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Abstract
Backgroun/Aims: To explore the effect of cardiac contractility modulation (CCM) on 
myocardial fibrosis in heart failure and to investigate the underlying mechanism. Methods: 
Rabbits were randomly divided into sham group, HF group and CCM group. A rabbit model 
of chronic heart failure (CHF) was induced 12 weeks after aortic constriction by pressure 
unloading. Then cardiac contractility modulation was delivered to the myocardium lasting six 
hours per day for 4 weeks. Histology examination was carried out to evaluate the myocardial 
pathological changes. Protein levels of collagen I, collagen III, α-SMA, MMP2, MMP9, TIMP1, 
TGF-β1 and Smad3 were measured by western blot analysis. Results: Histology examination 
results showed that CCM therapy attenuated myocardial fibrosis and collagen deposition in 
rabbits with CHF. In addition, protein levels of collagen I, collagen III, α-SMA, MMP2, MMP9, 
TIMP1, TGF-β1 and Smad3 were down regulated. Conclusion: CCM therapy exerted protective 
effects against myocardial fibrosis potentially by inhibiting TGF-β1/Smad3 signaling pathway 
in CHF rabbits.

Introduction

Chronic heart failure (CHF) is the terminal stage of various structural and functional 
cardiac diseases, characterized by a progressive reduction in cardiac output. Despite 
tremendous efforts during the past decades, CHF remains one of the most common, costly 
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and deadly deceases. The pathological cardiac remodeling is characterized by myocardial 
hypertrophy, cell apoptosis, and myocardial interstitial fibrosis, and resulting structural 
changes contribute to the process of cardiac dysfunction [1]. Cardiac interstitial fibrosis, the 
excessive deposition of extracellular matrix (ECM), is one of the major contributing factors in 
the pathogenesis of heart failure [2]. The excessive deposition of ECM proteins leads to poor 
cardiac performance due to disorganized electrical signaling and the inability to contract [3, 
4].

Cardiac contractility modulation (CCM) is the application of relatively high intensity, 
non-excitatory signals to the myocardium, during the absolute refractory period that has 
been shown to augment contraction strength of myocardium and improve exercise tolerance 
and quality of life [5-9]. The action of increase in contraction force appears to be mediated by 
reversing the molecular remodeling associated with heart failure and restore the expression 
of several calcium handling proteins [10-12]. It has also been reported that CCM has a 
favorable effect on cardiac remodeling by echocardiography and histological assessment and 
normalizes expressions of key cytoskeleton proteins and matrix metalloproteinase (MMPs) 
[13-15]. Our previous study has demonstrated that CCM could normalize the expression of 
SERCA2a/phospholamban and miR-133 in CHF rabbits, which contributes to the multiaspect 
cardioprotective action of CCM [16].

TGF-β1 has been shown to play an important part in the pathogenesis of myocardial 
fibrosis which causes the deposition of ECM via the enhancement of ECM synthesis and 
reduction of ECM degradation [17-20]. Smad3 is the key mediator in the downstream of 
TGF-β1 signaling pathway under various pathological conditions [21]. Emerging evidences 
showed miR-133 could improve the fibrosis process by regulating the expression levels of 
TGF-β1 and CTGF [22, 23]. We have previously demonstrated that CCM unregulated miR-
133 level, which benefited cardiac function [16]. In this study, we sought to investigate the 
potential relationship between CCM and TGF-β1/Smad3 signaling pathway in a rabbit model 
of CHF and to explore the role of CCM in myocardial fibrosis.

Materials and Methods

Ethics statement
All of the procedures involving animals were in full compliance with the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health. The design of this study was approved 
by the Institutional Animal Care Committee at Hebei Medical University.

Animals
Thirty healthy New Zealand white rabbits of both genders weighing 2.5 - 3.5 kg (6 months old) were 

purchased from the Experimental Animal Center of Hebei Medical University.

Group setting
The rabbits were randomly divided into the following three groups: sham operation group (sham 

group, n = 10), heart failure group (HF group, n = 10), and CCM + heart failure group (CCM group, n = 10). In 
the sham group, rabbits only received thoracotomy; in the HF group, rabbits underwent thoracotomy and 
ascending aortic cerclage; in the CCM group, rabbits received thoracotomy, ascending aortic cerclage and 
4-week CCM after heart failure.

Model of CHF
The rabbit model of CHF induced in the present study was previously described in detail [16]. Briefly, 

following the induction of anesthesia in rabbit via ear vein administration of 3% sodium pentobarbital at 1 ml/
kg body weight, the thoracic cavity was opened. The ascending aorta was dissected and the circumference of 
aorta was calculated and occluded to make a constriction to 60% of the original circumference. The electrode 
used to deliver CCM was sutured to left ventricular anterior wall and the other ends of the electrode were 
punctured subcutaneously to the neck for later use. After 12 weeks, symptoms of heart failure occurred 
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in the rabbits, such as loss of appetite, reduction of activities and breathing acceleration. Left ventricular 
ejection fraction ≤ 40% meant that the heart failure model had been successfully established.

CCM protocols
EPS320 Cardiac Stimulator (BARD MicroPace, Inc, USA) was used to deliver CCM signals to the 

absolute refractory period of heart by sensed R-wave. As detailed previously, the signals consisted of a 
biphasic square-wave pulses with phase duration=2 ms, stimulus amplitude=7 V, and 30 ms delay after 
R-wave sensing [16]. CCM signals lasted 6 hours per day for consecutive 4 weeks.

Histology and immunohistochemistry
The heart from anesthetized rabbits was rapidly excised, and fixed in 4% paraformaldehyde solution. 

The heart was sectioned transversely across myocardial papillary muscle, and then embedded with 
paraffin. Myocardial tissue sections (5 μm) were cut from the paraffin blocks and stained with hematoxylin 
and eosin (H&E) and Masson’s trichrome for histopathological analysis of myocardial fibrosis. Digital 
microscope (×400; BX-51; Olympus, Tokyo, Japan) was used to take pictures of ten random fields from each 
heart section. The collagen volume fraction (CVF) was calculated as the sum of the connective tissue areas 
divided by the sum of all connective tissue and muscle area. The expression of α-SMA in the myocardium 
was immunolocalized with antibodies against α-smooth muscle action (α-SMA; both 1:50 dilution, Bio-high, 
Shijiazhuang, China). A negative control was prepared by incubating the tissue with an anti-IgG (1:200 
dilution, Bio-high, Shijiazhuang, China) antibody without primary antibody. Digital photographs were taken 
at 400 × magnification for 10 random fields from each section, and percentages of positive signals were 
quantitative. Data were analyzed using Image-ProPlus5.1 (Media Cybernetics).

Western blot analysis
The total protein samples were extracted from heart tissues and quantified using the bicinchoninic 

acid (BCA) protein assay (Beyotime, Shanghai, China). Samples were separated with 10% SDS–PAGE 
electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes. After blocked with 
5% fat-free milk for 2 h, the membrane was incubated overnight with primary antibody at 4°C, with the 
antibodies of collagen I (1:400, Bioss, Beijing, China), collagen III (1:600, Bioss, Beijing, China), matrix 
metalloproteinase 2 (MMP2; 1:500, Bioss, Beijing, China), MMP9 (1:800, Bioss, Beijing, China), tissue 
inhibitor of metalloproteinase 1 (TIMP1; 1:600, Bioss, Beijing, China), α-SMA (1:50, Bio-high, Shijiazhuang, 
China), Smad3 (1:600, Bioss, Beijing, China) and TGF-β1 (1:500, Bioss, Beijing, China). β-actin (1:1500, 
Bioss, Beijing, China) was used as a control. The immunoreactive bands were visualized using the enhanced 
chemiluminescence kit (ECL Millipore Corp., Bedford, MA, USA). Developed films were scanned and Image-
ProPlus 5.1 was used for quantitative analysis.

Statistical analysis
All data were presented as mean ± standard deviation and analyzed using the Statistical Package for 

Social Sciences (SPSS) for Windows version 17.0 software (SPSS Inc., Chicago, IL, USA). Differences among 
multiple groups were compared with single factor analysis of variance (ANOVA) while the comparison 
between two groups was detected with LSD method. A P value < 0.05 was considered statistically significant.

Results

Twelve weeks after aortic constriction, 28 rabbits survived and met the criteria of heart 
failure including 10 in the sham group, 9 in the HF group, and 9 in the CCM group. One 
rabbit in HF group die of pneumothorax during the surgery. One rabbit in CCM group die 
of massive haemorrhage due to ascending aorta injuries. The successful rate to build heart 
failure model was 90%. After CCM, 100% survival was observed in all groups.

Effects of CCM treatment on histological changes
As shown in Fig. 1A, photomicrographs of heart tissue sections of H&E staining in the 

HF group showed disordered arrangement of myocardial cells, partial myocardial necrosis, 
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fibrous tissue proliferation and inflammatory cells infiltration, as compared with sham 
group. Pathological changes were alleviated in CCM group compared with HF group, as 
demonstrated by the regularly arranged cardiomyocytes and decreased fibrous tissues.

To assess the changes in cardiac interstitial fibrosis, histological sections of the heart 
were observed morphologically with Masson’s trichrome staining and examined by CVF. As 
shown in Fig. 1B, heart tissue in the HF group presented a massive and intensive collagen 
accumulation compared with sham group. CVF in the HF group was significantly increased (P 
< 0.05). After administration with CCM, areas of fibrotic heart tissue were obviously reduced. 
CVF in CCM group was remarkably decreased (P < 0.05) (Fig. 1C).

Effect of CCM treatment on cardiac fibroblast differentiation
α-SMA is a surrogate maker for differentiation of fibroblast to myofibroblast. The level 

of α-SMA by immunostaining assay was used as one way to assess the essential role of CCM 
treatment in differentiation of fibroblast to myofibroblast, as shown in Fig. 2A. Compared 
with sham group, the percentage of positive areas of α-SMA was significantly increased 
by approximately 15% in the HF group (P < 0.05). By contrast, CCM treatment markedly 
reduced the expression of α-SMA by approximately 8%, as compared to the HF group (P < 
0.05) (Fig. 2B). Subsequently, we investigated the effect of CCM on the expression of α-SMA 

Fig. 1. Effect of CCM treatment on myocardial histological changes. (A)  Representative myocardium of each 
group with H&E staining. ×400. (B) Representative myocardium of each group with Masson’s trichrome 
staining. ×400. (C) Quantitative analysis of collagen contents (*P < 0.05 vs. sham group; # P < 0.05 vs. HF 
group).
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by western blot. Consistent with the immunohistochemistry data, protein levels of α-SMA 
were remarkably increased in HF group compared with sham group. Notably, CCM treatment 
attenuated these changes (Fig. 3A, G).

Effect of CCM treatment on the expressions of collagen I, collagen III, MMP2, MMP9 and 
TIMP1
The myocardial extracellular matrix is a complex structure that is mainly formed by 

interconnecting collagen and fibronectin. The cardiac collagen network consists of five types 
of collagen: types I, III, IV, V and VI. Collagen I and collagen III account for more than 95% of 
the total cardiac collagen [24]. Western blot was used to clarify the effects of CCM on protein 
expressions of myocardial collagen I and collagen III. The results showed that, compared 
with the sham group, the protein expressions of collagen I and collagen III increased more 
significantly in the HF group (P < 0.05). The CCM treatment contributed to markedly reduced 
protein level of collagen I and collagen III (P < 0.05), as compared with the HF group (Fig. 
3A, B, C).

The MMPs are ECM proteolyses enzymes that are involved in collagen degradation. 
Tissue matrix metalloproteinase inhibitors (TIMPs) are specific inhibitors of MMPs which 
can regulate MMP activity in tissues. The predominant forms of MMPs and TIMPs involved 
in ECM alterations are MMP2, MMP9 and TIMI1. In our study, protein expressions of MMP2, 
MMP9 and TIMI1 were significantly upregulated in HF group compared with sham group (P 
< 0.05). A significant down regulation was observed after CCM therapy (P < 0.05) (Fig. 3A, 
D, E, F).

Effect of CCM treatment on TGF-β1/Smad3 signaling pathway in myocardial fibrosis
TGF-β1 has been shown to exert biological effects through Smad-dependent signaling 

pathway and Smad3 pathway has played an essential role in TGF-β1 mediated fibrosis [18]. 
We demonstrated that protein expressions of TGF-β1 and Smad3 were increased significantly 
in HF group compared with sham group, and were restored after the therapy with CCM (P < 
0.05) (Fig. 3A, H, I).

Fig. 2. Effect of CCM treatment on protein expression of α-SMA. (A) Immunohistochemical staining of 
α-SMA in each group. (B) Quantitative analysis of the α-SMA stained in each group. The columns and error 
bars represent means ± SD. (* P < 0.05 vs. sham group; # P < 0.05 vs. HF group).
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Discussion

In the present study, we made an effort to understand whether CCM therapy could 
prevent myocardial fibrosis in heart failure as well as its underlying mechanisms. The major 
findings of this study include: (1) CCM therapy inhibited cardiac fibrosis in CHF rabbits; (2) 
CCM therapy attenuated interstitial fibrosis by inhibiting collagen production and fibroblast 
differentiation; (3) CCM therapy decreased MMP2, MMP9 and TIMP1 expressions; (4) The 
underlying mechanism might involve suppression of TGF-β1/Smad3 signaling pathway.

CCM has been developed as a treatment for CHF through electrical stimulation during 
myocardial absolute refractory period to increase myocardial contractility. Experimental 
and clinical studies have highlighted that CCM reversed the molecular remodeling associated 
with heart failure [8]. We have previously demonstrated that CCM could normalize the 
expressions of SERCA2a/phospholamban and miR-133 in CHF rabbits [16], which might 
contribute to its wide range of cardioprotective action. Previous studies have reported CCM 
could improve cardiac remodeling by echocardiography and histological assessment and 
normalizes expressions of key cytoskeletal proteins and matrix metalloproteinase [13, 15]. 
In this study, we further investigated the effect of CCM therapy on myocardial fibrosis. Due to 
the small size of rabbit heart, only one electrode was sutured to left ventricular anterior wall 
to deliver CCM. In addition, EPS320 Cardiac Stimulator was used in our study to generate 
CCM signals instead of Optimizer implantable device which was used in clinical studies.

Fig. 3. Effect of CCM treatment on protein expression. (A) Western blot images of collagen I, collagen III, 
MMP2, MMP9, TIMP1, α-SMA, TGF-β1 and Smad3. (B) Collagen I expression; (C) Collagen III expression; (D) 
MMP2 expression; (E) MMP9 expression; (F) TIMP1 expression; (J) α-SMA expression; (H) TGF-β1 expres-
sion; (I) Smad3 expression. The columns and error bars represent means ± SD. (* P < 0.05 vs. sham group; 
# P < 0.05 vs. HF group).
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Myocardial fibrosis is a hallmark of heart disease and plays a vital role in cardiac 
remodeling during CHF, which is characterized by an increase in collagen synthesis and 
decrease in collagen degradation in the myocardium, resulting in disproportionate collagen 
deposition [25]. Myocardial fibrosis has the potential to increase myocardial mass at the 
expense of cardiac function, leading to a vicious cycle. Previous studies showed CCM reduced 
the volume fraction of interstitial fibrosis of the myocardium in CHF dog [14]. Likewise, we 
found that CCM therapy decreased the collagen volume fraction (CVF) in CHF rabbit by 
Masson’s trichrome. In addition, we revealed that CCM inhibited collagen I and collagen III 
synthesis by western blot method, which played an important part in myocardial fibrosis.

Cardiac fibroblasts are the main source for synthesis of myocardial interstitial collagen. 
The function of collagen is significantly improved after differentiation to myofibroblast. 
α-SMA is a surrogate maker of myofibroblast. Previous studies indicated the involvement of 
TGF-β1 in the process of fibroblast differentiation [26]. In the present study, we found that 
CCM therapy attenuated α-SMA expression level. In the meantime, protein levels of TGF-β1 
in CCM group were significantly decreased compared with HF group, suggesting that CCM 
could alleviate fibroblast proliferation by effectively inhibiting expression of TGF-β1.

MMPs are considered to be pivotal factors which influence the deposition of ECM. TIMPs 
could regulate MMPs activity. The balance between TIMP and MMP exerts an important role 
in myocardial fibrosis. MMP2 and MMP9 have been proven to play vital roles in cardiac 
remodeling [27]. Previously basic studies revealed that treatment with CCM decreased MMP-
1, MMP-2 and MMP-9 mRNA and protein expression, without affecting TIMP expression 
[15]. Data from our study are in agreement with the previous report that CCM therapy 
down regulates the expression of MMP2, MMP9 and TIMP1. With administration of CCM, 
the expression of TGF-β1 was declined as well. Accumulating evidence suggests that MMPs 
activity is regulated by TGF-β1 [28]. These findings indicate that CCM inhibits the expression 
of MMPs potentially via down regulation of TGF-β1.

TGF-β1 plays a crucial role in cardiac fibrosis. The profibrotic actions of TGF-β1 are 
mediated through induction of its downstream effectors. Smad is a well characterized 
downstream molecular of TGF-β1 signaling [29]. Previous studies have revealed that Smad3 
is a key mediator of TGF-β1 in the pathogenesis of myocardial fibrosis [30]. As a main 
downstream signal transducer of TGF-β1, Smad3 can be phosphorylated by activated type 
I receptor of TGF-β1 and enter the nucleus to mediate the transcriptions of target genes 
including collagen I, collagen III, α-SMA and MMPs [31]. The present study demonstrated 
that both mRNA and protein level of TGF-β1 and Smad3 were increased notably in HF group 
and significantly reduced with CCM therapy. Those changes were accompanied by collagen 
I, collagen III, α-SMA, MMP2 and MMP9. These results suggested that CCM therapy could 
suppress TGF-β1/Smad3 signaling pathway, which might contribute to its attenuation of 
myocardial fibrosis in heart failure.

In conclusion, the present study demonstrates that TGF-β1/Smad3 signaling pathway 
and downstream collagen I, collagen III, α-SMA, MMP2 and MMP9 genes are inhibited by 
CCM therapy in HF group. CCM therapy has exerted protective effects against myocardial 
fibrosis in CHF rabbits by inhibiting TGF-β1/Smad3 signaling pathway. These results provide 
experimental evidence for application of CCM in CHF treatment.
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