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Abstract

Objective: The objective of this article is to investigate the possible role of atrial natriuretic peptide (ANP) in
Angiotensin-(1-7) (Ang-(1-7)) signaling pathway on atrial electrical and structural remodeling in a chronic rapid atrial
pacing canine model.

Methods: Twenty-four dogs were randomly assigned to four groups: a sham group, paced control group, a paced + Ang-
(1-7) group and a paced + Ang-(1-7) + A-71915 group. Atrial rapid pacing (ARP) at 600 bpm was maintained for 14 days
except in the animals from the sham group. During the pacing, Ang-(1-7) (6 pgekg-1+h-1) or Ang-(1-7) (6 pgekg-1°h-1) +
A-71915 (ANP receptor antagonist, 0.30 pgekg-1°h-1) were given intravenously, respectively. After pacing, it was measured
that electrophysiological parameters including atrial effective refractory periods (ERPs), inducibility and duration of atrial
fibrillation (AF), I, and ly, changed, where I, refers to voltage-dependent L-type Ca?* current and I, refers to cardiac
sodium current. Then, the fibrosis and the expression of Cavl.2, I,,|.5a subunit, TGF-3, and ANP in atria were assessed.
Results: After ARP, compared with the sham group, the atrial ERPs at six sites in each dog were shortened with the
increasing in inducibility and duration of AF in the paced control group. The density of I, Iy, and the expression of
Cavl.2, I,,1.5a subunit mRNA were decreased. Atrial tissue from the paced dogs showed significant interstitial fibrosis.
The expression of TGF-, and ANP in mRNA and protein levels were increased. Compared with the paced control
group, the shortening of atrial ERPs, and the increasing of inducibility and duration of AF induced by ARP were alleviated
by Ang-(1-7) treatment (p < 0.05). The density of I, and Iy, and the expression of Cavl.2 and I, |.5a subunit mRNA
were slightly decreased. Atrial tissue showed less interstitial fibrosis after Ang-(1-7) treatment. The increasing of ANP
expression was improved by Ang-(1-7), while the increasing of TGF-f3, expression was alleviated by Ang-(1-7) (p < 0.05).
A-71915 treatment blocked the beneficial effects of Ang-(1—7) on the aforementioned electrophysiological parameters
and atrial fibrosis. And A-71915 treatment blocked Ang-(1-7), improving the expression of TGF-f3,.

Conclusion: Ang-(1-7) prevented atrial structural and electrical remodeling induced by ARP. Furthermore, Ang-(1-7)
promoted ANP secretion, and ANP played a crucial role in the cardiac protection of the former.
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Ang II as a new member of the RAS.> Recently, research
has clarified the essential metabolic pathway of Ang-(1-7).
It was converted by Ang II or neutral endopeptidase mainly
from Angiotensin I (Ang I).” As an alternative origin, Ang-
(1-7) can be transformed directly from Ang II by the Ang-
converting enzyme (ACE) 2, which is a homolog of ACE.3
In a recent study, Ang-(1-7) was implicated to decrease car-
diac fibrosis through the Mas/PI3K/Akt/NO axis, which
was participated in by the increased atrial natriuretic peptide
(ANP) secretion in vitro.” In our previous research, Ang-
(1-7) proved able to prevent the shortening of atrial effec-
tive refractory periods (ERPs) and the increasing of AF
vulnerability mediated by the Mas/PI3K/Akt/NO signaling
pathway, in which ANP played a crucial role.! Thus, the
purpose of our present study was to investigate the potential
role of ANP in the effects of Ang-(1-7) on chronic atrial
remodeling in an atrial rapid pacing (ARP) canine model.

Methods and materials

Preparation of the canine model

We obtained experimental animal use approval from the
Experimental Animal Administration Committee of
Tianjin Medical University and the Tianjin Municipal
Commission for Experimental Animal Control. In our
study, 24 mongrel dogs of both sexes weighing 13 kg to 17
kg purchased from the Laboratory Animal Center of
Tianjin Medical University were randomly assigned to a
sham group (group S), paced control group (group C),
paced + Ang-(1-7) group (group A), or a paced + Ang-
(1-7) + A-71915 group (group N), six dogs in each group.
The animals were anesthetized with pentobarbital sodium
(30 mgekg-1) intravenously. Under aseptic technique,
after intubation and mechanical ventilation, the distal end
of a modified unipolar J pacing lead (St Jude Medical,
MN, USA) was inserted into the right atrium through the
right jugular vein. Initial atrial capture was verified with
the use of an external stimulator (DF5A, Suzhou, China).
Next, the proximal end of the pacing lead was connected to
a programmable pacemaker (made in Shanghai Fudan
University, China), which was inserted into a subcutane-
ous pocket in the neck. The atria in the paced control
group, paced + Ang-(1-7) group and paced + Ang-(1-7) +
A-71915 group were paced at 500 beats per minute (bpm)
(120-ms cycle length) with the use of 0.2-ms square-wave
pulses at twice-threshold current continuously for 14 days.
The surface electrocardiogram (ECG) was examined to
verify continuous 1:1 atrial capture on the first day and
then every other day after operation in awake dogs. The
pacemaker was implanted in the dogs in the sham group
without pacing. Fresh wound dressings were changed for
all dogs in each group every other day to avoid postopera-
tive infection, and they were fed carefully. During the pac-
ing, Ang-(1-7) (6 pgekg-1¢h-1) (Bachem AG, Bubendorf,
Switzerland) or Ang-(1-7) (6 pgekg-1¢h-1) + A-71915
(ANP receptor antagonist, 0.30 pgekg-1¢h-1) (Bachem

AG, Bubendorf, Switzerland) were given intravenously
through a jugular vein catheter by an ALZET® osmotic
pump (DURECT Corporation, Cupertino, CA, USA) con-
tinuously during ARP for 14 days, respectively. Direct sys-
tolic blood pressure was measured during anesthesia
before and after ARP for two weeks. Surface ECG and
blood pressure were recorded by a multichannel physio-
logical recorder (Model P4B533-K, China). The Ang-(1—
7) dose was selected because 6 pgekg-1+h-1 is verified as
the highest dose that wouldn’t affect blood pressure in our
preliminary study (before and one hour after continuous
Ang-(1-7) infusion the systolic blood pressures were
137+13 mm Hg vs 134+15 mm Hg, p > 0.05, n = 10)).
Studies by Shah et al.® and us!? proved the ratio of A-71915
and Ang-(1-7) adopted for the present study optimum to
block the beneficial effects of Ang-(1-7) for preventing
cardiac antihypertrophy and atrial electrical remodeling
induced by ARP.

Protocol of atrial ERPs measurement and AF
induction

After the aforementioned operation for two weeks, each
dog underwent an electrical examination. After intubation
and mechanical ventilation under sterile technique, a
median sternotomy was operated. Six pairs of electrodes
(diameter: 1.5 mm and distance between poles: 1.5 mm)
were sewn on the left and right atrial epicardium (LA and
RA). The corresponding sites were at the high left and
right atria (HLA and HRA), left and right atrial appendage
(LAA and RAA) and low left and right atria (LLA and
LRA). Saline was given intravenously by a jugular vein
catheter, while systemic blood pressure was monitored
through an arterial catheter inserted into the left femoral
artery in each dog. In our study, we observed the changes
in atrial ERPs, inducibility and duration of AF at basic pac-
ing cycle lengths (BCLs) of 300 ms (BCL300), 250 ms
(BCL250), and 200 ms (BCL200) at six aforementioned
sites. When the atrial ERP was measured, the coupling
interval of the extrastimulus (S2) at various BCLs was
shortened in 2 ms steps and the longest coupling interval
that failed to capture the atrium was defined as the ERP.
AF induction was defined as P wave disappearance, rapid
atrial activation with irregular ventricular response on
atrial ECG after atrial programmed stimulation (S1-S2),
which was attempted for three times at each site. The site
where AF persisted longer than 1 second was denoted as
an AF induction site. Then, the AF induction sites were
excluded for atrial ERP analysis. Meanwhile, the duration
of induced AF was recorded in each site.

Single-cell electrophysiological study

Cell isolation. After the electrical examination, the hearts
were excised as soon as possible. Single cells were iso-
lated from the LA by the methods developed in previous
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studies.!112 The excised hearts were immediately immersed
in Tyrode’s solution at room temperature. All solutions
used for dissection and perfusion were equilibrated with
100% O,. The left circumflex artery was cannulated, and
the heart was immersed in Ca*-free Tyrode’s solution at
4°C for 5 minutes until the heartbeat stopped. Any leaking
arterial branches were ligated with silk thread to ensure
adequate perfusion. Then, the tissue was perfused at
25 ml/min with Ca?*-free Tyrode’s solution for 20 min-
utes, followed by the same solution containing collagenase
(100 U/ml, CLSII, Worthington Biochemical Corp., Lake-
wood, NJ, USA) and 0.5% bovine serum albumin (Sigma
Chemical Co., St. Louis, MO, USA) for 40 minutes. Sof-
tened tissue was removed from a well-perfused region of
the LA-free wall with forceps, triturated gently, and kept
in a high-K* storage solution at room temperature. Only
quiescent rod-shaped cells with clear cross striations were
selected. A small aliquot of the solution containing the iso-
lated cells was placed in a 1-ml chamber mounted on the
stage of an inverted microscope (Olympus Corp., Tokyo,
Japan). Cells would adhere to the bottom of the chamber
for 5 minutes and then be superfused at 3 ml/min with
Tyrode’s solution. Ionic currents were recorded 5 minutes
after membrane rupture.

Solutions. Tyrode’s solution contained (mmol/l) NaCl 136,
KCl5.4,MgCl, 0.8, CaCl, 1.8, NaH,PO, 0.33, dextrose 10,
and HEPES 10, pH 7.4 (adjusted with NaOH). The high-K*
storage solution contained (mmol/l) KCI1 20, NaH,PO, 10,
dextrose 10, glutamic acid 70, taurine 10, and ethylene gly-
col tetraacetic acid (EGTA) 10, along with 0.5% albumin,
pH 7.4 (adjusted with potassium hydroxide (KOH)).

The pipette solution for studying the L-type calcium
current (/o, ) contained (mmol/l) guanosine-5’-triphos-
phate (GTP) 0.1, CsCl 20, TEA-CI 20, aspartic acid 80,
CsOH 80, MgCl, 1, HEPES 10, EGTA 10, Mg,ATP 5,
Na,GTP 0.1 and Na, phosphocreatine 5, pH 7.25 (adjusted
with CsOH). The same pipette solution was used to study
the inward Na+ exchange current (/y,).

The extracellular solution for studying /,; was Tyrode’s
solution. The extracellular solution for studying 7, con-
tained (mmol/l) Choline-Cl 110, CsCl 20, MgCl, 1,
HEPES 10, Glucose 10, NaCl 10 and CaCl, 1.8.

Data acquisition. The whole-cell patch-clamp technique
was used with an Axopatch 200B amplifier (Axon Instru-
ments, CA, USA) to record ionic currents in voltage-clamp
mode. Borosilicate glass microelectrodes (1.5-mm outer
diameter, 1.1-mm inner diameter) with tip resistances of
2.5 to 5 MQ were used.

Resistance (Rs) was electrically compensated to min-
imize the duration of the capacitive surge on the current
recording and the voltage drop across the clamped cell
membrane. Precompensation Rs values averaged 6.9+£0.8
MQ. The mean Rs after compensation averaged 2.3+0.6
MQ.

Membrane capacitance of the cells averaged
65.80+20.33 pF in the sham group (n = 20 cells),
68.24+20.00 pF in the paced control group (n = 24 cells),
63.40+13.68 pF in the paced + Ang-(1-7) group (n = 22
cells), and 60.12+15.87 pF in the paced + Ang-(1-7) +
A-71915 group (n =26 cells). To control the cell-size vari-
ability, the currents were expressed as densities (pA/pF).

Histology

Small portions of the left atrial free wall were excised and
fixed for histological analysis. Tissue fibrosis was evalu-
ated by Masson’s trichrome staining. Microscopic images
were analyzed with Motic Images Advanced 3.2 software.
Connective tissue was identified according to its color, and
a percentage of the fibrotic tissue area was recorded to
express the degree of fibrosis. These analyses were per-
formed by a pathologist unaware of the treatment.

Total RNA preparation and quantitative
analysis by real-time reverse transcription
polymerase chain reaction (real-time RT-PCR)

After the electrophysiological studies, the left atrium was
cut off and used for molecular biological studies.
Specimens were rapidly frozen in liquid nitrogen and
stored separately at —80°C for further analysis. One aliquot
of each tissue sample was used to investigate the messen-
ger RNA (mRNA) expression of transforming growth fac-
tor (TGF)-B, and ANP. In brief, 100 mg of tissue was
homogenized in 1 ml of TRIzol reagent (Life Technology
of Thermo Fisher Scientific Inc, MA, USA) extracted with
chloroform and precipitated in isopropyl alcohol. Total
RNA was incubated in DNase I (0.2U/ul, Invitrogen,
Carlsbad, CA, USA) for 30 minutes, extracted by phenol-
chloroform, precipitated in isopropyl alcohol, and subse-
quently dissolved in diethylpyrocarbonate (DEPC)-treated
water. The integrity of each sample was checked on a
denaturing agarose gel. The concentration of total RNA
was determined spectrophotometrically to be pure if a ratio
of optical density (OD) 260:280 > 1.6. Samples were
stored at —80°C until used for real-time RT-PCR analysis.

Specific oligonucleotide primer pairs used for amplifica-
tion of TGF-f3, and ANP genes were designed according to
the sequences obtained from GenBank. GenBank accession
numbers were NM_ 001003309 (TGF-B,), XM 845264
(ANP), and NM 001003142.1 (glyceraldehyde-3-phosphate
dehydrogenase (GADPH)). The primers specific for each
protein were: 5’- CCTGCTGAGGCTCAAGTTAAA/S’-
ACATCAAAGGACAGCCATTCT (TGF-B,), 5’-GAGGC
AGGATGGATAGGATTG/5’-CCGTGGTGCTGA
AGTTTATTG (ANP), and 5’- GGCGTGAACCATGA
GAAGTAT/5’-GTGGAAGCAGGGATGATGTT
(GADPH). mRNA was transcribed into complementary
DNA (cDNA) by TagMan Reverse Transcription Reagents
Kit. Relative mRNA expression values analyses were
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Table I. Hemodynamic parameters before and after pacing in each group (x % s).

Groups Heart rate (bpm) Systolic blood pressure (mm Hg)

Before pacing After pacing b Before pacing After pacing b
S 186£13 186£15 >0.05 143+8 14419 >0.05
C 189£11 187£16 >0.05 14249 145£13 >0.05
N 182+12 18419 >0.05 142+13 145£12 >0.05
A 186£10 187+12 >0.05 145£13 146+9 >0.05
F 0.38 0.07 0.09 0.02
P >0.05 >0.05 >0.05 >0.05

S: sham group; C: paced control group; N: paced+ Ang-(1-7) + A-71915 group; A: paced + Ang-(1-7); F: variance ratio; P: P-value.

validated by real-time RT-PCR with SYBR Green
(TAKARA Biotechnology Co., Ostu, Shiga, Japan).
Efficiency of the amplification reaction or potential varia-
tion in RNA loading was corrected by the expression of
GAPDH as endogenous control. The corresponding PCR
products were 98 bp and 110 bp, respectively. The real-time
RT-PCR consisted of 40 cycles of 95°C for 15 seconds,
57°C for 30 seconds and 72°C for 32 seconds. Relative
expression values were calculated as previously
described.!*!4 The expression level of GAPDH was used as
an internal control.

Protein extraction and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blotting

The left atrium (0.1 g/sample) was lysed in a homogeniza-
tion buffer for 15 minutes at 35°C using the delipidation
method as previously described. Protein extracts from the
left atrium were prepared with M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific Pierce, IL,
USA) and quantified with BCA Protein Assay Kit (Thermo
Fisher Scientific Pierce, IL, USA).

In brief, protein electrophoresis was performed on 10%
Tri-HCI polyacrylamide-ready gel and electroblotted onto
Hybond-C extra nitrocellulose membranes. Membranes
were incubated with antibody against TGF-, (Abcam,
Cambridge, UK), ANP (Abcam, Cambridge, UK), and
B-actin (Abcam, Cambridge, UK). Then, membranes were
incubated with the secondary antibody. Proteins were visu-
alized by chemiluminescence using the ECLTM Western
blotting system and the signals were detected and recorded
by autoradiography. The concentration of target proteins
was determined by signal intensity (integral volume) of the
appropriate bands on autoradiogram analyzed by a scanner
and Quantity One software.

Statistical analysis

All data are expressed as mean+SD. Statistical compari-
sons among groups were performed with analyses of

variance (ANOVAs). If significant effects were indicated
by ANOVA, a ¢ test with Bonferroni’s correction or
Dunnett’s test was used to evaluate the significance of dif-
ferences between individual mean values. Inducible rate of
AF was analyzed with exact probability test and duration of
AF was compared by Wilcoxon rank sum test. A two-tailed
p <0.05 was taken to indicate statistical significance.

Results

Hemodynamic parameters

As summarized in Table 1, there was no significant differ-
ence in ventricular rate or systolic blood pressure between
groups at baseline (p > 0.05) and no difference was found
after ARP for two weeks (p > 0.05), while the heart rate
and blood pressure were not affected by ARP in each group
(p > 0.05).

Atrial ERPs at various BCLs

In the paced control group, atrial ERPs of the six atrial
sites at BCL300, BCL250 and BCL200 were shortened
significantly compared with the sham group (p < 0.05). In
group A the shortening of atrial ERPs in most of the atrial
sites was attenuated by Ang-(1-7) treatment at various
BCLs compared with the animals in the paced control
group (p < 0.05). The atrial ERPs of the dogs treated by
A-71915 showed no difference compared with the paced
control group (p > 0.05) (Figure 1(a)—(c)).

Inducibility and duration of AF

There were overall 36 sites in the six dogs in each group,
where six atrial sites in each dog were used to record elec-
trophysiological data and induce AF. Compared with the
sham group, the inducible rate of AF was elevated at vari-
ous BCLs in the paced control group (p < 0.05). However,
the increasing of inducibility and duration of AF was atten-
uated after Ang-(1-7) treatment at various BCLs, com-
pared with the paced control group (p < 0.05). The
inducibility and duration of AF in the group treated by
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Figure 1. (a) At BCL300, the atrial ERPs of six sites were shortened significantly in the paced control group compared with the
sham (1p < 0.05). After Ang-(1-7) treatment, the shortening of atrial ERPs was attenuated except at LAA compared with the paced
control group (*p < 0.05). The atrial ERPs of the dogs treated by A-71915 showed no difference compared with the paced control
group (p > 0.05). (b) At BCL250, the atrial ERPs of six sites were shortened in paced control group compared with the sham ({p <
0.05). The shortening of atrial ERPs in Ang-(1—-7)-treated dogs was attenuated except at the HRA, HLA and LAA compared with the
paced control group (*p < 0.05). The atrial ERPs of the dogs treated by A-71915 showed no difference compared with the paced
control group (p > 0.05). (c) At BCL200, the atrial ERPs of six sites were shortened in the paced control group compared with the
sham (1p < 0.05). The shortening of atrial ERPs in Ang-(|—7)-treated dogs was attenuated except at the LLA compared with the
paced control group (*p < 0.05). The atrial ERPs of the dogs treated by A-71915 showed no difference compared with the paced
control group (p > 0.05). BCL: basic pacing cycle; ERPs: effective refractory periods; HRA: high right atria; HLA: high left atria; LAA:
left atrial appendage; LLA: low left atria; AERPS: atrial effective refractory periods; Ang-(1-7): Angiotensin-(1-7); S: sham group; C:
paced control group; A: paced + Ang-(1-7); N: paced+ Ang-(1-7) + A-71915 group.

A-71915+Ang-(1-7) showed no difference compared with ~ dogs appeared normal. In contrast, atrial tissue from the
the paced control group (p > 0.05) (Table 2). dogs in the paced control group and A-71915+Ang-(1-7)
group showed obvious interstitial fibrosis spreading
throughout the tissue. In addition, atrial myocytes of het-
erogeneous size and arrangement were found in these tis-
Typical histological sections from each group are shown in sues. These pathological abnormal findings were
Figure 2(a)—(d). Interstitial fibrosis is shown in blue by attenuated in the Ang-(1-7) group. A quantitative analysis
Masson trichrome staining. Atrial tissue from the sham to evaluate atrial fibrosis is shown in Figure 2(e). The

Pathological examination
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percentage of fibrosis in the left atria in the Ang-(1-7)
group was significantly lower than that in the paced con-
trol group (5+1% vs 18+1%, p <0.01), but was higher than

Table 2. The inducibility and duration of AF in each group at
various BCLs.

Groups BCL300ms BCL250ms BCL200ms

lc Dr lc Dr lc Dr
S 1/30 0 0 1/30
C 14/30=  45%122  11/30* 46£15* 13/30° 48122
N 12/30=  47+14> 11/300 50+152 13/302 44+]12
A 3/30b | 1+4b 3/30° 13+5b 4/30> 10£3°

AF was induced at six sites in each heart; six dogs and overall 36 sites
were studied in each group. Ic: Sites where AF was induced. Dr: Aver-
age duration of induced AF (x * s, second). Ic and Dr were increased
significantly in the paced control group at various BCLs (vs sham, 2p

< 0.05). In Ang-(1-7)-treated dogs, the increasing of Ic and Dr was
attenuated compared to paced control group (°p < 0.05). However,
the lc and Dr in the groups treated by A-71915+Ang-(1-7) showed no
difference to the paced control group (p > 0.05). Ang-(1-7): Angioten-
sin-(1-7); BCL: basic pacing cycle length. AF: atrial fibrillation. S: sham
group; C: paced control group; N: paced+ Ang-(1-7) + A-71915 group;
A: paced + Ang-(1-7).

that in the sham group (5+1% vs 2+1%, p < 0.01). There
was no statistical difference between the paced control
group and the A-71915+Ang-(1-7) group.

I, changes

Figure 3 illustrates the overall results for /, current densi-
ties. Depolarizing 100-ms pulses ranging from —80 mV to
+60 mV elicited /y, in atrial myocytes in dogs. Iy, density
was markedly decreased without any changed form of the
current-voltage (I-V) curve in the paced control group.
The decreasing of maximum peak /y, density was obvi-
ously prevented after Ang-(1-7) treating compared with
paced control group. But statistical differences were not
found in the maximum peak /, density between the paced
control group and the paced + Ang-(1-7) + A-71915 group.
Maximum peak /, density averaged —48.67+20.04 pA/pF
in the sham group (n = 11 cells), =30.26+9.13 pA/pF in the
paced control group (n = 12 cells, p < 0.05 vs sham),
—43.13+14.83 pA/pF in the paced + Ang-(1-7) group (n =
8 cells, p < 0.05 vs control), —=32.29+9.82 pA/pF in paced
+ Ang-(1-7) + A-71915 group (n = 9 cells, p > 0.05 vs
control), respectively.

Interstitial Fibrosis(%)

-
o
L

-
=]
1

o
1

Figure 2. Panels 2(a)—(d) show the representative histologic sections of the left atrial free wall from a sham dog (a), paced

control dog (b), Ang-(1-7)-treated dog (c) and Ang-(1-7)+A-71915-treated dog (d). Interstitial fibrosis is shown in blue by Masson
trichrome staining. Atrial tissue from the sham dog appeared normal. Extensive interstitial fibrosis can be seen in the paced control
dog, but is attenuated in the Ang-(1-7)-treated dog. There was no statistical difference between the paced control group and the
A-71915+Ang-(1-7) group (x200; Masson trichrome staining). (e) A quantitative analysis to evaluate atrial fibrosis. The percentage
of fibrosis in the left atria in the Ang-(1-7) group was significantly lower than that in the paced control group, but was higher than
that in the sham group (p < 0.01). There was no statistical difference between the paced control group and the A-71915+Ang-(1-7)
group. S: sham group; C: paced control group; A: paced + Ang-(1-7); N: paced+ Ang-(1-7) + A-71915 group; Ang-(1-7):
Angiotensin-(1-7). 1p < 0.0] compared with the sham group, *p < 0.0 compared with the paced group.
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Figure 3. Overall results for I, current densities.
Depolarizing 100-ms pulses from —80 mV elicited I, in atrial
myocytes from dogs. Iy, density was significantly decreased in
paced group. Although I\, density decreased in paced dogs,
the form of the |-V curve did not change. The reduction of
maximum |, density was significantly prevented by Ang-(1-7)
compared with the paced control group (p < 0.05). But no
significant differences were found in I, density between the
paced control group and the paced + Ang-(1-7) + A-71915
group. l,: inward Na+ exchange current; Ang-(1-7):
Angiotensin-(1-7); S: sham group; C: paced control group; A:
paced + Ang-(1-7); N: paced+ Ang-(1-7) + A-71915 group; I-V:
current-voltage.

I, changes

Any accumulative effect on I, attenuation was mini-
mized when waiting for 5 minutes after membrane rupture
in our study.

Figure 4 illustrates the overall results for /-, current
densities. Depolarizing 200-ms pulses ranging from —50
mV to +50 mV elicited typical I, . The density of /,; was
significantly decreased by ARP for 14 days. Maximum
peak I, density averaged —3.64+1.06 pA/pF in the paced
control group (n = 8 cells) was decreased compared with
—7.1241.23 pA/pF in the sham group (n = 9 cells) (p <
0.05). The maximum peak density of /-, in the paced +
Ang-(1-7) group (—6.17£1.61 pA/pF, n =7 cells) was sig-
nificiantly higher than that in paced control group (p <
0.05), but the maximum peak density of /,; in the paced +
Ang-(1-7) + A-71915 group (—4.30+0.99 pA/pF, n = 6
cells) showed no changes compared with the paced control
group (p > 0.05).

Expression of Iy,,!.5a subunit (Navl.5a),
Cavl.2, TGF-3, or ANP mRNA

Figure 5(a)—(d) shows the relative mRNA expression val-
ues of Navl.5a, Cavl.2, TGF-B, or ANP mRNA in six
hearts (one independent determination per heart) from the
dogs in each group. In the paced control group, the expres-
sion of Navl.5a and Cavl.2 mRNA was decreased

Figure 4. Overall results for I, current densities.
Depolarizing 200-ms pulses ranging from —=50 mV to +50 mV
elicited typical I, . After 14 days of atrial pacing, I, density
was significantly reduced in the paced control group (p < 0.05).
The decreasing of I, density in the paced + Ang-(1-7) group
was obviously attenuated compared with that in the paced
control group (p < 0.05), but the density of I, in the paced +
Ang-(1-7) + A-71915 group was not changed compared with
the paced control group (p > 0.05). I, : L-type calcium current;
Ang-(1-7): Angiotensin-(1-7); S: sham group; C: paced control
group; A: paced + Ang-(1-7); N: paced+ Ang-(1-7) + A-71915
group.

significantly after 14 days of ARP (p < 0.05 vs sham). The
decreasing of Nav1.5a and Cav1.2 mRNA expression was
attenuated by Ang-(1-7) treatment (p < 0.05). TGF-f, or
ANP mRNA expression was increased in the paced control
group (p < 0.05 vs sham). The increasing of TGF-p,
mRNA expression was attenuated in the Ang-(1-7) group
(p < 0.05). The increasing of ANP mRNA expression
was amplified in the Ang-(1-7) group and the
A-71915+Ang-(1-7) group (p < 0.05). There was no sig-
nificant difference in the expression of Navl.5a, Cavl.2
or TGF-B; mRNA between the paced control group and
the A-71915+Ang-(1-7) group.

ANP or TGF-f3, changes in protein level

Lanes S, C, N and A shows the protein expression values
of ANP or TGF-f, in the sham group, paced control group,
paced+Ang-(1-7)+A-71915 or paced+Ang-(1-7) group,
by the method of Western blotting, respectively (Figure 6).
ANP or TGF-B, expression was increased in the paced
control group (p < 0.05 vs sham). The increasing of ANP
protein expression was amplified in the Ang-(1-7) group
and A-71915+Ang-(1-7) group (p < 0.05). The increasing
of TGF-B, protein expression was attenuated by Ang-(1—
7) treatment (p < 0.05). There was no statistical difference
in the protein expression of TGF-B3, between the paced
control group and the paced + Ang-(1-7) + A-71915 group
(» > 0.05).
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Figure 5. Relative mRNA expression values of Navl.5a (a), Cavl.2 (b), TGF-B, (c) or ANP (d) mRNA in six hearts (one
independent determination per heart) from each group of dogs. In the paced control group, Navl.50 and Cavl.2 mRNA expression
were decreased significantly after 14 days of atrial rapid pacing (p < 0.05 vs sham). The decreasing of Nav|l.5c. and Cavl.2 mRNA
expression was attenuated by Ang-(1-7) treating (p < 0.05). TGF-, or ANP mRNA expression was increased in the paced control
group (p < 0.05 vs sham). The increasing of TGF-; mRNA expression was attenuated by Ang-(1-7) treatment (p < 0.05), but the
increasing of ANP mRNA expression was amplified in the Ang-(1-7) group and the A-71915+Ang-(1-7) group (p < 0.05). There
was no statistical difference in the expression of Navl.5a, Cavl.2, or TGF-; mRNA between the paced control group and the
A-71915+Ang-(1-7) group. mMRNA: messenger RNA; TGF-f,: transforming growth factor 3;; ANP: atrial natriuretic peptide; Ang-

(1-7): Angiotensin-(1-7).

Discussion

RAS has been proved to participate in several cardiovascu-
lar diseases, including hypertension, myocardial infarc-
tion, cardiomyopathy, arrhythmias and so on. In the latest
two decades, another heptapeptide, Ang-(1-7) transformed
from Ang I and/or Ang I, as a novel member of RAS has
been focused on because of its excitingly protective roles
in the cardiovascular system such as vasodilation and anti-
trophic effects.!>16 Research has also investigated the
related signaling pathway mediating the beneficial effects
of Ang-(1-7) on the heart. A recent study suggested that
Ang-(1-7) prevented cardiac electrical remodeling through
increasing ANP secretion mediated by Mas/PI3K/Akt/NO
signaling pathway in vitro® in accordance with our previ-
ous study in vivo.!% In our previous study, after two-hour

ARP in a canine model, Ang-(1-7) promoted the increas-
ing of atrial ANP concentration and prevented atrial elec-
trophysiological abnormality including the shortening of
atrial ERPs and the increasing of AF vulnerability induced
by ARP through the Mas/PI3K/Akt/NO axis. ANP was
suggested to participate in the beneficial effects of Ang-
(1-7) by preventing electrical remodeling induced by
ARP.1* However, the aforementioned results were obtained
only in the acute pacing atria of dogs in our previous study;
the ionic channel function, the related protein and gene
expression, and the atrial histopathological characteristics
were not as easily affected in an acute ARP model.%!7
Thus, in the present study, a canine model of ARP for two
weeks was established to find more evidence on the
changes of ionic channel function, the related protein and
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Figure 6. Lanes S, C, N and A show the protein expression
values of ANP or TGF-$, in the sham group, paced control
group, paced + Ang-(1-7) + A-71915 or paced + Ang-(1-7)
group, by the method of Western blotting, respectively. ANP
or TGF-3, expression was increased in the paced control
group (p < 0.05 vs sham). The increasing of ANP expression
was amplified in the Ang-(1-7) group and A-71915+Ang-(1-7)
group (p < 0.05), but the increasing of TGF-3, protein
expression was attenuated by Ang-(1-7) treatment (p <
0.05). There was no statistical difference in the protein
expression of TGF-3, between the paced control group and
the paced + Ang-(1-7) + A-71915 group. TGF-,: transforming
growth factor 3;; ANP: atrial natriuretic peptide; Ang-(1-7):
Angiotensin-(1-7); S: sham group; C: paced control group; A:
paced + Ang-(1-7); N: paced+ Ang-(1-7) + A-71915 group.

gene expression, and atrial histopathological characteris-
tics to clarify the potential role of ANP in the effects of
Ang-(1-7) on atrial remodeling. The present results indi-
cated that: 1) Ang-(1-7) augmented the increasing of atrial
ANP secretion in gene and protein levels induced by ARP.
2) Ang-(1-7) alleviated the electrophysiological abnor-
mality including the shortening of atrial ERPs and the
increasing of AF vulnerability. Furthermore, Ang-(1-7)
attenuated the decreasing of /,; and /y, densities, and the
decreasing of related channel protein expression. 3) Ang-
(1-7) suppressed TGF-3, expression and atrial fibrosis
observed in Masson trichrome staining induced by ARP. 4)
The aforementioned roles of Ang-(1-7) were blocked by
the antagonist of ANP. Thus, ANP played a crucial role in
the beneficial effects of Ang-(1-7) on atrial remodeling.

Effects of Ang-(1-7) on atrial remodeling
induced by ARP

Effects of Ang-(1-7) on atrial ERPs, AF vulnerability and ionic
changes. ARP is an effective stimulus to induce atrial
remodeling.'® Nakashima and Kumagai'® showed in dogs
after ARP for two weeks, atrial ERPs were shortened cou-
pled with the increasing of intra-atrial conduction times
(CTs) and duration of induced AF. This agreed with our
previous and present studies, and was proved to be related
to AF development and maintenance. Ang-(1-7) was
shown to attenuate the shortening of atrial ERPs and the
increasing of AF vulnerability after ARP in our previous

and present study, which was related to some ionic
changes. The densities of I, /-, and Iy, and the expres-
sion of related ionic channel subunits genes were depressed
by ARP while Ang-(1-7) prevented the depression of I,
I, and I, mRNA expression.? Thus, atrial remodeling
induced by ARP is associated with characteristic ionic
remodeling. According to a report from Yue et al.,2! ARP
induced the decreasing of action potential duration (APD)
and APD adaptation to the rate of the atrial myocytes. The
densities of I, and /., in the atria were decreased coupled
with the duration of rapid pacing increasing. After ARP
for one week, the concentration of /75 Kv4.3 and /,; a1C
subunit mRNA was reduced by 60% and 57%, respec-
tively. The protein expression for Kv4.3 was decreased in
accordance with the changes of mRNA and /1, (/1o refers
to transient outward current).?! According to another report
from the same research group, the downregulation of the
L-type Ca?" channel gene in AF was demonstrated to be
coupled with the densities of the /., channel through
dihydropyridine receptor binding assays.??> These results
indicated that chronic ARP altered the expression of atrial
ion channel in gene and protein levels to result in the
related current changes. The aforementioned abnormality
of the ion channel encouraged the occurrence of AF. It was
implied that Ang-(1-7) attenuated the aforementioned
electrical and ionic remodeling induced by ARP to prevent
the occurrence of AF.

Effects of Ang-(1-7) on AF. As is believed, chronic atrial
tachycardia results in atrial structural remodeling, mainly
including atrial fibrosis and hypertrophy, which participate
in the initiation and maintenance of AF.23-26 In our experi-
ment, ARP for 14 days induced extensive interstitial fibro-
sis in the atria of the paced control group, but Ang-(1-7)
treatment significantly reduced the percentage of intersti-
tial fibrosis compared with the paced control group. The
difference in atrial fibrosis between the two groups was in
accordance with the changes of TGF-f3, expression, which
were shown to be elevated after ARP but decreased after
Ang-(1-7) treatment. According to recent reports, TGF-f3,
was accepted as a profibrotic molecule that played a criti-
cal role in atrial fibrosis pathways and also predicted the
success of AF ablation procedure.?’” In hypertensive
patients with AF, TGF-B, was confirmed to be indepen-
dently correlated with left atrial diameter and the presence
of AF.28 Moreover, in the latest study by Canpolat et al.,
higher levels of TGF-f3, were proved to be associated with
more extensive LA fibrosis, which predicted worse out-
comes in patients undergoing cryoablation for lone AF.?
Thus, it is suggested that Ang-(1-7) prevented the increas-
ing of TGF-B, expression to attenuate atrial fibrosis
induced by ARP.

The potential role of ANP in the effects of Ang-(1—7) on atrial
electrical and structural remodeling induced by ARP. In our
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present and previous experiments, ANP secretion has
been proved to be increased in the atria from the paced
control group after ARP for two hours and two weeks.
Much clinical research supported our results. A recent
study reported that atrial and circulating ANP concentra-
tion was increased in patients with paroxysmal and persis-
tent AF.39 ANP was referred to be a predictive factor of AF
recurrence during 12 months post-cardioversion.’! Thus,
it indicated that the increasing of ANP secretion was
related to atrial tachycardia, both in animal experiments
and clinical research. As is known, increasing atrial wall
tension is accepted as a crucial stimulus for atrial ANP
secretion.’? It was revealed that the volume of left atria
was increased in patients with paroxysmal AF.3 In addi-
tion, the promotion of Ang-(1-7) on ANP secretion after
ARP was independent of hemodynamic changes in the
present study.

In our previous and present studies, Ang-(1-7) was
proved to prevent atrial structural and electrical remodeling
induced by ARP. The related mechanism of Ang-(1-7) had
been investigated recently. Several reports have clarified
that Ang-(1-7) can depress cardiac remodeling by selec-
tively binding to cardiomyocytes in vitro and in vivo. But
in mice with deficient Mas receptor, Ang-(1—7) wasn’t able
to bind to cardiomyocytes.** Furthermore, Ang-(1-7) was
confirmed to be able to activate nitric oxide synthase and
NO generation through the PI3K/Akt pathway in adult ven-
tricular cardiomyocytes.>> Thus, the Mas/PI3K/Akt/NO
axis was accepted as the indispensable signaling pathway
of Ang-(1-7). In isolated pacing atria of the rat, the antago-
nists of different sections in the Mas/PI3K/Akt/NO axis
were observed to depress ANP secretion encouraged by
Ang-(1-7).° In our previous acute ARP canine model, the
antagonists of the Mas/PI3K/Akt/NO axis including Mas
receptor antagonist (A-779), PI3K inhibitor (wortmannin),
Akt/protein kinase B inhibitor (API-2) and NO synthase
inhibitor (L-NAME) were proved to block the effects of
Ang-(1-7) on both atrial electrical remodeling and the
secretion of atrial ANP after ARP. ANP receptor antagonist
A-71915 was observed to inhibit the beneficial effects of
Ang-(1-7) on atrial electrical remodeling induced by
ARP.10 Furthermore, in the present chronic ARP canine
model, A-71915 was proved to block the effects of Ang-
(1-7) on preventing atrial fibrosis and inhibiting the
changes of I, Iy, and the related channel genes expres-
sion. Correspondingly, in Yoshida’s study, ANP was proved
to attenuate the shortening of the atrial ERPs and atrial
monophasic action potential (MAP) duration induced by
ARP for seven hours.!” Miao et al.3¢ reported that ANP
depressed action potentials and inhibited basal /,; through
the cyclic guanosine monophosphate (¢cGMP)/phosphodi-
esterase (PDE)2/cyclic adenosine monophosphate (cAMP)
pathway on developmental cardiomyocytes. Meantime,
ANP antifibrotic properties have been shown in cardiomy-
ocytes or in induced cardiac myofibroblasts (Ang II- or

TGF-B-induced differentiation). In the study by Fuyjita
et al., ANP administration to rats significantly reversed Ang
[I-induced myocyte hypertrophy and fibrosis by attenuat-
ing inflammation, at least partly through endothelin 1/
endothelin receptor A cascade.’’ Additionally, another
research reported that in a human adrenocortical cell line
(NCI-H295R), ANP attenuated Ang II-induced aldosterone
synthesis to prevent cardiac remodeling.’® According to a
recent report, in isolated rat cardiac fibroblasts, ANP itself
was proved to decrease the proliferation rate and collagen
secretion significantly mediated by the ANP/natriuretic
peptide receptor A (NPRA)/cGMP signaling system.>® It
was suggested that ANP inhibited adverse cardiac remode-
ling by preventing cardiomyocyte hypertrophy and fibrosis
based on G kinase activation in experiments using cultured
cells and NPRA-deficient mice.* The aforementioned
findings and our results indicated that ANP played crucial
roles in the beneficial effects of Ang-(1-7) on atrial electri-
cal and structural remodeling induced by ARP. Thus, Ang-
(1-7) prevented atrial electrical and structural remodeling
induced by ARP mediated by the Mas/PI3K/Akt/NO/ANP
signaling pathway in an atrial tachycardia canine model.

Study limitations

First, the ventricular rate was not controlled by blocking
the atrioventricular (AV) node and the ventricular func-
tion was not evaluated by echocardiography in our pre-
sent study. But the ventricular rate and blood pressure
were not obviously affected by ARP in each group, so left
ventricular dysfunction evoked by ventricular tachycar-
dia might not contribute to atrial remodeling in the
chronic rapid atrial-pacing model. On the other hand,
maintenance of physiological AV conduction resembled
the situation of the patients with AF. Second, the electro-
physiological examination may slightly affect the detec-
tion of the related protein and gene expression of ionic
channel subunits ANP and TGF-f, in the left atria. But
the same method to determine these electrophysiological
parameters was adopted in the four groups. Thus, the
electrophysiological examination itself wouldn’t affect
the final results of our study.

Conclusions

In a chronic ARP canine model, Ang-(1-7) inhibited atrial
electrical and structural remodeling. The aforementioned
beneficial effects of Ang-(1-7) were participated in by
ANP, maybe as the crucial downstream factor of the Mas/
PI3K/Akt/NO signaling pathway.
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