in mice
represented a novel model for AF. They also showed that left atrium of
patients of AF exhibited up-regulation of Rac1 correlating with
increased NADPH oxidase activity.38 In this study, increased atrial
Rac1 activity in DS+HS group was significantly attenuated by EPL
treatment with decreased staining for HNE. Thus, in the atrium, MR
stimulation is associated with Rac1 activation, which has important
roles in the atrial remodeling and inducibility of AF in DS rats through
ROS production. Of note, it has also been demonstrated that
aldosterone increased ACE gene expression in cardiovascular tissue
via Rac1 dependent mechanisms.22

Surprisingly, the beneficial effects of EPL on both atrial structural
remodeling and the inducibility of AF were demonstrated in high
blood pressure status. Of note, both increased ROS production
assessed by HNE staining and activated Rac1 expression in DS+HS
group were attenuated by EPL treatment only in LA, but not in LV.
These results indicated that the beneficial effects of EPL were more
marked in the atrium than in the ventricle under high blood pressure
status, and that the regulatory mechanisms of atrial remodeling might
be, at least in part, different from those of the ventricle.
In conclusion, MR inhibition with EPL reversed atrial struc-

tural remodeling and AF inducibility in DS rats, with a reduction of
expression of inflammatory cytokines, ROS production and Rac1
activation in the atrium. Our findings suggest a new potential strategy
targeting MR to treat patients with hypertension-mediated AF.
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Figure 5 Quantitative analysis of the abundance of mRNAs for monocyte chemoattractant protein-1 (MCP-1) (a), TNF-a (b) osteopontin (c) and ACE (d) in
the left atrium. *Po0.01 vs. DS+NS group, wPo0.01 vs. DS+HS group.
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Figure 6 (a) Immunohistochemical staining for HNE in the atrium. Diffuse HNE staining is present in the atrium of DS+HS group, whereas staining is far

less prominent in DS+HS+EPL group. HNE is localized predominantly to the myocardium. (b, c) Rac1 activity. Increased Rac1 activity in DS+HS group is

inhibited by EPL treatment only in the atrium. *Po0.05 vs. DS+NS group, wPo0.05 vs. DS+HS group.
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