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An Angiotensin Receptor Blocker Prevents Arrhythmogenic Left 
Atrial Remodeling in a Rat Post Myocardial Infarction Induced 
Heart Failure Model

This study investigated the role of angiotensin II receptor blocker in atrial remodeling in 
rats with atrial fibrillation (AF) induced by a myocardial infarction (MI). MIs were induced 
by a ligation of the left anterior descending coronary artery. Two days after, the rats in the 
losartan group were given losartan (10 mg/kg/day for 10 weeks). Ten weeks later, 
echocardiography and AF induction studies were conducted. Ejection fraction was 
significantly lower in the MI rats. Fibrosis analysis revealed much increased left atrial 
fibrosis in the MI group than sham (2.22 ± 0.66% vs 0.25 ± 0.08%, P = 0.001) and 
suppression in the losartan group (0.90 ± 0.27%, P = 0.001) compared with the MI group. 
AF inducibility was higher in the MI group than sham (39.4 ± 43.0% vs 2.0 ± 6.3%, 
P = 0.005) and significantly lower in losartan group (12.0 ± 31.6%, P = 0.029) compared 
with the MI. The left atrial endothelial nitric oxide synthase (NOS) and sarco/endoplasmic 
reticulum Ca2+-ATPase levels were lower in the MI group and higher in the losartan group 
significantly. The atrial inducible NOS and sodium-calcium exchanger levels were higher in 
the MI and lower in the losartan group significantly. Losartan disrupts collagen fiber 
formation and prevents the alteration of the tissue eNOS and iNOS levels, which prevent 
subsequent AF induction.
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INTRODUCTION

The increasing incidence of heart failure (HF) and the aging of 
the population have led to an increased incidence of atrial fi-
brillation (AF). AF is a commonly occurring arrhythmia, pres-
ent in people older than age 65 yr. The Framingham Heart Study 
reported that the lifetime risk for the development of AF is 1 in 4 
for men and women aged 40 yr and older (1). AF is a major 
cause of morbidity and mortality, and increases the risk for 
death (2, 3), congestive heart failure (CHF) (2), and embolic 
phenomena including strokes (2, 4).  Among several causes of 
AF, CHF is one of the most important causes. CHF is an increas-
ingly frequent cardiovascular disorder that affects 15-20 million 
people worldwide. In the Framingham experience, CHF in-
crease the risk of AF 4.5-fold in men and 5.9-fold in women (5). 
Both AF and CHF are linked to an increased activation of the 
renin-angiotensin system, which has been related to myocardi-
al fibrosis in hypertensive heart disease (6), CHF, myocardial 
infarction (MI) (7), and cardiomyopathy (8).
  Angiotensin II receptor blockers (ARBs) have been reported 
to decrease the formation of ventricular fibrosis in rat models 
(9) and to decrease the incidence of AF in humans (10). In a 

dog model of ventricular tachypacing (VTP) induced HF, treat-
ment with inhibitors of angiotensin-converting enzyme de-
creased the duration of AF via interfering with fibrosis forma-
tion induced by the activation of mitogen-activated protein ki-
nases (MAPKs) (11). An increased angiotensin II action has 
been implicated in endothelial dysfunction characterized by a 
alternation of PKG signaling pathway and decreased nitric ox-
ide (NO) availability (12). Increased expression of endothelial 
nitric oxide synthase (eNOS) was identified in the myocardial 
endothelium of atrium in patients treated with an angiotensin-
converting enzyme inhibitor (13). 
  In the Losartan Intervention For Endpoint Reduction in Hy-
pertension (LIFE) study, treatment with losartan resulted in a 
decreased incidence of atrial fibrillation and stroke (10). Howev-
er, the exact mechanism for the anti-arrhythmic effects of ARBs 
is unknown, especially as related to effects on the NO system. 
Recently, several studies have demonstrated a relationship be-
tween AF and nitric oxide synthase (NOS). For example, Shiro-
shita-Takeshita et al. (14) showed a relationship between eNOS 
and AF in a dog atrial tachycardia model. Cai et al. (15) found 
that endocardial NOS expression and NO production were de-
creased in a pig model of AF. The angiotensin II levels are in-
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creased in CHF and angiotensin II is an important regulator of 
CHF induced arrhythmogenesis (16). Therefore, there could be 
a relationship between the angiotensin II modulating NO sys-
tem and the arrhythmogenesis in CHF. The aim of this study was 
to evaluate these relationships by examining ARB responses. 
  Atrial fibrosis is a major contributing factor to AF according 
to the findings of large animal and human studies (17, 18). How-
ever, the relationship between the fibrosis and AF has rarely 
been investigated in small animal models and the effects of 
several calcium regulatory proteins are still disputed. Recently, 
the animal models for in vivo study of acute AF have been limit-
edly available in large animals (e.g., dogs, pigs or sheep), which 
cannot be easily studied in most laboratories. However, the in-
duction of AF was recently demonstrated by atrial burst pacing 
in animals as small as mice (19). Therefore, this study also eval-
uated the correlation between fibrosis and AF, and between an-
giotensin II and NOS, in a rat atrial fibrosis model created by 
post myocardial infarction induced heart failure. The antiar-
rhythmic effects of ARBs and the relationship between angio-
tensin II modulation of NOS and several arrhythomogenic 
pathways were also explored.

MATERIALS AND METHODS

Animals and preparation 
All animal-handling procedures were approved by the institu-
tional animal care and use committee of the Kosin University 
School of Medicine, which followed the guidelines of the Kore-
an Council on Animal Care. Male Sprague-Dawley (SD, Dae-
han Biolink Inc. Eumseong, Korea) rats (n = 30), aged 7 to 8 
weeks and weighing 250 to 300 g, were fed a normal sodium 
diet, and offered tap water. MI was induced by a ligation of the 
left anterior descending coronary artery. Two days after induc-
tion of the MI, the rats were randomized into 2 groups: an un-
treated MI group (n = 10) and a MI+Losartan group (n = 10) 
that received losartan at 10 mg/kg/day for 10 weeks. The drug 
was added to the drinking water and water consumption and 
body weight were carefully monitored for the entire 10-week 
treatment. Sham operated rats served as a control (n = 10).

Creating the MI rat models
MIs were induced in the SD rats after ligation of the left anterior 
descending coronary artery under an intraperitoneal injection 
of ketamine (50 mg/kg) with xylazine (10 mg/kg). The rats were 
connected to a respirator (Harvard, Rodent Ventilator, model 
683, with a frequency of 60 ventilations per minute, and a vol-
ume of 1 mL/100g). The chest was opened by a mid-sternoto-
my, and the left anterior descending artery was ligated approxi-
mately 2 to 3 mm from its origin with a 5.0 polypropylene suture 
(Ethicon, Diegem, Belgium). The control rats were submitted to 
a sham operation that used a similar procedure but without 

coronary ligation. The perioperative mortality was around 40% 
in the rats submitted to the coronary artery ligation.

Echocardiogram
At the end of the study, the rats were lightly anesthetized with 
an intraperitoneal injection of ketamine (25 mg/kg) with xyla-
zine (5 mg/kg). Transthoracic echocardiography was perform
ed using a 12-MHz phased-array probe (Acuson Sequoia C512; 
Mountain View, CA, USA). The wall thickness and LV diameters 
during diastole and systole were measured from the M-mode      
recordings according to the leading-edge method. Two dimen-
sional short-axis images at the mid-papillary muscle level were 
obtained for the measurement of the LV end-diastolic dimen-
sion (LVEDD), LV end-systolic dimension (LVESD), fractional 
shortening (FS), and wall thickness. The ejection fraction (EF) 
was calculated as follows: EF = (D2-S2)/D2 × 100, where S was 
the systolic and D the diastolic dimension (expressed in cm). 
The left atrial and aortic diameters were measured from the M-
mode recordings in a modified parasternal long axis view.

Electrophysiological study
On the open chest study days, the rats were anesthetized with 
ketamine (90 mg/kg) and xylazine (13 mg/kg) and ventilated 
mechanically. The AF induction was performed in an open-
chest state, with a bipolar lead attached to the right atrial ap-
pendage. Bipolar hook electrode was made by 2 Bipac unipolar 
26-gauge needle electrodes 37 mm TP-EL450, (Biopac, Inc., 
Santa Barbara, CA, USA). AF was induced by right atrial burst 
pacing (using 4 times current of the pacing threshold for 30 sec-
onds at 600 bpm). AF was induced ten times if the AF duration 
was ≤ 20 min, and five times if the AF lasted between 20 and 30 
min. AF that lasted more than 30 min was considered to be per-
sistent. Persistent AF was counted as 30 min duration. The mean 
duration of AF in each rat was determined on the basis of 10 in-
ductions.

Quantification of fibrosis
After the completion of the electrophysiological study, the heart 
was rapidly removed and weighed and the heart to body weight 
ratio was calculated. The hearts were immersed in a 10% buff-
ered formalin solution and then embedded in paraffin. Masson 
trichrome staining was used to characterize the collagen fibers. 
Fibrosis of the left atria was quantified with Image-Pro Plus ver-
sion 5.1 acquisition software (Media Cybernetics, Georgia, USA).

Western blotting
About 25 mg of rat left atrial tissue was homogenized in 1 mL of 
a modified tonic sucrose solution (0.3 M/L sucrose, 10 mM/L 
imidazole, 10 mM/L sodium metabisulfite, 1 mM/L DTT, 0.3 
mM/L PMSF) and centrifuged at 1,300 × g at 4°C for 15 min. 
The protein concentration was determined by the Bradford 



Kim H-S, et al.  •  Angiotensin Receptor Blockers Prevent Left Atrial Remodeling 

702    http://jkms.org http://dx.doi.org/10.3346/jkms.2013.28.5.700

method. Aliquots containing 50 μg of protein for the iNOS and 
sodium-calcium exchanger (NCX) or 25 μg of protein for the 
eNOS and sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) 
were loaded onto a SDS-polyacrylamide gel and separated by 
electrophoresis (11% acrylamide separating gel for 90 min). The 
separated proteins were electrophoretically transferred onto a 
PVDF membrane (Pierce, Rockford, IL, USA) using a Trans-Blot 
semi-dry transfer system (Bio-Rad, Hercules, CA, USA) at 25V 
for 90 min in a buffer containing 25 mM/L Tris base, 192 mM/L 
glycine, and 20% methanol. The membranes were incubated at 
4°C overnight with mouse-anti rat-eNOS (BD Transduction La
boratories, Franklin Lakes, NJ, USA), iNOS (BD Transduction 
Laboratories), or NCX (Affinity BioReagents, Golden, CO, USA) 
monoclonal antibodies and with rabbit-anti-rat-SERCA (Santa 
Cruz Biotechnologies, Santa Cruz, CA, USA) polyclonal anti-
bodies at a 1:1,000 dilution in a TBST (0.2 M/L Tris, 1.37 M/L 
NaCl, 0.1% Tween 20; adjusted pH 7.6) containing 5% skim milk. 
After the incubation with a secondary antibody at a 1:1,500 di-
lution in a TBST containing 5% skim milk, the blot was devel-
oped using a SuperSignal West Pico Chemiluminescent Sub-
strate (Pierce) and exposed to X-ray film. The western blots were 
then analyzed by densitometry.

Immunohistochemistry for eNOS and iNOS
Immunohistochemistry for eNOS or iNOS was performed us-
ing a horseradish peroxidase-streptavidin-biotin method (Ul-
traVision LP Detection System; Lab Vision Corporation, Suf-
folk, UK). Briefly, formalin-fixed, paraffin-embedded tissue was 
prepared using conventional histological methods. Serial sec-
tions (6 µm) were cut from each paraffin block. Samples were 
immersed in 10% neutral buffered formalin for 30 min, perme-
abilized with 0.1% Triton X-100 for 15 min, blocked with nor-
mal goat serum for 15 min, and incubated with the primary an-
tibodies: anti rat-polyclonal, diluted 1:50 with PBS, eNOS (Santa 
Cruz Biotechnologies, Santa Cruz, CA, USA) for eNOS and rab-
bit-anti rat-polyclonal, diluted 1:50 with PBS, iNOS (Santa Cruz 
Biotechnologies) for iNOS in a humidified chamber for 60 min. 
After treatment with primary antibody, samples were incubat-
ed with biotinylated secondary antibody for 30 min, followed 
by streptavidin-peroxidase conjugate for 15 min. Peroxidase 
was visualized by addition of 3-amino-9-ethyl carbazole (ACE) 
and hydrogen peroxide. 

Drugs
Losartan was generous gift of Merck Pharmaceuticals (White-
house Station, NJ, USA).

Statistical analysis
Each parameter studied was statistically analyzed by an analy-
sis of variance (ANOVA). If the results of ANOVA were signifi-
cant, group-to-group comparisons were performed using the 

Mann-Whitney test. P values of less than 0.05 were considered 
to be statistically significant. All results were expressed as the 
mean ± standard deviation (SD). For the statistical analysis, 
SPSS software (version 12.0K) was used.

RESULTS

Echocardiographic indices
The changes in the echocardiographic parameters in each group 
are presented in Fig. 1 and Table 1. The left ventricular ejection 
fraction (LVEF) was significantly lower in MI group than sham 
(sham, 91 ± 4%; MI, 37 ± 12%; mean ± S.D; P < 0.01). The LVEF 
was slightly higher in MI + losartan group (47 ± 19%) than MI 
group, and this difference was not statistically significant. 

Changes in heart weight
Heart weight was significantly higher in the MI group than sham 

Sham

MI

MI + Losar

Fig. 1. Echocardiograms using M-mode exhibiting left ventricular anteroseptal wall 
akinesia and dilated ventricular dimensions in MI rats. These changes were moder-
ately abolished in the losartan treated rat group. MI, myocardial infarction; MI + Losar, 
myocardial infarction with losartan treatment.
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Table 1. Echocardiographic parameters

Parameters Sham MI MI + Losar

EF (%) 90.7 ± 4.2 37.2 ± 11.9* 47.1 ± 19.3*
FS (%) 58.0 ± 7.8 16.0 ± 6.1* 22.1 ± 12.0*
LVEDD (cm) 0.76 ± 0.08 1.01 ± 0.06* 0.94 ± 0.18†

LVESD (cm) 0.32 ± 0.07 0.85 ± 0.10* 0.76 ± 0.22*
LAD (cm) 0.33 ± 0.08 0.50 ± 0.13† 0.37 ± 0.06†

*P < 0.001, versus sham, †P < 0.01, versus sham. MI, myocardial infarction; MI + 
Losar, myocardial infarction with losartan; EF, ejection fraction; FS, fractional shorten-
ing; LVEDD, left ventricular end diastolic dimension; LVESD, left ventricular end sys-
tolic dimension; LAD, left atrial dimension.

Fig. 2. Changes in heart weight. *P < 0.001, sham vs MI; †P < 0.001, sham vs MI + 
Losartan, MI vs MI + Losartan. MI, myocardial infarction; MI + Losar, myocardial in-
farction with losartan treatment.
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Fig. 3. The EKG shows the successful induction of atrial fibrillation following burst 
pacing in the MI group. On the contrary, there is no induction of atrial fibrillation in 
the sham group and short duration of AF in MI + Losartan group. AF, atrial fibrillation; 
MI, myocardial infarction; MI + Losar, myocardial infarction with losartan treatment.

Sham, No induction of AF

Burst pacing (30 sec)

End of pacing

End of pacing

MI, induction of AF

Burst pacing (30 sec) Sustained AF > 30 min

MI + Losar, Temporary AF

Burst pacing AF Normal sinus rhythm

Normal sinus rhythm

group (3.0 ± 0.1 gram in sham group [n = 10], 5.6 ± 0.3 gram in 
MI group [n = 10]; P < 0.001). It was significantly lower in losar-
tan treatment group than MI group (4.0 ± 1.0 gram in MI + losar-
tan group [n = 10]; P < 0.001, MI vs MI + losartan) (Fig. 2).

Atrial fibrillation induction study
Induction of AF was very difficult in the sham group. AF induc-
ibility was higher in MI group than sham, and it was significantly 
lower in losartan treatment group (2.0 ± 6.3% in sham [n = 10]; 
39.4 ± 43.0% in MI [n = 10]; 12.0 ± 31.6% in MI + losartan group 
[n = 10]; P = 0.005 sham versus MI, P = 0.029 MI vs MI + losar-
tan). The AF duration was also significantly longer in the MI 
group than sham (906 ± 942 sec in MI [n = 10], 0.4 ± 1.1 sec in 
sham [n = 10]; P = 0.003). Losartan treatment significantly re-
duced the increase in AF duration (180 ± 569 sec [n = 10]; P =  
0.015, MI vs MI + losartan) (Fig. 3-5). 

Effects of losartan on left atrial fibrosis in the MI rat model
The occurrence of MI significantly increased the interstitial fi-
brosis in the left atrium (sham, 0.25 ± 0.08% [n = 7]; MI, 2.22 ±  
0.66% [n = 7]; P = 0.001). Treatment with losartan resulted in a 
significantly reduced amount of fibrosis in the left atrium com-
pared to the MI group (MI + losartan, 0.90 ± 0.27% [n = 7]; P =  
0.001, MI + losartan vs MI) (Fig. 6).

Expression of nitric oxide syntheses and calcium handling 
proteins
The left atrial tissue protein levels of eNOS were significantly 
lower in MI group (sham, 12.84 ± 2.78; MI, 6.56 ± 4.08; P < 0.01), 
and SERCA were significantly lower in the MI group than sham 
(sham, 28.59 ± 3.26; MI, 19.07 ± 3.53; P < 0.01). This reduction 
in eNOS and SERCA expression was diminished in the losartan 
treated group (eNOS, 11.65 ± 3.41; SERCA, 23.32 ± 2.72; P < 0.05). 
The left atrial tissue protein levels of iNOS were significantly 
higher in the MI group than sham (sham, 0.25 ± 0.30; MI, 6.09 
± 4.65; P < 0.01) and NCX level were also higher in the MI group 

(sham, 0.78 ± 0.44; MI, 15.86 ± 12.91; P < 0.01). After treatment 
with losartan, the iNOS and NCX protein expression were de-
creased (iNOS, 2.51 ± 1.32; NCX, 4.73 ± 5.20; P < 0.05) (Fig. 7, 8).
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Immunohistochemistry results
The eNOS immunohistochemical staining showed that most 
eNOS activity was located in the endocardial area in the sham 
group. And the endocardial eNOS activity decreased in the MI 
group, but treatment with losartan restored endocardial eNOS 
activity. The iNOS immunohistochemical staining revealed lit-
tle iNOS activity in the sham group. Myocardial iNOS activity 
was increased in the MI group, but this increase was suppress
ed by treatment with losartan (Fig. 9).

DISCUSSION

The present study demonstrated a simple and novel in vivo, 
open-chest, small animal AF model. The MI induced rat CHF 
model developed AF due to an increased amount of fibrosis, 
modulation of NOS, increased NCX activity and decreased SER
CA expression in the left atrium (LA). Treatment with losartan 

reduced the CHF-induced arrhythmogenic left atrial remodel-
ing that contributed to AF by reducing the amount of fibrosis 
and preventing changes in the NO system and in expression of 
calcium regulating proteins.
  CHF produces a significant amount of atrial fibrosis, which is 
associated with localized conduction abnormalities that are 
believed to promote AF by stabilizing reentry (20, 21). Li et al. 
(11) demonstrated increased atrial fibrosis in a rapid pacing in-
duced dog CHF model, and after treatment with angiotensin 
converting enzyme inhibitors, fibrosis formation was prevented 
and the duration of AF was decreased. A chronic angiotensin II 
type 1 (AT1) receptor blockade with losartan was associated 
with a reduction in both the myocardial collagen content and 
left ventricular chamber stiffness in a subgroup of patients with 
essential hypertension (22). The present study showed that an 
increased amount of LA fibrosis induced by CHF was associat-
ed with an increased duration of AF in the rat CHF model. In 
addition, the extent of LA fibrosis promoted by AF was dimin-
ished by losartan treatment. The decreased amount of fibrosis 
was correlated with a decreased duration of AF.
  Activation of the renin-angiotensin system is an important 
mechanism of CHF induced atrial fibrillation. An increase in 
angiotensin II is related to superoxide formation and the altera-
tion of the nitric oxide synthase system. Chung et al. (23) dem-
onstrated an elevation of the C-reactive protein levels in pa-
tients with AF and showed that inflammation may be part of 
the mechanism underlying AF development. Cai et al. (15) re-
ported the down-regulation of eNOS and increased expression 
of prothrombotic protein plasminogen activator inhibitor 1 
(PAI-1) in the left atrial tissue following induction of AF in pigs. 
These results can explain the increased thrombogenicity of the 
left atrial tissue in AF. Shiroshita-Takeshita et al. (14) reported 
an increase in eNOS and iNOS expression in atrial tissues of 
dogs that had undergone atrial tachycardia remodeling. The el-
evation of the eNOS expression was decreased after treatment 

Fig. 4. Results of atrial fibrillation inducibility study. *P = 0.005, sham vs MI; †P = 
0.029, MI vs MI + losartan. MI, myocardial infarction; MI + Losar, myocardial infarc-
tion with losartan treatment.

AF
 in

du
ci

bi
lty

 (%
)

	 Sham (n = 10)	 MI (n = 10)	 MI + Losar (n = 10)
	 2.0 ± 6.3	 39.4 ± 43.0	 12.0 ± 31.6

90.0

80.0

70.0

60.0

50.0

40.0

30.0

20.0

10.0

0

*

†

Fig. 5. Mean duration of atrial fibrillation (seconds) following burst pacing. *P = 0.003, 
sham vs MI; †P = 0.015, MI vs MI + losartan. MI, myocardial infarction; MI + Losar, 
myocardial infarction with losartan treatment.

M
ea

n 
AF

 d
ur

at
io

n 
(s

ec
)

	 Sham (n = 10)	 MI (n = 10)	 MI + Losar (n = 10)
	 0.4 ± 1.1	 906 ± 942	 180 ± 569

2,000.0

1,500.0

1,000.0

500.0

0.0

*

†

Fig. 6. Effect of losartan on the fibrosis of the left atrium. *P = 0.001, sham vs MI 
and sham vs MI + losartan; †P = 0.001, MI vs MI + losartan. MI, myocardial infarc-
tion; MI + Losar, myocardial infarction with losartan treatment.
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eNOS

iNOS

SERCA

NCX

GAPDH

	 Sham	 MI	 MI + Losar

Fig. 8. Alterations of the eNOS, iNOS, SERCA and NCX protein expression in the left 
atrium. eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; 
NCX,  sodium calcium exchanger; SERCA, Sarcoplasmic reticulum Ca2+ -ATPase; MI, 
myocardial infarction; MI + Losar, myocardial infarction with losartan treatment.

Fig. 7. Expression of nitric oxide synthase and calcium handling proteins. Data were normalized to the value of sham. *P < 0.01, sham vs MI and sham vs MI + Losartan; †P < 
0.05, MI vs MI + Losartan. eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; NCX, sodium calcium exchanger; SERCA, Sarcoplasmic reticulum Ca2+ 
-ATPase; MI, myocardial infarction; MI+Losar, myocardial infarction with losartan treatment.
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with prednisone. However, these changes in eNOS and iNOS 
were reported in atrial tissues remodeled by atrial tachycardia. 
The present study is the first to show a relationship between 
NOS expression and arrhythmogenesis during CHF. We showed 
a decrease in eNOS expression in left atrial tissue from rats with 
CHF. These results indicate that CHF occurring after myocardi-
al infarction increased thrombogenicity and also increased the 
probability of atrial fibrillation.
  Recent studies have shown that iNOS is either undetectable 
or detected at only low levels in healthy human hearts, but it is 
expressed at high levels in the myocardium of failing hearts (24). 
High concentrations of NO have been shown to induce cardio-
myocyte apoptosis (25). Elevation of iNOS expression within 
the cardiomyocytes of failing hearts may contribute to the patho
genesis of progressive LV remodeling and heart failure (26). In 
transgenic mice, the cardiac-specific over-expression of iNOS 
leads to cardiac fibrosis, dilatation, and premature death (27). 
Sam et al. (28) demonstrated that six months after a myocardial 
infarction, the extent of the LV dysfunction and myocardial 
apoptosis was diminished in iNOS knockout mice, which sup-
ported a detrimental role for iNOS in this chronic HF model. 
Patten et al. (26) demonstrated that ventricular assist device 
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therapy normalized iNOS expression and reduced cardiomyo-
cyte apoptosis in failing human hearts. 
  CHF induces the activation of the tumor necrosis factor (TNF)-
alpha, which inhibits the expression of eNOS and stimulates the 
expression of iNOS (29, 30). Recent studies have demonstrated 
a relationship between elevated iNOS and arrhythmia. For ex-
ample, Xia et al. (31) demonstrated up-regulation of inflamma-
tory factors such as endothelin, NFκB, TNFα, and iNOS and 
their involvement in exaggerated cardiac arrhythmias in L-thy-
roxine-induced cardiomyopathy. The results of the present 
study indicated a significantly increased iNOS expression in 

CHF, which was significantly improved after the losartan treat-
ment. The reduction in iNOS expression, along with the decreas
ed amount of fibrosis, was associated with decreased arrhyth-
mogenesis and especially with decreased AF development in 
the atrium. 
  CHF-induced contractile dysfunction and increased arrhyth-
mogenesis are related to alterations in intracellular calcium 
concentrations. Intraluminal free calcium levels are increased 
in diastole and decreased in systole in a CHF state. These calci-
um homeostasis changes are related to changes in NCX, SER-
CA, and other calcium regulatory proteins in the sarcoplasmic 

Fig. 9. Imuunohistochemical staining shows that eNOS expression are decreased in endocardium of MI group and increased in MI + losartan group (A). iNOS expression are 
increased in myocardium of MI group, and these expression are decreased in MI + losartan group (B). eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide syn-
thase; MI, myocardial infarction; MI + Losar, myocardial infarction with losartan treatment. Numbers standing on right column mean magnification. 
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reticulum. CHF increased the expression of NCX, an important 
carrier of post-repolarization transient inward currents that 
cause delayed after-depolarizations (DADs). DADs can induce 
triggered activity, and there is evidence for the role of DADs in 
atrial tachyarrhythmias in canine CHF models (18, 32). The 
present study showed significantly increased NCX expression 
and significantly decreased SERCA expression in the rat CHF 
model. These effects were significantly suppressed by losartan 
treatment. Those findings support the idea that the anti-arrhy
thmic effects of losartan are induced by prevention of alteration 
of calcium handling induced by CHF. 
  This is the first study to demonstrate changes in eNOS, iNOS, 
NCX, and SERCA in heart failure atrial tissue associated with 
atrial fibrillation in rats. This study found that an increased iNOS, 
NCX, and fibrosis in the atrial tissue in the MI group could cause 
the development of sustained AF even in these small animals. 
Losartan treatment clearly decreased the amount of fibrosis in 
the atrium and was associated with a decreased duration of AF 
and decreased expression of eNOS. This, in turn, was associated 
with a decreased thrombogenicity in the atrial tissue. These re-
sults can provide some scientific support for the stroke preven-
tion effects seen in the LIFE study (10). Another important find
ing was that this study demonstrated that losartan treatment 
led to a decreased expression of NCX, which was an important 
component of the arrhythromogenicity.
  The present study demonstrated a simple and novel in vivo, 
open-chest, small animal AF model that eliminates the need to 
use large animals such as dogs or pigs. We clearly demonstrat-
ed the induction of sustained AF, so this animal model can sim-
plify AF studies because of the ease in handling these animals.  
  The limitation of this study is that we did not measure the di-
rect angiotensin II level in the atrial tissue. However, the incre
ase in the angiotensin II levels has already been demonstrated 
in previous studies (33). The NCX current was not measured in 
the heart failure atrial tissue, because of the technical difficulty 
in doing so in small animals. Cell condition after a single cell 
isolation was very poor and we were unable to obtain cells in 
good condition from the CHF atrial tissue, which prevented di-
rect measurement of the NCX current. This study also did not 
measure the effective refractory period of the rat atrial tissue, 
nor were elevated NCX-induced DADs demonstrated in the 
CHF tissue. 
  In conclusion, angiotension II induce remodeling of left atrial 
tissues in heart failure, which cause arrhythmia like atrial fibril-
lation. The MI induced rat CHF model developed AF due to an 
increased amount of fibrosis, modulation of NOS, increased 
NCX activity and decreased SERCA expression in the left atri-
um. Losartan, an angiotensin receptor blocker, disrupts colla-
gen fiber formation and prevents the alteration of the tissue 
eNOS and iNOS levels, which may prevent subsequent AF in-
duction.
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