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■ Abstract Owing to relative inefficacy and side effects of currently avail-
able antiarrhythmic drugs, current interest has shifted to treatments that
target atrial fibrillation (AF) substrate. It has been suggested that calpain-in-
duced atrial structural remodelling is under the control of renin-angiotensin
system during AF. The purpose of this study is to investigate the effects of
cilazapril and valsartan on the mRNA and protein expression of atrial cal-
pains and atrial structural remodelling in AF dogs induced by chronic rapid
atrial pacing. Twenty-seven dogs were randomly divided into sham-oper-
ated group (n=6), control group (n=7), cilazapril group (n=7) and valsartan
group (n=7). One thin silicon plaque containing 4 pairs of electrodes was su-
tured to each atrium. A pacemaker was implanted in a subcutaneous pocket
and attached to a screw-in epicardial lead in the right atrial appendage. The
dogs in control group, cilazapril group and valsartan group were paced at
400 beats per minutes for 6 weeks. The dogs in cilazapril and valsartan
groups received cilazapril (1mg · kg–1 · d–1) or valsartan (30mg · kg–1 · d–1) 1
week before rapid atrial pacing until pacing stop respectively. Transthoracic
and transoesophageal echocardiographic examinations were performed in
order to detect the changes of left atrium volume and contractile function.
The inducibility and duration of AF were measured in all the groups. The ex-
pressions of atrial calpain I and calpain II mRNA were semi-quantified by
reverse transcription-polymerase chain reaction.The protein levels of cal-
pain I and calpain II in atrial myocardium were measured by Western-blot
method. Pathohistological and ultrastructural changes in atrial tissue were
tested by light and electron microscopy. Compared with the sham-operated
control group, dramatic smaller left atrium and left atrial appendage vol-
umes and significant higher atrial contractile function were observed in the
cilazapril and valsartan groups. After 6-week atrial tachy-pacing, the mRNA
and protein expressions of calpain I increased dramatically in the control
group than that in the sham group, tissue calpain protein expression in all
groups significantly correlated with the myolysis (r=0.89,P<0.01). Cilazapril
and valsartan could significantly inhibit the gene and protein expressions of
calpain I. No differences were found in the expression of calpain II mRNA
and protein between the groups. Compared with atrial myocytes obtained
from sham dogs, atrial myocytes from the control group dogs showed a re-
duced number of sarcomeres, a significant higher myolytic area of atria
(24.3% vs. 3.1%, P<0.01), increased vacuolization and dissolution. Cilazapril
and valsartan could effectively prevent the pathohistological and ultrastruc-
tural changes induced by chronic rapid atrial pacing, dramatically decrease
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Introduction

The natural history of atrial fibrillation (AF) is charac-
terized by a gradual worsening with time. Clinical and
experimental studies have revealed that AF is associated
with progressive structural changes of the atria includ-
ing severe myolysis and atrial myocyte apoptosis, etc.,
which provides a possible explanation for the reduction
of atrial contractility during AF and the prolonged atrial
mechanical dysfunction after successful cardioversion
of AF [10]. The depressed atrial contractility during AF
can facilitate atrial dilatation, which may add to the per-
sistence of AF. It has been confirmed that AF-induced
changes at the structural level are of prime importance
for the vulnerability to AF [3, 30]. Thus, conservation of
the normal atrial architecture and size by preventing
structural atrial remodeling due to AF seems critical in
future AF management.

Calpains,a family of Ca2+-dependent neutral cysteine
proteases found in the cytosol of many cell types, have
been demonstrated to play a harmful role in a variety of
pathological states. Brundel et al. [6] have demonstrated
that atrial myolysis might be owing to up-regulation of
calpain I and contribute to the loss of atrial contractile
force during AF. Calpains also could promote pro-
grammed cell death by triggering the intrinsic apoptotic
pathway (down-regulating bcl-2 protein and activating
caspase 3) [1, 28]. Recent studies have shown that AF is
associated with the activation of the renin-angiotensin
system (RAS),which is closely related to atrial structural
remodeling in AF [9]. Sandmann et al. [25] found that
ramipril and valsartan could effectively inhibit the up-
regulation of cardiac calpains in myocardial infarction
rat models, indicating that RAS has a close relationship
with the transcriptional and translational control of the
calpain system. In view of these findings, we speculate
that inhibition of cardiac RAS may have therapeutic ef-
fects on atrial structural remodeling by inhibiting the
calpain pathway in AF. Therefore, the present study was
designed to observe the influence of pretreatment with
the angiotensin-converting enzyme (ACE) inhibitor
cilazapril and the angiotensin AT1 receptor antagonist
valsartan on the mRNA and protein expressions of atrial
calpains in AF dogs induced by chronic rapid atrial pac-
ing. Effects of the two drugs on calpain-mediated struc-

tural changes were also investigated by ultrasound and
microscopy.

Methods

■ Animal preparation

For this study, 27 mongrel dogs of either sex, weighing
between 15 and 25 kg, were randomly assigned to the
sham-operated group (n=6), the control group (n=7),
the cilazapril group (n=7) or the valsartan group (n=7).
The dogs were anesthetized with pentobarbital sodium
(25 mg · kg–1). After intubation and mechanical ventila-
tion, medial thoracotomy was performed. One thin sili-
con plaque containing four pairs of electrodes (elec-
trode diameter, 1 mm; interelectrode distance, 1 mm;
distance between electrode pairs,10 mm) was sutured to
each atrium (Fig. 1). The other ends of the electrode ca-
bles were tunneled subcutaneously and exposed at the
back of the dogs where they were used for the pacing
and electrophysiological measurements in the chronic
phase. A pacemaker (made in Shanghai Fudan Univer-
sity,China) was implanted in a subcutaneous pocket and
attached to a screw-in epicardial lead in the right atrial

the area of myolysis (P<0.05) and significantly reduce the inducibility and
duration of AF. The expression of calpain I mRNA and protein increased re-
markably in AF dogs. Cilazapril and valsartan can inhibit calpain I up-regu-
lation, suppress atrial structural remodeling, and prevent the induction and
promotion of AF in chronic rapid atrial pacing dogs.

■ Key words calpains – angiotensin – structural remodelling – atrial
fibrillation – dog

Fig. 1 Schematic of the positions of the atrial electrodes
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appendage. After 1 week recovery, the dogs in the con-
trol group, cilazapril group and valsartan group were
paced at 400 beats per minute for 6 weeks [18]. The dogs
in the cilazapril and valsartan groups received cilazapril
(1 mg · kg–1 · d–1) or valsartan (30 mg · kg–1 · d–1) 1 week
before rapid atrial pacing until pacing stop respectively.

■ Hemodynamic study

Right atrial pressure, mean pulmonary artery pressure
and pulmonary capillary wedge pressure were moni-
tored by a pulmonary arterial balloon catheter system
(Swan-Ganz catheter) through a 6 F sheath placed in the
femoral vein. Aortic systolic blood pressure and dias-
tolic blood pressure were measured by a pigtail catheter
through a 6 F sheath placed in the femoral artery.

■ Atrial structural and function evaluation

Left atrial (LA), left atrial appendage (LAA) structure
and function were assessed by transthoracic and trans-
esophageal echocardiographic examinations (GE
VIVID5, USA). A 2.5 MHz transducer was used during
the transthoracic echocardiographic study. By means of
two-dimensional echocardiography, the LA up-down
diameter (D1) and left-right diameter (D2) were mea-
sured in the apical four chamber view, while the LA an-
terior-posterior diameter (D3) was measured at the level
of the aortic valve in parasternal long-axis view. LA vol-
ume was measured using the following formula:
4π/3�D1/2�D2/2�D3/2, where π is 3.14. Trans-
esophageal echocardiographic examination was per-
formed using a 5 MHz multiplane transducer. LAA area
was measured by tracing a line starting from the top of
the limbus of the left upper pulmonary vein along the
appendage’s endocardial border. The boundary of the
base of the appendage was defined by a line drawn from
the limbus of the left upper pulmonary vein to the exte-
riormost portion of the mitral annulus.LAA volume was
calculated with plane length method. LA maximal vol-
ume (LAVmax) and LAA maximal volume (LAAVmax)
were measured at the end of T wave of the simultane-
ously recorded electrocardiogram. LA minimal volume
(LAVmin) and LAA minimal volume (LAAVmin) were
recorded at the peak of R wave. LA ejection fraction
(LAEF) was calculated as (LAVmax–LAVmin)/LAVmax.
LAA ejection fraction (LAAEF) was calculated as
(LAAVmax–LAAVmin)/LAAVmax. LAA maximal for-
ward flow velocity (V-LAA+) and LAA maximal back-
ward flow velocity (V-LAA–) were obtained with the
pulsed Doppler sample volume placed immediately in-
side the appendage orifice.

■ AF inducibility and AF duration assessment

AF inducibility and duration were measured before and
after 6 weeks rapid atrial pacing in the control, cilazapril
and valsartan groups, respectively. Ten times the atrial
burst pacing lasting for 10 s at a pacing cycle length of
100 ms was used to assess the inducibility and duration
of AF.AF lasting more than 30 min was terminated by di-
rect current electrical cardioversion and 30 min was al-
lowed before the experiment continued.

■ RNA extraction and reverse transcription-polymerase
chain reaction 

At the end of the experiments, the dogs were anes-
thetized with pentobarbital sodium (25 mg · kg–1), ster-
notomies were performed. The hearts were quickly re-
moved, and parts of the right atrial wall samples 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 mRNA expression of
calpain I and calpain II, whereas the other part was used
to determine the protein levels.

Total RNA was extracted from 100 mg atrial tissue us-
ing TRIZOL (Gibco,USA). Integrity of the RNA was con-
firmed by agarose gel electrophoresis, the quantity of
RNA was assessed by obtaining the ratio of absorbance
values 260 at 280 nm using a spectrophotometer (Ultro-
spec 3000, Pharmacia. Biotech, Sweden).

The reaction system was 50 μl: total RNA (2 μl), dNTP
(2 μl),RNA PCR buffer (5 μl),sense and antisense primer
(1 μl each), pfu Taq enzyme (1 μl), MgCl2 (10 μl), and
RNase-free H2O (up to 50 μl) according to the One-step
RT-PCR kit (CLONTECH Laboratories, Inc., USA). β-
actin was included as a control. Primers were obtained
from Shanghai Genebase Gen-Tech Ltd., Shanghai,
China. Details concerning the primers used in this study
are given in Table 1. Reverse transcription at 50 °C for 1
h. Initial denaturation at 94 °C for 4 min was followed by
35 cycles with denaturation 45 s at 95 °C, annealing 45 s
at 52 °C (calpain I), 45 s at 58 °C (calpain II), and elon-

Table 1 Primer sequences for amplification of calpain I, calpain II and β-actin

Sequence Product size?bp?

calpain I
Sense 5’-GGAGTGGGTCGACGTGGTCATA-3’ 279
Antisense 5’-CAGCCCAGCAAGGAGCCTCGTT-3’

calpain II
Sense 5’-CCTGGAGATCTGTAACCTGAC-3’ 258
Antisense 5’-CCCATCTTCCTCTGCCGCCGT-3’

β-actin
Sense 5’-CAGAGCAAGAGGGGCATC-3’ 392
Antisense 5’-AGGTAGTCGGTCAGGTCC-3’
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gation 60 s at 72 °C with a final extension at 72 °C for 10
min. 5 μl of product was analyzed by 1.52% agarose gel
electrophoresis and all PCR products were purified us-
ing the plasmid DNA purification kit (Bocai Corp.,
Shanghai, China). Then, the resultant target gene was
cloned into the pMD18-T vector and its sequence was
identified by Shanghai Shenergy Biocolor BioScience &
Technology Co. Ltd., Shanghai, China.

■ Protein extraction and Western blot analysis

Tissue samples were separately suspended in 5 ml of ice-
cooled lysis buffer, and disrupted by a Wheaton-tissue
homogenisator (neoLab, Hamburg, Germany). The par-
ticulate material was discarded by centrifugation at
100,000�g for 1 h at 4 °C in a Beckmann L8 ultracen-
trifuge. The clear supernatant of each tissue sample was
collected and aliquots were frozen at –80 °C until use.
The protein concentration was determined by the
method of Lowry using bovine serum albumin as a stan-
dard.All preparations were carried out at 4 °C. For West-
ern blotting, 50 μg of total protein solubilized for 5 min
at 95 °C in one volume loading buffer (1% SDS,30% glyc-
erol, 0.8 M DTT, 1 mM Tris-HCl pH 6.8, 2% bromophe-
nol blue) was loaded per lane onto a 10%/5% SDS-PAGE
gel.After electrophoresis,proteins were transferred onto
a membrane and incubated overnight at 4°C with the
primary antibody (calpain I and calpain II, Santa Cruz,
CA, USA; β-actin; Kangchen Bio-tech Co., Shanghai,
Cina), then incubated with horseradish peroxidase-con-
jugated secondary antibody for 2h at 37°C.

■ Morphological evaluation

Tissues from the right atrial wall were immediately fixed
in 4% paraformaldehyde at 4 °C and embedded in paraf-
fin. Light microscopy was performed using semi-thin
sections (2 μm) stained with HE. To quantify the extent
of myolysis in the cardiomyocytes, at least two sections
per atrial site were examined and at least 200 cells per
section were analyzed. The extent of cell change was
evaluated only in cells in which the nucleus was present
in the plane of the section. The myolytic area of the car-
diomyocytes was measured with a digital imaging sys-
tem (Motic Images Advanced, Richmond, BC, Canada).
Cells were scored as mildly myolytic if myolysis involved
10% to 25% of the cytosol and as severely myolytic if
>25% of the sarcomeres were absent.

For electron microscopy, ultrathin sections (50–100
nm) were cut from each sample, counterstained with
uranium acetate and lead citrate, and examined with a
transmission electron microscope (Philips 201, USA) by
two professional staff.

■ Statistical analysis

Quantitative data were presented as mean ± SD. Com-
parisons between the quantitative data were made using
the t test, whereas those for qualitative data were tested
with the X2 method. P<0.05 was considered statistically
significant. The software SPSS 10.0 (SPSS, Chicago, IL)
was used in the statistical analysis.

Results

■ Changes in properties of AF

As illustrated in Table 2, after 6-week rapid atrial pacing,
AF became inducible in all the dogs in control group,
cilazapril group and valsartan group, the inducibility
and duration of AF increased dramatically compared
with the baseline and the sham group (P<0.01), whereas
the inducibility and duration of AF were found to be
markedly lower in the cilazapril and valsartan group
than those in the control group.

■ Hemodynamic changes 

As displayed in Table 3, although there was no dramatic
difference in aortic blood pressure between the sham,
control, cilazapril and valsartan groups throughout the
experiment, cilazapril and valsartan could prevent the
increase of right atrial pressure, mean pulmonary artery
pressure and pulmonary capillary wedge pressure in-
duced by 6 weeks of atrial tachypacing.

■ Changes of atrial structure and function 

From Table 4 we can see that in the control, cilazapril
and valsartan groups, LAVmax, LAVmin, LAAVmax and
LAAVmin increased significantly, while LAEF, LAAEF,
V-LAA+ and V-LAA– decreased dramatically after ter-
mination of the 6-week rapid atrial pacing. Compared
with the control group dogs, the LA and LAA volume de-
creased significantly (P<0.05), whereas LAEF, LAAEF,V-
LAA+ and V-LAA– increased dramatically in the cilaza-
pril and valsartan group dogs with 6 weeks of
tachypacing, suggesting cilazapril and valsartan could
prevent atrial structural remodeling and function re-
duction in chronic rapid atrial pacing dogs.

■ mRNA and protein expressions of calpains

Integrity of the RNA was confirmed by agarose gel elec-
trophoresis, and the concentration was determined by
densitometric measurement of UV absorption at 260
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nm. As shown in Fig. 2, compared with sham-operated
dogs, calpain I mRNA abundance increased dramati-
cally in control group dogs (P<0.01). The increase of
mRNA expression of calpain I was significantly reduced
by cilazapril and valsartan compared with control group
dogs (P<0.01). No significant differences were found in
the expression of calpain II mRNA among the four
groups.

The data shown in Fig. 3 indicate that the amount of
calpain I protein was significantly increased in control
group dogs compared with sham-dogs (P<0.01). Cilaza-
pril and valsartan could dramatically reduce calpain I
protein up-regulation induced by rapid atrial pacing
(P<0.01). Furthermore, tissue calpain protein expres-
sion in all groups significantly correlated with the myol-
ysis (r=0.89, P<0.01, Fig. 4), whereas no dramatic differ-
ences were observed in the expression of calpain II
protein level among the four groups.

AF cases AF times AF inducibilitye %e mean AF duratione Se

Sham groupe n=6e

preoperation 2 6 10.0 41.1±13.6
7-week postoperation 2 8 13.3 46.8±16.0

Control groupe n=7e

baseline 2 9 12.8 39.4±10.2
6-week tachypacing 7b, f 67b, f 95.7b, f 1432.2±526.5b, f

Cilazapril groupe n=7e

baseline 3 11 15.7 43.6±11.1
6-week tachypacing 7b, f 46b, c, f 65.7b, c, f 531.5±301.2b, d, f

Valsartan groupe n=7e

baseline 2 8 13.8 38.5±12.9
6-week tachypacing 7b, f 48b, c, f 68.0b, c, f 556.8±323.4b, d, f

a p<0.05; b p<0.01, compared with baseline; c p<0.05; d p<0.01, compared with the control group; e p<0.05; 
f p<0.01, compared with sham group

Table 2 Changes in inducibility and duration of AF
before and after rapid atrial pacing in the sham, con-
trol, cilizapril and valsartan groups

Table 3 Hemodynamic parameters in the sham, control, cilazapril and valsartan
groups (mmHg)

SBP DBP RAP MPAP PCWP

Sham groupe n=6e

preoperation 109±13 70±9 6±2 15±5 7±3
7-week postoperation 110±15 70±8 5±1 16±5 8±4

Control groupe n=7e

baseline 111±15 71±9 5±1 16±4 8±2
6-week tachypacing 106±14 66±7 12±3b, f 23±5a, e 16±4b, f

Cilazapril  groupe n=7e

baseline 107±15 68±9 4±1 14±3 8±3
6-week tachypacing 99±12 61±6 6±2d 17±4c 10±3c

Valsartan groupe n=7e

baseline 106±14 69±9 5±2 15±4 7±2
6-week tachypacing 101±11 64±7 7±3c 18±5c 9±4c

a p<0.05; b p<0.01, compared with baseline; c p<0.05; d p<0.01, compared with
the control group; e p<0.05; f p<0.01, compared with sham group

Table 4 Changes of left atrium structure and function before and after rapid atrial pacing in the control, cilizapril and valsartan groups

LAVmax LAVmin LAEF LAAVmax LAAVmin LAAEF V-LAA+ V-LAA–

(cm3) (cm3) (%) (cm3) (cm3) (%) (cm/s) (cm/s)

Control group (n=7)
baseline 13.4±2.7 6.5±1.7 51.4±10.5 1.9±0.6 0.9±0.3 52.6±10.5 40.2±8.5 37.4±7.9
6-week tachypacing 23.3±5.6a 15.6±3.2b 33.0±8.9b 2.9±1.1a 1.9±0.6b 34.4±8.9b 16.7±4.3b 15.9±3.5b

Cilazapril group (n=7)
baseline 12.1±2.9 6.2±1.9 49.6±9.9 1.8±0.4 0.8±0.3 55.9±9.8 41.4±8.9 36.5±7.2
6-week tachypacing 17.1±3.9a, c 10.3±2.4a, c 40.5±9.0a, c 2.3±0.8a, c 1.3±0.4a, c 43.2±7.6a, c 29.2±6.2a, d 26.5±5.3a, c

Valsartan group (n=7)
baseline 13.9±3.1 6.4±1.5 53.9±10.1 2.0±0.4 0.9±0.3 56.1±8.7 39.5±8.2 34.1±6.9
6-week tachypacing 18.0±3.8a, c 10.6±3.0a, c 41.6±8.9a, c 2.4±0.8a, c 1.3±0.4a, c 45.9±6.9a, c 27.1±5.4a, c 24.3±4.2a, c

a p<0.05; b p<0.01, compared with baseline; c p<0.05; d p<0.01, compared with the control group; LAVmax LA maximal volume; LAVmin LA minimal volume; LAEF LA ejec-
tion fraction; LAAVmax LAA maximal volume; LAAVmin LAA minimal volume; LAAEF LAA ejection fraction; V-LAA+ LAA maximal forward flow velocity; V-LAA– LAA maximal
backward flow velocity
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Fig. 3 Representative immunoblots (Western blots)
showing calpain I (A), calpain II (B) and beta-actin (C)
protein expression in atrial tissue. 1 = Sham-oper-
ated group; 2 = Control group; 3 = Cilazapril group; 4
= Valsartan group. Densitometric quantification of
the Western blots (D). Amounts of protein are shown
as relative densitometric absorption units. White bars
= Sham-operated group; dotted bars = Control
group; striped bars = Cilazapril group; solid bars =
Valsartan group. # p<0.05; ## p<0.01, compared
with the sham-operated group; ** p<0.01, com-
pared with the control group
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Fig. 2 Calpain I (A) and calpain II (B) mRNA expres-
sion in the sham-operated, control, cilizapril and val-
sartan groups. M=DL 2000 marker; 1 = Sham-oper-
ated group; 2 = Control group; 3 = Cilazapril group; 4
= Valsartan group. White bars = Sham-operated
group; spotted bars = Control group; striped bars =
Cilazapril group; solid bars = Valsartan group. #
p<0.05; ## p<0.01, compared with the sham-oper-
ated group; ** p<0.01, compared with the control
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■ Morphological changes

The results from the light microscopic analysis are
shown in Figs. 5 and 6. The atrial myocytes from 
sham-operated dogs revealed a normal composition of
sarcomeres distributed throughout the cell, and the in-
tercellular space also appeared normal. After 6-week

rapid atrial pacing, considerable numbers of atrial
myocytes were typically affected by myolysis. With the
treatment of cilazapril and valsartan, the number of
both mildly and severely affected myocytes decreased
dramatically, although they were still higher than that 
in the sham group.As an example, 4.3% of the myocytes
from the right atria of sham-operated dogs showed
some degree of myolysis, and 67.1% of the cardiomy-
ocytes from dogs with 6 weeks of rapid atrial pacing
showed mild or severe myolysis, whereas there were 

Fig. 4 The myolytic cardiomyocytes were the total cardiomyocytes with mild and
severe myolysis. Tissue calpain protein amounts correlated with the myolysis in
sham-operated group, Control group, Cilazapril group and Valsartan group
(r=0.89, P<0.01)
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Fig. 5 Typical examples of structural changes in atrial myocytes. In the sham dogs, the composition of sarcomeres appeared normal (A). In the control dogs, severe myol-
ysis (B), nucleus deformity (C), focal and early hypertrophy (D) were found. In cilazapril (E) and valsartan (F) treated dogs, these histopathological changes were primarily
inhibited. Magnification: 1–400

Fig. 6 Myolytic cardiomyocytes in atria of dogs. MC Mild changes, indicates my-
olytic changes between 10% and 25% of cell volume; SC Severe changes, myolytic
changes > 25% of cell volume; TC Total changes, MC+SC; MA Myolytic area; White
bars = Sham-operated group; dotted bars = Control group; striped bars = Cilaza-
pril group; solid bars = Valsartan group. ** p<0.01, compared with the sham-op-
erated group; # p<0.05; ## p<0.01, compared with the control group
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only 48.8% and 45.6% of myocytes with myolysis in 
the cilazapril and valsartan group dogs, respectively.
The myolytic area of atria was also significantly higher
in chronic rapid atrial pacing dogs than that in sham
dogs (24.3% vs. 3.1%, P<0.01). Cilazapril and valsartan
could dramatically decrease the area of myolysis
(P<0.05).

Atrial myocardial ultrastructure was examined by
electron microscopy (Fig. 7). Atrial myocytes from dogs
in the sham group showed a highly organized sarcom-
eric structure  throughout the cytoplasm, with rows of
normal-sized mitochondria between them and nuclei
with clustered heterochromatin. Severe changes in the
architecture of atrial myocytes were documented by
electron microscopy after 6 weeks of atrial pacing.These
changes were characterized by severe disintegration of
myofilaments and mitochondrial swelling with a de-
crease in the density and organization of the cristae.
Pyknotic nuclei with chromatin margination to nuclear
membrane were also observed, indicating cell apoptosis.
In contrast, the chronic tachypacing-induced ultrastruc-

tural changes were dramatically suppressed by treat-
ment with cilazapril and valsartan.

Discussion

AF has a self-perpetuating character, with paroxysmal
AF often progressing to sustained AF. This is illustrated
by the fact that about 30% of patients with paroxysmal
AF eventually develop persistent or even permanent AF
[14]. It has been demonstrated that sustained AF causes
changes in atrial electrophysiological function, a
process referred to as atrial electrical remodeling, and
leads to atrial morphological alterations including my-
olysis, apoptosis and atrial enlargement, called struc-
tural remodeling, which in turn promote the occurrence
and persistence of AF [12, 34]. Atrial electrical remodel-
ing has been shown to be completely reversible within a
few days after cardioversion of AF [35]. In contrast, the
recovery of atrial structural remodeling and transport
function may take several months [22], some structural

Fig. 7 Representative transmission electron micro-
graphs of atrial myocardium. Atrial myocytes from
sham-operated dogs had regular sarcomere organi-
zation, uniformly sized mitochondria. Nuclei show
normal clumping of chromatin at the nuclear mem-
brane (A). Samples of atrial tissue taken from control
group dogs showed abnormal ultrastructure: severe
disintegration of myofilaments (B), mitochondrial
swelling with a decrease in the density and organiza-
tion of the cristae (C), karyopyknosis with chromatin
margination to nuclear membrane indicating cell
apoptosis (D). In contrast, these chronic tachypacing-
induced ultrastructural changes were markedly at-
tenuated by the treatment of cilazapril (E) and valsar-
tan (F). (Magnification A, B, D, E and F 6000x, C
10000x)
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changes may be even irreversible [4]. Considering pre-
vious observations, the arrhythmogenic atrial struc-
tural abnormalities might play a critical role in the ini-
tiation and maintenance of chronic AF; therefore, after
decades of focus on the electrical aspects of AF with un-
satisfactory outcomes, recent research is focusing in-
creasingly on atrial structural remodeling therapy.

■ Atrial structural and function changes in AF

Ausma et al. [5] found that atrial myolysis can be seen in
a considerable percentage of atrial myocytes (up to
92%) in AF goats. Compared with sinus rate patients, the
contractility of atrial muscle bundles isolated from AF
patients was markedly reduced and correlated positively
with the extent of atrial myolysis [26]. Atrial myolysis
and replacement of sarcomeres by glycogen contribute
to the delayed recovery of atrial function after conver-
sion to sinus rhythm [26]. Schotten et al. [27] have
clearly demonstrated that there is a strong correlation
between the maximum force of contraction and sar-
comere content in atrial muscle, loss of atrial contractil-
ity gives rise to progressive dilatation of fibrillating
atria. According to multiple wavelet theory, a determi-
nant of AF is the presence of at least 4 to 6 wandering
reentrant atrial wavelets in the atria. Atrial dilatation
caused by depression of atrial contraction may lead to a
greater number of wave fronts circulating through the
atria. Atrial size has been proved to correlate positively
with the stability of AF in heart failure dogs [29]. Ak et
al. [2] verified that the degree of myolysis in right atrial
myocardium is a significant predictor for the develop-
ment of postoperative AF in coronary artery bypass
grafting patients. Our present experimental study
demonstrates that compared with sham myocytes, atrial
myocytes from control group dogs showed a severely re-
duced number of sarcomeres, dissolution and vac-
uolization.

Besides severe myolysis, consistent with the results
reported by Aime-Sempe et al. [1], pyknotic nuclei with
chromatin margination to nuclear membrane were also
observed in the atria of chronic atrial tachypacing dogs
indicating programmed cell death, which may lead to
further contractile dysfunction. The current data show
that after 6 weeks of rapid atrial pacing, the volume of
LA and LAA increased significantly with a dramatic de-
pression of atrial function, and sustained AF became in-
ducible in all the control group dogs.

■ The calpain system and atrial structural remodeling
in AF

The calpain system is an intracellular, strongly Ca2+-de-
pendent, neutral cysteine protease system existing in all

mammalian and in some non-mammalian cells. The
best characterized calpains are the widely distributed
isoenzymes, calpain I, or μ-calpain, which requires mi-
cromolar intracellular calcium concentrations for half-
maximum activity, which could be activated easily dur-
ing AF; however, calpain II, or m-calpain, requires
millimolar concentrations for activation, so stimulation
of this enzyme is not expected during chronic forms of
arrhythmia.Although the precise intracellular functions
of the calpains have not been fully defined, a number of
studies indicated their potential importance in regu-
lated proteolysis of structural proteins and key en-
zymes. Brundel et al. [7] established that calpain activa-
tion is indeed a key molecular switch in AF-related atrial
myocyte remodeling, and inhibition of calpain activity
may be superior to verapamil treatment to prevent the
myocyte remodeling processes. Consistent with the re-
sults reported by Goette et al. [15], the present research
demonstrates that the gene and protein expression of
calpain I increased dramatically in AF dogs.

There is evidence that calpain I is involved in cardiac
remodeling in the late phase and calpain II only con-
tributes to cardiac remodeling in the early phase [25].
The current findings imply that in contrast to calpain I,
there were no dramatic differences in the expression of
calpain II mRNA and protein between the sham-oper-
ated dogs and dogs with 6 weeks of atrial tachypacing.

A previous study reported that in fibrillating and di-
lated atria, apoptosis of myocytes contributes to cellu-
lar remodeling, which may not be entirely reversible [1].
The atrial apoptosis could be the consequence of AF, but
the mechanisms underlying the cellular alterations seen
in diseased atria are still poorly understood. Aime-
Sempe et al. [1] found stronger caspase 3 expression and
down-regulation of the antiapoptotic bcl-2 protein in
fibrillating and dilated human right atria. Calpain is
known to activate the downstream protease caspase 3
whose activity has been reported to be increased in
chronic AF patients [1, 32]. Gil-Parrado et al. [13] also
reported that ionomycin-induced calpain activation
could cause a decrease of bcl-2 proteins. Thus, the up-
regulation of calpain I may play a key role in promot-
ing the execution of apoptotic cascades during AF.
Further studies are still needed to clarify the detailed
mechanisms.

■ Effects of RAS inhibitor on calpains expression and
atrial structural remodeling 

RAS over-activation in AF is a well-documented fact.The
expression of ACE was increased three-fold in patients
with chronic AF compared to patients who had no history
of AF [9].Willems et al. [33] established that the develop-
ment of AF by atrial tachypacing was associated with an
increase in plasma level of angiotensin II in a sheep
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model. Pedersen et al. [24] observed that trandolapril
could reduce the incidence of AF in patients with left ven-
tricular dysfunction after acute myocardial infarction by
55%.ACE inhibitor therapy could inhibit the progression
from paroxysmal AF to chronic AF [17].The combination
of amiodarone plus losartan could significantly decrease
the rate of AF recurrences in hypertensive patients with
a history of recent paroxysmal AF [11]. Sandmann et al.
[25] reported that angiotensin II infusion could induce
significant up-regulation of cardiac calpains in myocar-
dial infarction rat models, which could be effectively re-
duced by ramipril and valsartan.Our study indicates that
cilazapril and valsartan could significantly decrease gene
expression and the protein level of calpain I, and dimin-
ish the area of myolysis in AF dogs.

Contard et al. [8] also found that the elevated left ven-
tricular diastolic and/or systolic pressure during heart
failure which determines the inner ventricular wall
stress might be responsible for transcriptional and
translational up-regulation of calpain I.Nakashima et al.
[23] demonstrated that angiotensin II could signifi-
cantly increase atrial pressure, leading to increased
atrial wall stretch, which may be partly due to the posi-
tive inotropic effect of angiotensin II on the atrial my-
ocardium, whereas atrial pressure did not change dur-
ing rapid atrial pacing after coadministration with
captopril or candesartan. It is conceivable that the inhi-
bition effects of cilazapril and valsartan on the up-regu-
lation of calpain I may be explained to some extent by
preventing the elevation of atrial pressure [20].

Angiotensin II also could aggravate cytosolic Ca2+

overload by increasing the intake of extracellular cal-
cium and promoting Ca2+ release from sarcoplasmic
reticulum in myocytes through the activation of mem-
brane L-type Ca2+ channel or phosphatidylinositol-
phospholipase C pathways, then promote the activation
of calpains. Touyz et al. [31] found that angiotensin II in-
creases the intracellular Ca2+ concentration significantly
more in atrial myocytes than in ventricular myocytes,
because the density of the angiotensin II receptor in
atria is generally higher than that in ventricles. The rise
of intracellular calcium in myocytes has been consid-
ered to be a pivotal event in the activation of calpains
leading to cardiac cell death and structural damage of
myocardium during myocardial ischemia [1].Brundel et
al. [6] found that calpain I activity was significantly in-
creased in AF patients and closely correlated with de-
gree of structural changes. It is imaginable that treat-
ment with an ACE inhibitor or AT1 receptor antagonist
might inhibit the activation of calpain I by preventing
calcium overload. Our present data show that cilazapril
and valsartan could effectively attenuate the pathohisto-
logical and ultrastructural changes, maybe partially de-
pend on preventing intracellular calcium overload
caused by RAS activation in chronic rapid atrial paced
dogs.

Recent studies pointed out that the RAS plays a piv-
otal role in cardiac apoptosis; early treatment with
quinaprilat could attenuate cardiomyocyte apoptosis in
an isolated hemoperfused working porcine heart model
of acute ischemia, followed by reperfusion [19]. Losar-
tan could significantly prevent apoptosis in surfactant-
depleted lungs in rats [21]. The current results of elec-
tron microscopy strongly suggest that ACE inhibitor and
AT1 receptor antagonist may provide beneficial effects
on preventing atrial cell apoptosis in AF dogs which may
be partly due to the inhibition of calpain I up-regula-
tion. It has been confirmed that angiotensin II may acti-
vate p53 to mediate apoptosis [16], ACE inhibitor can
attenuate programmed cardiomyocyte death by sup-
pressing bax and p53 protein elevation and reducing
caspase 3 gene expression [19]. The concrete anti-apop-
tosis mechanisms of RAS inhibitors in the fibrillating
atria still need to be clarified.

After 6-week rapid atrial pacing, compared with the
sham group dogs, the LA and LAA volume decreased
significantly, the LAEF, LAAEF, V-LAA+ and V-LAA– in-
creased dramatically in the dogs with the treatment of
cilazapril or valsartan. These results imply that RAS in-
hibitor could prevent atrial dilation and function reduc-
tion in the canine pacing model. The inducibility and
duration of AF were found to be markedly lower in the
cilazapril and valsartan groups than that in the control
group.

■ Potential clinical relevance

Our study for the first time demonstrated that cilazapril
and valsartan could effectively prevent atrial myolysis
and programmed atrial myocyte death by inhibiting cal-
pain I up-regulation, suppress atrial structural remodel-
ing and mechanical atrial dysfunction, and significantly
decrease the inducibility and duration of AF in chronic
rapid atrial pacing dogs. Hence, interference with the
RAS may represent an important tool to prevent atrial
structural remodeling, and perhaps a future strategy for
patients with persistent AF.

■ Limitations of the study

Ideally, the activity of calpain I should have been deter-
mined in the present study, because only after being ac-
tivated, the calpain could play the role of proteolysis in
AF related atrial structural remodeling. Calpain I re-
quires only micromolar intracellular calcium concentra-
tions for half-maximum activity, which is expectable
during AF, and in fact the activation of calpain I in ani-
mal models of AF has been demonstrated by many in-
vestigators.In this study,the causal relationship between
calpain protein expression and the myolysis suggests,
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but does not prove, that the activity of calpain I in-
creased due to the rapid atrial pacing.
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