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Abstract The purpose of this study was to investigate

whether atrial overexpression of angiotensin-converting

enzyme 2 (ACE2) by homogeneous transmural atrial gene

transfer can reverse atrial remodeling and its mechanisms

in a canine atrial-pacing model. Twenty-eight mongrel

dogs were randomly divided into four groups: Sham-op-

erated, AF-control, gene therapy with adenovirus-enhanced

green fluorescent protein (Ad-EGFP) and gene therapy

with Ad-ACE2 (Ad-ACE2) (n = 7 per subgroup). AF was

induced in all dogs except the Sham-operated group by

rapid atrial pacing at 450 beats/min for 2 weeks. Ad-EGFP

and Ad-ACE2 group then received epicardial gene paint-

ing. Three weeks after gene transfer, all animals except the

Sham group underwent rapid atrial pacing for another

3 weeks and then invasive electrophysiological, histologi-

cal and molecular studies. The Ad-ACE2 group showed an

increased ACE2 and Angiotensin-(1–7) expression, and

decreased Angiotensin II expression in comparison with

Ad-EGFP and AF-control group. ACE2 overexpression

attenuated rapid atrial pacing-induced increase in activated

extracellular signal-regulated kinases and mitogen-acti-

vated protein kinases (MAPKs) levels, and decrease in

MAPK phosphatase 1(MKP-1) level, resulting in attenua-

tion of atrial fibrosis collagen protein markers and trans-

forming growth factor-b1. Additionally, ACE2

overexpression also modulated the tachypacing-induced

up-regulation of connexin 40, down-regulation of connexin

43 and Kv4.2, and significantly decreased the inducibility

and duration of AF. ACE2 overexpression could shift the

renin–angiotensin system balance towards the protective

axis, attenuate cardiac fibrosis remodeling associated with

up-regulation of MKP-1 and reduction of MAPKs activi-

ties, modulate tachypacing-induced ion channels and con-

nexin remodeling, and subsequently reduce the inducibility

and duration of AF.
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Introduction

Atrial fibrillation (AF) is the most common clinical

arrhythmia associated with cardiovascular morbidity and

increased mortality. Substantial evidence have demon-

strated that activation of the local renin–angiotensin system

(RAS), especially angiotensin II (Ang II), plays an impor-

tant role in atrial remodeling characterized by interstitial

fibrosis, and contributes to the onset and maintenance of AF

in paced animal models [10, 13, 22, 32, 34, 42]. Angio-

tensin-converting enzyme (ACE)-dependent increase in the

levels of activated extracellular signal-regulated kinases

(ERKs) and mitogen-activated protein kinases (MAPKs)
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have been reported in atrial tissues of AF patients and

animal models [1, 10, 13, 18, 22, 32, 36]. Experimental

studies have proven that this increase in MAPKs, which has

been suggested to have a crucial role in atrial fibrosis, can be

reduced by treatment with ACE inhibitors [1, 18, 24, 36,

37]. MAPK phosphatase 1 (MKP-1), an important member

of the dual-specificity phosphatase family, is a critical

counteracting phosphatase that directly regulates the mag-

nitude and duration of p38-MAPK and ERK auto-phos-

phorylation and activation [5]. MKP-1 is also expressed in

cardiomyocytes and is involved in cardiomyocyte apoptosis

and cardiac hypertrophy [6]. Caunt et al. [5] found that

MKP-1 negatively regulated the inflammatory response of

the innate immune system by inhibiting MAPK activation.

However, whether the dynamic regulation between MAPKs

and MKP-1 participates in the pathophysiologic mechanism

of cardiac remodeling, especially for atrial fibrotic remod-

eling, has not been established.

Angiotensin-converting enzyme 2 (ACE2) is a mono-

carboxypeptidase that metabolizes vasoconstrictive

octopeptide Ang II into vasodilative heptapeptide angio-

tensin-(1–7) [Ang-(1–7)], thereby functioning as a negative

regulator of the renin–angiotensin system. Recent studies

[15, 43] have shown that ACE2 overexpression could

suppress Ang II-mediated myocardial hypertrophy and

fibrosis, and prevent cardiac dysfunction. However, the

detailed signal transduction mechanism following the

activation of Mas receptor induced by ACE2/ANG-(1–7) is

still poorly understood; and the effects of ACE2/Ang-(1–7)

on atrial structural remodeling are yet to be determined.

Meanwhile, on the electrical remodeling, several lines of

evidence have suggested that Ang II had direct electro-

physiological effects via modification of ion channels

related to atrial repolarization, such as transient outward

potassium current (Ito), L-type calcium current (ICaL) and

connexins [19, 29]. Furthermore, the direct electrophysio-

logical effects were antagonized by ACE inhibitors or Ang

II receptor blockers in vitro and vivo studies [19, 29, 38,

40]. Of note, Ferreira et al. [14] found that Ang-(1–7)

might have some antiarrhythmogenic effects during

myocardial ischemic reperfusion. On the contrary, Dono-

ghue et al. [12] reported that ACE2 overexpression by

generating transgenic mice induces connexin dysregulation

and results in profound electrophysiological disturbances.

In fact, few studies investigated the effects of ACE2/Ang-

(1–7) axis on ion channels remodeling, especially Ang II-

related adverse electrical remodeling. With the deepened

understanding of ACE2/Ang-(1–7) axis on cardiac struc-

tural remodeling, to explore the effects of ACE2/Ang-(1–7)

axis on atrial ion channels remodeling and its detailed

mechanism has important theoretical and practical value.

Some studies have demonstrated that epicardial gene

painting causes a homogeneous and complete transmural

atrial gene transfer [21]. Therefore, the purpose of the

present study was to investigate whether successful atrial

overexpression of ACE2 by homogeneous transmural atrial

gene transfer can help to reverse AF-induced atrial

remodeling, and to elaborate the dynamic regulation

between ACE/Ang II and Ang-(1–7) axis, as well as its

downstream mechanisms in a canine atrial-pacing model.

Methods

Animal model and gene transfer

Twenty-eight mongrel dogs of either gender, weighing

20–30 kg, were randomized into 4 groups: Sham-operated

(Sham), AF-Control, Ad-EGFP (adenovirus-enhanced

green fluorescent protein) and Ad-ACE2 groups (n = 7 per

subgroup). A programmable pacemaker (Huanan Medical

Technology Co., Ltd. Henan, China) was fixed on the back

of dogs and attached to a pacing lead (St. Jude Medical) in

the right atrial through external jugular vein. All dogs in

the AF-Control, Ad-EGFP and Ad-ACE2 group were

paced at 450 beats/min with the use of 0.2 ms square-wave

pulses at twice-threshold current for a period of 14 days.

The dogs in Sham group were instrumented without pac-

ing. The surface electrocardiogram (ECG) was verified

every other day to ensure continuous 1:1 atrial capture.

After atrial burst pacing for 2 weeks, all dogs received

median sternotomy operation and the pericardium was

incised, but the gene transfer procedure was performed in

the Ad-EGFP and Ad-ACE2 groups only. An invasive

electrophysiology (EP) study was performed as described

below. After EP study, the gene-painting procedure was

performed as previously described [2, 8, 21]. In brief, the

virus/trypsin/poloxamer gel was painted onto every

accessible area of the atrial epicardium with a rounded-

bristle flat paintbrush composed of camel hair. Each atrium

was coated twice for 60 s each time, and approximately

5 min was allowed between paint coatings to permit

absorption. After it was painted, the heart was left exposed

to air for 10 min to allow virus penetration. Subsequently,

all dogs except the Sham group underwent atrial burst

pacing for another 3 weeks.

The animals in the present study were maintained in

accordance with the guiding principles of the NIH Guide

for the Care and Use of Laboratory Animals. The experi-

mental protocol was approved by the Chongqing Medical

University Animal Care and Use Committee.

In vivo electrophysiological studies

All dogs underwent an invasive EP study as previously

described [30]. In brief, atrial effective refractory periods
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(AERPs) at the left and right atrium were measured at 3

basic cycle lengths B (BCL) (250, 300 and 350 ms). Eight

basic drive stimuli were given, followed by a single pre-

mature stimulus, and all stimuli were set at twice the

diastolic threshold. The S1S2 interval was increased in

steps of 2 ms, and AERP was determined to be the shortest

S1S2 interval that resulted in a propagated atrial response.

The mean of three ERPs values at each BCL was used for

data analysis. The inducibility of AF was evaluated by

premature atrial stimulation during ERP measurement and

atrial burst pacing lasting for 30 s at pacing cycle length of

100 ms. AF was considered inducible if the burst stimulus

or S1–S2 stimulus produced a rapid irregular rhythm faster

than 400 beats/min lasting more than 10 s and associated

with irregular atrioventricular conduction. To estimate the

mean AF duration, AF was induced 5 times and the dura-

tion of induced AF was recorded.

Clinical observations and ECG recordings were per-

formed every other day during feeding in awake, alert

animals. On post-gene transfer day 21, all dogs underwent

terminal EP study, and were then euthanized by intracar-

diac KCl overdose in fully anesthetized dogs. The hearts

were immediately removed for histological and molecular

studies.

Histopathology and immunohistochemistry

Histologic studies were performed to identify the potential

pathologic substrate underlying conduction abnormalities

in rapid atrial-pacing dogs. Atrial tissue was fixed in 10 %

formalin, embedded in paraffin, cut to 5-lm thickness and

stained with hematoxylin and eosin or picrosirius red. The

immunoperoxidase method was used for staining of Ang II

and Ang-(1–7). The tissue samples were reacted with rabbit

anti-Ang II antibody and rabbit anti-Ang-(1–7) antibody

(1:100 dilution; Phoenix Pharmaceuticals), respectively.

All histopathological sections were analyzed by an inves-

tigator blinded to animal grouping using a customized

imaging analysis system (Image-Pro Plus 6.0, Media

Cybernetics, USA).

Cryosections (5 lm thickness) of atrial tissue were

prepared. The sections were incubated overnight with anti-

connexin 40 (CX40) antibody (1:100 dilution) and anti-

connexin 43 (CX43) antibody (1:100 dilution; Santa Cruz

Biotechnology, USA), and then incubated with TRITC-

conjugated rabbit anti-goat IgG or FITC-conjugated goat

anti-mouse IgG (1:75 dilution; CWBIO, China). Confocal

images were collected using an LSM-510 laser scanning

microscope (Carl Zeiss Ltd). The degree of confocality was

kept constant for each experiment to minimize overlap of

the CX43/CX40 label.

Western blot analysis

Immunoblotting was performed as described previously.

Briefly, tissues from left atrial appendage (&100 mg) were

homogenized in lysis buffer and purified by centrifugation

(12,000g for 15 min at 4 �C). Protein concentration was

determined with the BCA Protein Assay Kit (Beyotime,

China) using bovine serum albumin as the standard. Sol-

ubilized protein was separated by electrophoresis and

transferred to nitrocellulose membranes. Nonspecific

binding was blocked by incubation in 5 % milk or bovine

serum albumin in tris-buffered saline Tween 20. Mem-

branes were probed with the specific antibodies, followed

by incubation with horseradish peroxidase-conjugated

secondary antibodies. The immunoreactive bands were

detected by electrochemiluminescence and quantified by

densitometry using a UMAX Astra 2200 scanner and

ImageJ 1.33 software. The data were quantified by the

densitometry using UMAX Astra 2200 scanner and

Quantity-One software (Bio-Rad), and were normalized to

GAPDH expression.

Ang II and Ang-(1–7) levels by ELISA

The concentration of Ang II and Ang-(1–7) in the atrial

tissue was measured by a commercial enzyme-linked

immunosorbent assay (ELISA) kit (Bachem, USA). In

brief, the myocardium was mechanically homogenized on

ice, using a homogenizer. Homogenized samples were

centrifuged at 12,000 rpm for 15 min at 4 �C. Each

supernatant was then transferred into a fresh test-tube and

stored at -80 �C, and the levels of Ang II and Ang-(1–7)

were determined by ELISA.

RNA isolation and real-time reverse transcription-

polymerase chain reaction (RT-PCR)

RNA was isolated from atrial tissue with the use of the

TRIzol reagent (Takara, Dalian, China) as directed by the

manufacturer. Real-time RT-PCR was performed on

complementary DNA generated with the PrimeScript� RT

reagent Kit (Takara) with the SYBR� Premix Ex TaqTM II

kit (Takara) in a MX3005 RT-PCR machine (Stratagene).

The mixtures were heated at 50 �C for 2 min, at 95 �C for

90 s followed by 40 cycles at 95 �C for 15 s and 60 �C for

30 s. All reactions were performed in triplicate, with

GAPDH (glyceraldehyde phosphate dehydrogenase) serv-

ing as an internal control. The primer sequences of all

genes are presented in Supplement Table 1. The results

were quantified as Ct values, where Ct is defined as the

threshold cycle of PCR at which amplified product is first
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detected, and expressed as the ratio of target/control. The

relative expression ratio of the target genes was calculated

using 2(-DDCt) method.

Statistical evaluation

Data were expressed as mean values ± SD for continuous

variables, and frequencies were measured for categorical

variables. Variables were compared between groups with

the use of t test for continuous measures and Chi-square

test for categorical variables. ANOVA was performed to

analyze the differences in means among the 4 groups.

Statistical significance was defined as 2 tailed 2p\ 0.05.

All statistical analyses were performed using SPSS statis-

tical software (version 17.00, Chicago, IL, USA).

Results

Changes in electrophysiological variables

The general conditions of the experimental dogs are shown

in Table 1. No difference was found in body weight,

temperature and heart rate at baseline among 4 groups.

Two AF-control dogs and 3 Ad-EGFP dogs developed

spontaneous paroxysmal atrial fibrillation during the

5-weeks follow-up. AF can be induced after 2 weeks of

rapid atrial pacing in 2 AF-control dogs, 4 Ad-EGFP dogs

and 4 Ad-ACE 2 dogs respectively, but none of the 21 dogs

developed any persistent AF. Atrial effective refractory

period (AERP) at various basic cycle lengths in the right

and left atrium for all groups are shown in Table 2. Except

in Sham group, after 3 weeks atrial tachypacing, AERP at

all cycle lengths 3 weeks post-gene transfer at either site

decreased significantly (p\ 0.05). As illustrated in

Table 3, after 3 weeks of gene transfer, AF became more

inducible in the AF-control and Ad-EGFP group, with the

inducibility and duration of AF increased dramatically

compared with baseline and Sham dogs (p\ 0.01),

whereas the inducibility and duration of AF were found to

be markedly lower in the Ad-ACE2 group than baseline

and those in the AF-control and Ad-EGFP groups

(p\ 0.01).

Histological evaluation

Serious pericardial inflammation, effusion, and hemorrhage

were not observed in any of the dogs. Representative his-

tological sections from each group are presented in Fig. 1.

Atrial myocyte from Sham dogs showed a normal com-

position of sarcomeres distributed throughout the cell, and

the intra-cellular space also appeared normal. In contrast,

atrial myocytes of AF-control and Ad-EGFP dogs showed

a loss of some contractile materials and abnormal sar-

comeres. In addition, extensive interstitial fibrosis evi-

denced by picrosirius red staining was found in these

tissues. Thick layers of fibrous tissue were observed in the

endocardium and epicardium. Furthermore, the amount of

connective tissue was increased, and this extended around

the parenchymal cells. In contrast, these pathologic

abnormalities of atrial tissues were attenuated in the Ad-

ACE2 dogs. The percentage of fibrosis in all atrial regions

in the Ad-ACE2 dogs was markedly lower than those in the

AF-control and Ad-EGFP dogs (5.8 ± 2.4 vs.

11.9 ± 2.3 % and 14.3 ± 3.4 % at the right atrial appen-

dage, p\ 0.001), and was comparable with that in the

Sham dogs (5.2 ± 2.5 %, p = 0.614).

ACE2 overexpression and RAS components

The ACE2 mRNA expression in the Ad-EGFP and AF-

control dogs was lower than those in the Sham dogs, with

no significant difference between the two formers; but it

was fivefold higher in Ad-ACE2 dogs than that in the Sham

Table 1 Demographic features

of the experimental dogs
Sham (n = 7) AF-Control (n = 7) Ad-EGFP (n = 7) Ad-ACE2 (n = 7) p value4

Male 4 3 5 4 0.876

SPAF 0 2 3 0 0.245

Weight (kg) 23.7 ± 3.4 24.2 ± 1.4 23.3 ± 2.4 23.8 ± 3.4 0.957

Heart rate (beat/min)

Baseline 150 ± 5 152 ± 6 154 ± 7 155 ± 8 0.633

3 weeks 151 ± 4 167 ± 4* 166 ± 7# 161 ± 5 \0.001

Temperature (�C)
Baseline 38.3 ± 0.4 38.3 ± 0.5 38.2 ± 0.4 38.2 ± 0.4 0.930

3 weeks 38.4 ± 0.4 38.3 ± 0.5 38.3 ± 0.5 38.1 ± 0.5 0.779

4 The p value of one-way ANOVA comparing the four groups.; baseline vs. 3 weeks: * p = 0.002;
# p = 0.019, n = 7

SPAF spontaneous paroxysmal atrial fibrillation in each group
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dogs. Similarly, western blot analysis showed 1.84-fold

increase in ACE2 in the Ad-ACE2 dogs compared with the

sham dogs, but substantial decrease in the Ad-EGFP or AF-

control dogs 3 weeks after gene transfer (Fig. 2; Table 4).

Semi-quantitative immunohistochemical analysis showed

that ACE2 stained in the myocardium, epicardium, and

endocardium, and located mainly in the atrial myocytes.

Weak ACE2 staining was observed in atrial tissues from

dogs in the AF-control and Ad-EGFP groups, whereas

marked ACE2 staining was depicted in atrial tissues in the

Ad-ACE2 group (Fig. 3).

In comparison with the sham and Ad-ACE2 group, the

expression levels of Ang II by semi-quantitative

immunohistochemical analysis were significantly higher in

the Ad-EGFP and AF-control group (p\ 0.01 to 0.05). In

contrast, the expression of Ang-(1–7) were lower in the

Ad-EGFP and AF-control group than in the sham and Ad-

ACE2 group (p\ 0.01). Corresponding to that, the

changing trend of both Ang II and Ang-(1–7) in atrial

tissue detected by ELISA was similar to the results of

semi-quantitative analysis of immunohistochemistry

(Figs. 4, 5; Tables 5, 6).

Real-time RT-PCR showed that AT1R (Angiotensin

type-1 receptor) gene expression was higher in the atrial

myocardium of the AF-control and Ad-EGFP dogs com-

pared with the Sham group (p\ 0.001), with no significant

difference between the two groups, but was down-regu-

lated significantly in the Ad-ACE2 group (p\ 0.001). In

contrast, AT2R (Angiotensin type-2 receptor) gene

expression was markedly reduced in the AF-control and

Ad-EGFP group in comparison with that in the sham and

Ad-ACE2 group (p\ 0.05) 3 weeks after gene transfer. It

is worth noting that protein expression of Mas, the receptor

of Ang-(1–7), quantified by western blot analysis, was also

down-regulated in the AF-control and Ad-EGFP group but

was up-regulated in the sham and Ad-ACE2 group (Fig. 2).

Table 2 Change in mean AERP (ms) before and 3 weeks after gene transfer

BCL (ms) Time Right atria Left atria

Sham AF-Control Ad-EGFP Ad-ACE2 Sham Control Ad-EGFP Ad-ACE2

350 Baseline 121 ± 7 123 ± 9 124 ± 7 123 ± 5 117 ± 4 121 ± 8 119 ± 6 122 ± 9

3 weeks 120 ± 8 107 ± 7* 106 ± 8* 108 ± 6* 117 ± 8 102 ± 8* 104 ± 5* 108 ± 6*

300 Baseline 116 ± 6 119 ± 5 116 ± 3 117 ± 6 113 ± 6 115 ± 4 115 ± 5 114 ± 8

3 weeks 114 ± 7 103 ± 4* 104 ± 6* 103 ± 7* 102 ± 10 100 ± 5* 102 ± 5* 104 ± 5*

250 Baseline 107 ± 6 108 ± 7 112 ± 5 109 ± 6 107 ± 9 109 ± 8 111 ± 7 107 ± 10

3 weeks 107 ± 5 97 ± 4* 99 ± 4* 100 ± 5* 100 ± 10 97 ± 7* 99 ± 5* 100 ± 5*

* Baseline vs. 3 weeks, p\ 0.05

BCL basic cycle length (n = 7 per group); ms millisecond

Table 3 Changes in

inducibility and duration of AF

before and after gene transfer

AF cases AF times AF inducibility (%) Mean AF duration (s)

Sham

Baseline 2 (28.6 %) 6 28.6 35.1 ± 62.8

3 weeks 3 (42.9 %) 9 42.9 66.7 ± 86.1

AF-control

Baseline 2 (28.6 %) 19 28.6 274.4 ± 213.9

3 weeks 7 (100 %) 9 100 850.1 ± 225.2*

Ad-EGFP

Baseline 4 (57.1 %) 20 57.1 227.3 ± 226.8

3 weeks 7 (100 %) 10 100 944.6 ± 256.0*

Ad-ACE2

Baseline 4 (57.1 %) 15 57.1 192.6 ± 190.6

3 weeks 3 (42.9 %) 13 42.9 89.1 ± 92.3**,#

AF cases, the number of dogs having spontaneous or induced AF by procedure stimulation; AF times, the

times of induced AF by procedure stimulation

* Compared with baseline and sham dogs: p\ 0.01

** Compared with baseline: p = 0.097
# Compared with Ad-EGFP and control: p\ 0.01
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Our data indicated that rapid atrial pacing significantly

decreased ACE2, Ang-(1–7), Mas and AT2R expression

levels, but increased Ang II and AT1R expression levels,

when compared with Sham group, which were reversed by

ACE2 overexpression in effectively infected atrial myo-

cardium of Ad-ACE2 dogs.

Fig. 1 Representative images of atrial tissues stained with hema-

toxylin and eosin (a) and picrosirius red staining (b). Atrial myocyte

from sham dogs showed normal composition of sarcomeres dis-

tributed throughout the cell, while those from AF-control and Ad-

EGFP dogs showed a loss of some contractile materials and abnormal

sarcomeres. In addition, extensive interstitial fibrosis, evidenced by

picrosirius red stain was found in these tissues. In contrast, these

pathologic abnormalities of atrial tissues were attenuated in the Ad-

ACE2 group (n = 7)

Fig. 2 Western blot analysis of

ACE2 and Mas protein levels

and real-time RT-PCR analysis

of the mRNA expression of

RAS components from atrial

tissues. Compared with sham

dogs, ACE2 protein expression

in the AF-control and Ad-EGFP

dogs was significantly

decreased compared with that in

the sham dogs, but was

increased twofold in the Ad-

ACE2 dogs. Similarly, ACE2

gene and Mas protein

expression showed the same

statistical trend as its protein

expression. Real-time PCR

showed up-regulation of AT1R

and down-regulation of AT2R

induced by rapid atrial pacing,

which were attenuated by

overexpression of ACE2.

*p\ 0.05 versus sham;
#p\ 0.05 versus sham;
#p\ 0.001 versus AF-control

and Ad-EGFP (n = 7)
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MAPKs and MKP-1 protein expression

To investigate the potential mechanism of ACE2 improv-

ing atrial structural remodeling, the dynamic balance

between MAPKs and MKP-1 was evaluated. The amount

of p38MAPK, ERK1/2 and p-ERK1/2 protein were sig-

nificantly increased in the AF-control and Ad-EGFP group

compared with Sham and Ad-ACE2 group (p\ 0.05), with

no difference between the latter two (Fig. 6; Table 7). In

contrast, the amount of MKP-1 protein was significantly

Fig. 3 ACE2 expression staining after gene transfer in 4 groups of

dogs. a Semi-quantitative immunohistochemical staining of atrial

myocytes. Marked ACE2 staining was present in Ad-ACE2 dogs

compared with other dogs. b Semi-quantitative immunohistochemical

analysis of the expression of ACE2. In comparison with Sham group,

the expression levels of ACE2 were significantly higher in the Ad-

ACE2 group, while that was lower in the Ad-EGFP and AF-Control

group. *p\ 0.01 versus sham; #p\ 0.001 versus sham; #p\ 0.001

versus Sham, AF-Control and Ad-EGFP, n = 7

Fig. 4 Representative images of Ang II and Ang-(1–7) immunohistochemistry in paraffin sections

Table 4 Western blot analysis

of ACE2 protein levels and real-

time RT-PCR analysis of the

mRNA expression of RAS

components from atrial tissues

Sham AF-Control Ad-EGFP Ad-ACE2 p* p# p#

mRNA ACE2 1.00 ± 0.00 0.53 ± 0.28 0.51 ± 0.12 5.43 ± 0.77 0.042 0.034 \0.001

mRNA AT1R 1.00 ± 0.00 1.54 ± 0.40 1.58 ± 0.09 0.98 ± 0.26 \0.001 \0.001 \0.001

mRNA AT2R 1.00 ± 0.00 0.65 ± 0.22 0.60 ± 0.18 1.28 ± 0.55 0.048 0.026 \0.001

Protein ACE2 0.94 ± 0.27 0.56 ± 0.18 0.41 ± 0.19 1.84 ± 0.47 0.028 0.003 \0.001

Protein Mas 0.80 ± 0.24 0.47 ± 0.18 0.50 ± 0.20 1.06 ± 0.39 0.032 0.048 \0.001

* Sham vs. AF-control; # Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-control), n = 7
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lower in AF-control and Ad-EGFP group in comparison

with the Sham and Ad-ACE2 group (p\ 0.01), suggesting

that Ad-ACE2 overexpression not only attenuates the

increase of MAPKs protein expression induced by rapid

atrial pacing, but also up-regulates the protein expression

of MKP-1.

Collagen, fibronectin and TGF-b1 protein

expression

As shown in Fig. 8, compared with Sham-operated and Ad-

ACE2 dogs, the protein expression levels of Col I, Col III,

TGF-b1 and fibronectin by western blot analysis increased

Fig. 5 Semi-quantitative

immunohistochemical and

enzyme-linked immunosorbent

assay analysis of Ang II and

Ang-(1–7). Based on optical

density and immunosorbent

assays, the levels of Ang II were

significantly decreased while

the levels of Ang-(1-7) were

significantly increased in Ad-

ACE2. *p\ 0.05 versus sham;
#p\ 0.05 versus sham;
#p\ 0.001 versus AF-control

and Ad-EGFP (n = 7)

Table 5 Semi-quantitative immunohistochemical analysis of the expression of Ang II and Ang-(1–7)

Optical density mean Sham AF-Control Ad-EGFP Ad-ACE2 p* p# p#

Ang II 52.6 ± 13.9 78.1 ± 23.7 84.6 ± 12.3 27.0 ± 7.3 \0.01 \0.001 \0.001

Ang-(1–7) 32.2 ± 10.2 19.6 ± 7.4 17.6 ± 5.9 43.6 ± 4.8 0.004 \0.001 \ 0.001

* Sham vs. AF-control; # Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-control); Ang II, Sham vs. Ad-ACE2, p\ 0.001; Ang-(1–7),

Sham vs. Ad-ACE2, p\ 0.01, n = 7

Table 6 Enzyme-linked

immunosorbent assay of Ang II

and Ang-(1–7)

Protein (ng/g) Sham AF-Control Ad-EGFP Ad-ACE2 p* p# p#

Ang II 15.0 ± 7.2 47.8 ± 5.0 50.2 ± 5.5 20.0 ± 5.2 \0.001 \0.001 \0.001

Ang-(1–7) 8.0 ± 2.6 4.3 ± 2.4 5.2 ± 2.1 11.3 ± 3.0 0.012 0.05 \0.001

* Sham vs. AF-control; # Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-control); Ang II, Sham vs.

Ad-ACE2, p = 0.123; Ang-(1–7), Sham vs. Ad-ACE2, p = 0.026, n = 7
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dramatically in the AF-control and Ad-EGFP dogs

(p\ 0.05), while there were no significant differences

between the Sham and Ad-ACE2 group. Corresponding to

that, compared to the Sham and Ad-ACE2 group, the

mRNA expression levels of TGF-b1, Col1 a2 and Col 4a5

were also significantly higher in the AF-control and Ad-

EGFP group (p\ 0.05), indicating that Ad-ACE2 over-

expression can antagonize rapid atrial pacing-induced

increase in TGF-b1, fibronectin and collagens protein and

gene expression (Fig. 7; Tables 8, 9).

Fig. 6 Western blot analysis of MAPKs and MPK-1 protein levels

from atrial tissues. Compared to Sham and Ad-ACE2 group, the

protein expression level of p38, ERK1/2 and p-ERK1/2 in AF-control

and Ad-EGFP group were significantly higher, but the protein

expression level of MKP-1 was lower. *p\ 0.05 versus sham;
#p\ 0.05 versus sham; #p\ 0.05 versus AF-control and Ad-EGFP

(n = 7)

Table 7 Western blot analysis

of MAPKs and MPK-1 protein

levels from atrial tissues

Sham AF-Control Ad-EGFP Ad-ACE2 p* p# p#

ERK1/2 1.81 ± 0.43 3.33 ± 0.67 3.46 ± 1.15 2.26 ± 0.89 \0.01 \0.01 \0.05

p-ERK1/2 1.21 ± 0.43 2.56 ± 0.63 2.78 ± 0.63 1.71 ± 0.69 \0.001 \0.001 \0.05

P38MAPK 1.77 ± 0.54 3.10 ± 0.45 3.10 ± 0.75 2.13 ± 0.68 \0.01 0.011 \0.05

MKP-1 0.82 ± 0.08 0.38 ± 0.20 0.35 ± 0.18 0.90 ± 0.39 \0.01 \0.01 \0.001

* Sham vs. AF-control; # Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-control), n = 7
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Ion channel protein and gene expression

To further explore the effects of ACE2 overexpression on

atrial ion channels, some ion channel proteins related to

atrial repolarization were evaluated by real-time RT-PCR

and western blot. Compared with Sham-operated group,

both Cav1.2 and Kv4.2 mRNA expression were lower in

the myocardium of AF-control and Ad-EGFP group

(p\ 0.01), but was up-regulated significantly in Ad-ACE2

group (Fig. 9). Furthermore, the protein expression of Kv

4.2 (Kv 4.3) and L-type Ca?? CP a1C, which was coded

by mRNA of Kv4.2 (Kv4.3) and Cav1.2, respectively,

showed similar trends among the 4 groups (Fig. 10). No

significant difference was found in terms of Kv4.3 and

KChiP2 mRNA expressions among the four groups

(Table 10).

Compared with Sham and Ad-ACE2 group, the protein

expression level of CX40 was significantly increased in the

AF-control and Ad-EGFP groups (p\ 0.05). In contrast,

the protein expression levels of CX43 were higher in the

AF-control and Ad-EGFP groups were significantly lower

(p\ 0.05). No significant differences were observed in the

expression of CX40 and CX43 between Sham and Ad-

ACE2 groups (Fig. 10). Moreover, the mRNA expression

levels of CX40 and CX43 was significantly higher in the

AF-control and Ad-EGFP groups than those in Sham and

Ad-ACE2 group (Table 11).

We evaluated connexin localization using confocal

immunohistochemistry (Fig. 11). In longitudinally sec-

tioned atrial myocytes from all groups, CX43 was

located mainly at the intercalated discs, with little sig-

nal at the lateral sarcolemma. In contrast, CX40 was

located predominantly at the lateral sarcolemma, but

there was still a certain amount of signal at the inter-

calated discs.

Discussion

Main findings

We have previously demonstrated 100 % gene transfer rate

in atrial muscle after epicardia gene painting. In this study,

we investigated the effects of atrial overexpression of

ACE2 by homogeneous transmural atrial gene transfer on

atria structural and electrical remodeling in a canine atrial-

pacing model. Our data indicated that rapid atrial pacing

significantly decreased ACE2, Ang-(1–7) and AT2R

expression levels, but increased Ang II and AT1R

expression levels, when compared with Sham group, which

were reversed by ACE2 overexpression in effectively

infected atrial myocardium of Ad-ACE2 dogs.

The present study made a full demonstration and the

salient finding are as follows: (1) ACE2 overexpression

suppressed local activation of RAS induced by atrial rapid

pacing and reversed the imbalance between Ang II and

Ang-(1–7); (2) for the detailed signal transduction mech-

anism following ACE2/Ang-(1–7), our experiment found

that ACE2 overexpression attenuated cardiac fibrosis

remodeling associated with up-regulation of MKP-1 and

reduction of MAP kinase activities; (3) for the first time,

our study demonstrated that ACE2 overexpression ame-

liorated rapid atrial pacing-induced ion channels and con-

nexin remodeling, and reduced the inducibility and

duration of AF.

Structural and electrical remodeling

Extensive evidence confirm that structural remodeling,

particularly interstitial fibrosis, is an important contributor

to the AF substrate [13, 22, 32, 34, 42]. Our present

experimental study indicated that compared with Sham

Fig. 7 Real-time quantitative reverse transcription-polymerase chain

reaction (RT-PCR) analysis of fibrosis-related indicators. Note:

Including transforming growth factor-b1 (TGF-b1), Collagen, type
I, alpha 2 (COL1a2) and Collagen, type IV, alpha 5 (COL4a5)
mRNA expression. Compared to the Sham group, the mRNA

expression levels of TGF-b1, Col I and Col IV were also significantly

higher in the AF-Control and Ad-EGFP dogs, while they were

significantly lower in the Ad-ACE2 group in comparisons with latter

two groups. *p\ 0.001 versus sham; #p\ 0.001 versus sham;
#p\ 0.01 versus AF-Control and Ad-EGFP, n = 7
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atrial tissues, atrial tissues from AF-control and Ad-EGFP

dogs showed a severely reduced number of sarcomeres and

extensive interstitial fibrosis after atrial pacing for 5 weeks.

In contrast, ACE2 overexpression significantly reversed

these changes. This was in agreement with previous studies

using viral vectors in various models [11, 17, 26, 27, 43],

showing that overexpression of ACE2 by homogeneous

transmural atrial gene transfer suppressed interstitial

fibrosis.

Both animal and human studies have demonstrated that

prolonged episodes of AF-induced AERP shortening and

a loss of rate-related AERP shortening, which in term

promoted the occurrence and persistence of AF [13].

Recent data suggested that ACE inhibitors or Ang II

receptor blockers had no protective effect against AERP

shortening and did not abolish the rate adaptation in dogs

receiving chronic atrial tachypacing, but attenuated the

inducibility and duration of AF [22]. The latter was

attributed to improvement of hemodynamic status and

structural remodeling. Consistent with previous results

[22, 26], our experiment also found that ACE2 overex-

pression had no preventive effect on the AERP shortening

after 5 weeks of rapid atrial pacing, but decreased the AF

inducibility and shortened AF duration, as well as sig-

nificantly reducing atrial interstitial fibrosis. Therefore,

the improvement of atrial interstitial fibrosis by ACE2

overexpression may be one of the important mechanisms

of its therapeutic effects.

Fig. 8 Western blot analysis of Collagen, Fibronectin and TGF-b1
protein levels from atrial tissues. Compared to Sham and Ad-ACE2

group, the protein expression level of Col I, Col III, TGF-b1 and

fibronectin in the AF-control and Ad-EGFP group were significantly

higher.*p\ 0.05 versus sham; #p\ 0.05 versus sham; #p\ 0.05

versus AF-control and Ad-EGFP, n = 7
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ACE2 overexpression and RAS components

A wealth of evidence suggests that local activation of RAS,

especially Ang II, is involved in atrial electrical and

structural remodeling that perpetuates AF [10, 13, 22, 32,

34, 42]. Elevated levels of ACE and Ang II and up-regu-

lation of profibrotic AT1R in the atrial myocardium have

been reported in AF patients and animal models [13, 16].

For the endogenous negative regulation factors, Pan et al.

[31] reported that ACE2 gene and protein expression in the

fibrillating atria of pigs were significantly decreased com-

pared with those in the sinus rhythm subjects. In the present

study, local atrial RAS was found to be markedly activated

in atrial-pacing dogs, as manifested by the increased

expression levels of Ang II and AT1R, and decrease of

ACE2, AT2R, Ang-(1–7), as well as the target of Ang-

(1–7), Mas receptor; while atrial ACE2 overexpression

could reverse these changes above. Together, these results

suggest that atrial rapid pacing gives rise to local activation

of RAS in atrial tissues and tips the balance between the

protective axis of Ang-(1–7)/Mas and detrimental axis of

Ang II/AT1R, while ACE2 overexpression in atrial tissue

leads to a shift of the RAS balance towards the protective

axis. We acknowledge that this study does not investigate

the detailed molecular mechanism of the imbalance of RAS

components, particularly the up-regulated or down-regu-

lated mechanisms of those receptors, which might involve

p38MAPK and ERK1/2 [20, 25], and needs to be further

elucidated.

Antifibrotic mechanism of ACE2 overexpression

Several lines of evidence showed that Ang II binding to

AT1R stimulates proliferation of fibroblasts, accumulation

of extracellular matrix via activation of MAPK and up-

regulation of TGF-b contributing to cardiac fibrosis [1, 32,

34]. Inhibitions of generations of Ang II can attenuate rapid

atrial pacing or heart failure-induced MPAKs activation

and atrial fibrosis [23]. Consistent with prior studies, the

present study confirmed that ACE2 overexpression could

suppress ERK1/2 and p38MAPK activation caused by

rapid atrial pacing, followed by down-regulation of TGF-b
and collagen fibers, and subsequently ameliorate interstitial

fibrosis. Furthermore, this beneficial effect of ACE2

overexpression was again associated with shifting of the

RAS balance towards the protective axis.

MAPKs are activated by phosphorylation on both thre-

onine and tyrosine residues by MAPK kinases and are

inactivated through dephosphorylation, by either serine/

threonine and tyrosine protein phosphatases or dual-

specificity phosphatases. MKP-1 is a critical counteracting

phosphatase that directly regulates the magnitude and

duration of p38MAPK, as well as auto-phosphorylation and

activation of Jun N-terminal kinase and ERK [5, 6, 27, 28].

Recently, McCollum et al. [27, 28] reported that Ang-(1–7)

participated in maintaining cardiac homeostasis by reduc-

ing proliferation and collagen production by cardiac

fibroblasts, associated with up-regulation of MKP-1 and

down-regulation of MAPK phosphorylation. In agreement

with these, our results for the first time indicated that ACE2

overexpression reversed the imbalance between MAPKs

and MKP-1 induced by rapid atrial pacing, as manifested

by down-regulation of MAPKs and up-regulation of MKP-

1, and directly mediated downstream protective antifibrotic

signals. Therefore, reversal of this imbalance may be a new

therapeutic target of cardiac remodeling.

Effects of ACE2/Ang-(1–7) on ion channels

and connexins

Atrial tachycardia remodeling alters ionic currents and

gene expression of ion channels in a manner which plays a

critical role in shaping the atrial action potential and pro-

motes the occurrence of AF [29]. Reductions in atrial

Table 8 Western blot analysis

of TGF-b1 and Collagen III

protein levels from atrial tissues

Sham AF-Control Ad-EGFP Ad-ACE2 *p #p #p

TGF-b1 0.21 ± 0.14 0.48 ± 0.15 0.49 ± 0.11 0.29 ± 0.10 0.004 0.003 \0.05

Collagen III 0.15 ± 0.14 0.49 ± 0.32 0.47 ± 0.22 0.21 ± 0.09 0.012 0.018 \0.05

Collagen I 0.95 ± 0.18 1.75 ± 0.21 1.95 ± 0.26 1.03 ± 0.18 \0.001 \0.001 \0.001

Fibronectin 0.26 ± 0.06 0.46 ± 0.13 0.49 ± 0.16 0.29 ± 0.12 0.007 0.002 0.016/0.005

* Sham vs. AF-Control; # Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-Control), n = 7

Table 9 Real-time quantitative

reverse transcription-

polymerase chain reaction (RT-

PCR) analysis of fibrosis-related

indicators

Sham AF-control Ad-EGFP Ad-ACE2 p* p# p#

TGF-b1 1.00 ± 0.00 2.37 ± 0.98 2.27 ± 0.41 1.29 ± 0.45 \0.001 \0.001 \0.01

Col1-a2 1.00 ± 0.00 4.23 ± 0.77 4.60 ± 0.93 1.56 ± 0.31 \0.001 \0.001 \0.001

Col4-a5 1.00 ± 0.00 3.14 ± 0.54 2.93 ± 0.81 1.11 ± 0.31 \0.001 \0.001 \0.001

* Sham vs. AF-control; # Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-control), n = 7
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myocyte ICaL and Ito current resulting in action potential

duration shortening and loss of its rate adaptation have

been reported in both human and animal tachycardia-in-

duced atrial remodeling [4, 29, 41]. A reduction in potas-

sium channels gene expression has been reported as an

adaptation mechanism serving to prolong the initially

reduced AERP and action potential duration [34]. From

gene and protein expression profile, the present results

firstly demonstrated a significant reduction of mRNA

expression of Cav1.2 and Kv4.2 in atrial tachypacing dogs,

as well as their corresponding coding protein L-type Ca??

CP a1C and Kv4.2/4.3 protein, respectively. Meanwhile,

ACE2 overexpression could reverse decreased Kv4.2

expression level induced by atrial tachypacing (AF-control

and Ad-EGFP group), but had no changes on the expres-

sion level of Cav1.2mRNA and its coding protein when

compared with AF-control dogs. In another canine model

of AF after atrial tachycardia, Liu et al. reported that Ang-

(1–7) prevented atrial tachycardia-induced decrease in

current density of Ito and ICaL, and shortened 90 % action

potential duration [35]. However, similar to our findings,

Ang-(1–7) did not prevent the decrease of Cav1.2 mRNA

level. In fact, it is generally known that ICaL down-regu-

lation is a major contributor to the decrease in action

potential duration and refractoriness linked with AF [9].

Therefore, these findings might be able to explain no

Fig. 9 Real-time RT-PCR

analysis of the mRNA

expression of repolarization-

related ion channel proteins.

Compared with sham-operated

dogs, both Cav1.2 and Kv4.2

mRNA abundance were lower

in the myocardium of AF-

control and Ad-EGFP dogs

(p\ 0.01), but was up-

regulated significantly in Ad-

ACE2 dogs. No significant

difference was found in terms of

Kv4.3 and KChiP2 mRNA

abundance among the four

groups. Kv4.3, Kv4.2 and

KChIP2 are the core

components of Ito channel.

Cav1.2, GJA1 and GJA5 is the

main component of ICaL

channel, connexin 43 and

connexin 40, respectvely.

*p\ 0.05 versus sham;
#p\ 0.05 versus sham;
#p\ 0.05 versus AF-control

and Ad-EGFP; Cav1.2: Sham

vs. Ad-ACE2, p = 0.012;

GJA5: Sham vs. Ad-ACE2,

p = 0.130, n = 7
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Table 10 Real-time RT-PCR

analysis of the mRNA

expression of repolarization-

related ion channel proteins

Sham AF-Control Ad-EGFP Ad-ACE2 p* p# p#

Kv4.2 1.00 ± 0.00 0.42 ± 0.26 0.40 ± 0.33 0.81 ± 0.25 \0.001 \0.001 \0.05

Kv4.3 1.00 ± 0.00 0.73 ± 0.28 0.80 ± 0.43 0.92 ± 0.55 0.223 0.364 0.38/0.58

KChIP2 1.00 ± 0.00 0.73 ± 0.34 0.81 ± 0.24 1.09 ± 0.46 0.146 0.310 0.06/0.144

Cav1.2 1.00 ± 0.00 0.54 ± 0.25 0.63 ± 0.23 0.68 ± 0.21 \0.001 0.004 0.239/0.659

GJA1 1.00 ± 0.00 0.56 ± 0.10 0.53 ± 0.15 1.82 ± 0.69 0.045 0.035 \0.001

GJA5 1.00 ± 0.00 2.15 ± 0.80 2.21 ± 0.91 1.58 ± 0.39 0.005 0.004 0.138/0.104

* Sham vs. AF-control; * Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-control); Cav1.2, Sham

vs. Ad-ACE2, p = 0.012; GJA5: Sham vs. Ad-ACE2, p = 0.130, n = 7

Fig. 10 Western blot analysis of ion channel and connexins protein

levels from atrial tissues. Compared to Sham and Ad-ACE2 group,

the protein expression levels of Kv4.2/4.3 and Cx43 in AF-control

and Ad-EGFP groups were significantly lower, but the protein

expression levels of L-type Ca?? CP a1C protein and Cx40 in Sham

group were higher than other 3 groups. Kv4.2/4.3: *p\ 0.01 versus

sham; #p\ 0.01 versus sham; #p\ 0.01 versus AF-control and Ad-

EGFP. L-type Ca?? CP a1C protein: *p\ 0.01 versus sham;
#p\ 0.01 versus sham; #p\ 0.01 versus Sham, n = 7. Cx43/Cx40:

*p\ 0.05 versus sham; #p\ 0.05 versus sham; #p\ 0.05 versus AF-

control and Ad-EGFP, n = 7
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significant difference in terms of AERP observed between

AF-control and Ad-ACE2 group. Of note, other Ca2?

handling proteins and ion channel proteins, such as RyR2,

Serca2a, Calsequestrin, NCX1, can be implicated in atrial

repolarization and electrical remodeling except ICaL [9,

39]; moreover, above ion channel current density were not

evaluated; and all of them were not addressed in this paper

and are worth to more work for this subject.

To our best knowledge, this study firstly focused on the

effects of ACE2/Ang-(1–7) on expression and distribution

of CX43 and CX40. As part of electrical remodeling,

changes in gap junctions and connexins in AF have been

Table 11 Western blot analysis of connexin 40 and connexin 43 protein levels from atrial tissues

Sham AF-Control Ad-EGFP Ad-ACE2 *p #p #p

Connexin 40 0.24 ± 0.05 0.39 ± 0.14 0.38 ± 0.13 0.19 ± 0.16 0.011 0.018 \0.01

Connexin 43 1.16 ± 0.49 0.61 ± 0.39 0.58 ± 0.30 1.12 ± 0.57 0.031 0.022 0.044/0.031

Kv 4.2 protein 1.56 ± 0.09 0.49 ± 0.03 0.50 ± 0.02 1.51 ± 0.12 \0.001 \0.001 \0.001

Kv 4.3 protein 1.47 ± 0.10 0.61 ± 0.09 0.50 ± 0.07 1.49 ± 0.12 \0.001 \0.001 \0.001

L-type Ca?? CP a1C 3.20 ± 0.27 1.47 ± 0.23 1.54 ± 0.15 1.65 ± 0.19 \0.001 \0.001 \0.001&

* Sham vs. AF-Control; * Sham vs. Ad-EGFP; # Ad-ACE2 vs. Ad-EGFP (or AF-control); & Ad-ACE2 vs. Sham, n = 7

Fig. 11 Representative confocal immunohistochemistry images of CX40 (red) and CX43 (green). CX43 was located mainly at the intercalated

discs, while CX40 was located predominantly at the lateral sarcolemma, n = 7
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reported. Previous work on connexin expression and

function in animal models and humans primarily points

towards AF-associated remodeling in which there is a

decrease in Cx43 expression but an increase in Cx40

expression [33]. The present study once again confirmed

the previous reports, and further demonstrated that ACE2

overexpression reversed connexin remodeling and ulti-

mately reduced AF inducibility. Of note, in the AF-control

and Ad-EGFP group, reduced CX43 were mainly found at

the cell poles, i.e., at the intercalated discs interconnecting

the ends of the myocytes, while increased CX40 were

located at the lateral borders, which has been interpreted as

the basis of the anisotropy in atrial tissues. Furthermore,

these changes would lead to an increase of non-uniform

anisotropy and local conduction heterogeneity facilitating

reentry in the dilated atria, resulting in the increase of AF

inducibility [33]. However, we have not observed any

major changes in the ratio of phosphorylated and non-

phosphorylated forms of CX40 and CX43 in association

with the change of CX40 and CX43 expression levels.

Further experiments are necessary to elucidate the mech-

anisms involved in ACE2-induced changes of these two

cardiac connexins.

Previous studies have demonstrated that Ang II had

direct electrophysiologic effects via modification of ion

channels related to atrial repolarization, such as Ito and

ICaL, and connexins [13, 29]. Some evidence suggested

that activated MAPKs by Ang II also had a certain effects

on ion channel and connexin [3, 35]. Therefore, the ame-

lioration of ion channels (Cav1, 2, Kv4.2/Kv4.3, KChiP2),

and connexins remodeling by ACE2 overexpression in this

study, as well as Ca2? handling remodeling in previous

study, might be related to its inhibition of MAPKs through

up-regulation of MKP-1. Conceivably more detailed

molecular mechanisms are awaited with great interest.

Additionally, for the effects of ACE2/Ang-(1–7) axis on

cardiac electrical remodeling, a few studies yielded dis-

crepant results [7, 12, 14], with antiarrhythmic or proar-

rhythmic effects. More intensive researches are needed to

illuminate on this crucial issue.

Conclusion

In conclusion, ACE2 overexpression could shift the RAS

balance towards the protective axis, and attenuate cardiac

fibrosis remodeling associated with reversed imbalance

between MAPKs and MKP-1, ameliorate tachypacing-in-

duced ion channels and connexins remodeling, and subse-

quently reduce the inducibility and duration of AF.

Therefore, ACE2 overexpression by homogeneous trans-

mural atrial gene transfer could improve atria electrical and

structural remodeling in a canine atrial-pacing model.
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