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Myocardial fibrosis after acute myocardial infarction (AMI) is one of the main causes of myocardial 
remodeling and heart function abnormalities.  Bone morphogenetic protein-7 (BMP-7) has been reported to 
play essential roles in anti-fibrosis.  In this study, we demonstrated the role of exogenous BMP-7 on 
myocardial fibrosis and heart function recovery after AMI.  A rat model of AMI was established via ligation of 
the left anterior descending coronary artery (LAD).  Twenty rats were grouped into sham group which 
underwent chest open operation, but did not receive LAD ligation.  Another 40 rats underwent LAD ligation 
were randomly grouped into saline-treated group (n = 20) and BMP-7-treated group (n = 20) which received 
saline treatment or exogenous BMP-7 treatment for 14 days, respectively.  Two weeks after LAD ligation, 
the survival rate of BMP-7-treated AMI group was significantly improved compared to the saline group.  
Moreover, the cardiac function was preserved as shown by echocardiography examination, and the 
infarcted size was limited upon BMP-7 treatment.  In addition, we investigated the role of TGF-β1 signaling 
pathway in BMP-7-mediated cardioprotective effects by analyzing the expression levels of TGF-β1, Smad 2 
and Smad 3 in the infarct zone, border zone, and non-infarct zone.  Western blot and quantitative PCR 
results suggested that BMP-7 attenuated myocardial fibrosis through counteracting TGF-β1 signaling 
pathway, thereby exerting cardioprotective effects.  In conclusion, our data provide a potential therapeutic 
direction for preserving cardiac function and improving prognosis of AMI patients.
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Introduction
Acute myocardial infarction (AMI) is becoming the 

leading cause of cardiac death worldwide (Mozaffarian et 
al. 2016).  Myocardial remodeling and heart function abnor-
malities after AMI affect patients’ prognosis and living 
quality (Burchfield et al. 2013).  AMI results in scar forma-
tion, which can enhance the local contractility and prevent 
the heart from burst.  However, over-deposition of colla-
gens and fibrosis contributes to ventricular enlargement, 
subsequently impairs the myocardial contract and dilate 
abilities, leading to heart function deficiency and heart fail-
ure (Uusimaa et al. 1997; Towbin 2007; Zeisberg et al. 
2007).  Myocardial remodeling and collagen deposition is a 
long term pathophysiological change after AMI.  
Unfortunately, little drug was known to prevent myocardial 
fibrosis (Reichert et al. 2016).  Lacking preventive therapy 
for myocardial remodeling in AMI patients highlights the 
urgent demand for developing novel drugs, which will be 
invaluable in delaying heart structural damage.

The transforming growth factor β (TGF-β) cytokine 
superfamily is composed of the prototypic TGF-βs and 
bone morphogenetic proteins (BMPs) (Massague 2012).  
TGF-β1 signaling participates in various physiological and 
pathological processes including embryonic development, 
tissue differentiation, cell proliferation, inflammation, 
angiogenesis, tumorigenesis as well as fibrosis (Wu et al. 
2016; Lei et al. 2017; Li et al. 2017; Tang et al. 2017; Wang 
et al. 2017; Yamazaki et al. 2017; Yang et al. 2017).  
Through regulating Smad2/3, TGF-β1 modulates the tran-
scription and expression of several fibrosis-associated 
genes, thereby enhancing the synthesis of collagen and 
fibronectin (Dooley et al. 2008; Yan and Chen 2011; 
Massague 2012).  Overstimulation of TGF-β signaling 
pathway contributes to aberrant deposition of extracellular 
matrix (ECM), leading to the pathological heart remodeling 
after AMI (Dobaczewski et al. 2011).  Intriguingly, it has 
been reported that BMP-7, an important member of BMPs 
subfamily, can counteract TGF-β1-induced ECM accumula-
tion in several models.  In other words, BMP-7 may be 
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potential in down-regulating the interstitial fibrosis, includ-
ing both kidney fibrosis and heart fibrosis (Zeisberg et al. 
2003; Weiskirchen and Meurer 2013).

In the present study, we investigated whether recombi-
nant BMP-7 administration can improve the overall sur-
vival and reduce the heart infarction size in a rat AMI 
model.  Using this model, we firstly tested the effect of 
recombinant BMP-7 on heart functions, and further 
assessed the fibrosis level as well as corresponding protein 
biomarkers in the heart tissues.  Finally, whether BMP-7 
affects the fibrosis accumulation through modulating TGF-
β1 signaling pathway was verified.

Materials and Methods
Rat model of AMI and treatment protocol

Adult male Sprague-Dawley (SD) rats weighing 250 ± 20 g 
obtained from the Laboratory Animal Center of Wuhan University 
were used in this study.  The study was approved by the Animal 
Ethics Committee of the Medical School of Wuhan University and 
conducted in accordance with the guidelines from the National 
Institutes of Health guide for the care and use of Laboratory animals.  
All animals received humane care, and all efforts were made to mini-
mize animal suffering.  All surgery was performed under sodium pen-
tobarbital anesthesia.  In brief, animals were anesthetized, and the 
chest was opened followed by LAD (left anterior descending artery)-
ligation.  The rats in sham group underwent same anesthetization and 
chest open operation, but did not receive LAD ligation.  The LAD 
ligation position was 1-2 mm distal to the line between left border of 
the pulmonary conus and right border of left atrial appendage.  After 
surgery, LAD-ligated rats were randomly assigned to two groups 
(saline group, and BMP-7 treatment group).  For the BMP-7 treat-
ment group, recombinant murine BMP-7 (5666-BP, R&D Systems), 
which is 100% in sequence identity to the rat BMP-7, was adminis-
tered  intraperitoneally for 2 weeks (5 µg/kg/day); whereas rats in 
sham group and saline group were treated with saline.

Echocardiography measurement
After 2 weeks’ treatment, the heart function was evaluated using 

a Siemens Acuson™ SC2000 high-frequency ultrasound system 
(Siemens, Inc., Berlin, Germany).  A Two-dimensional echocardio-
graphic measurement was obtained after rat anesthetization.  The left 
ventricular end-diastolic diameter (LVEDD), left ventricular end-sys-
tolic diameter (LVESD), left ventricular ejection fraction (LVEF), and 
left ventricular fractional shortening (LVFS) were all measured and 
calculated from the M-mode tracing.

Evaluation of myocardial infarction size
Following euthanasia, hearts were collected.  After stored at 

−20°C for 20 min, the hearts were cut into 2-mm slices across the 
long axis, incubated with 2% triphenyl-tetrazolium chloride (Sigma, 
St Louis, USA) at 37°C for 30 min in dark, and then fixed by 10% 
paraformaldehyde overnight.  The infarcted site was pale white visu-
ally, whereas the normal tissue appeared brick-red.  All tissue slices 
were imaged, and infarcted size was calculated using Image-Pro Plus 
6.0 software (Media Cybernetics, Silver Spring, USA).

Fibrosis evaluation
The extent of fibrosis was measured by Masson staining.  

Briefly, after heart tissues were fixed and embedded in paraffin, 4-µm 
sections were cut and stained with hematoxylin/eosin and Masson’s 
trichrome, respectively.  Each section was imaged by microscopy 
(Nikon, Japan).  The ratio of fibrotic area to the total area of connec-
tive and myocardial tissue was calculated using Image-Pro Plus 6.0 
software.

Quantitative real-time PCR (qRT-PCR) analysis
The relative gene transcription was analyzed by qRT-PCR.  

Total RNA was isolated from left ventricular tissues with Trizol 
reagent (Invitrogen, CA, USA) following manufacturer’s instructions.  
Concentration of total RNA was estimated, and the qRT-PCR was 
conducted as described by others (Liu et al. 2016).  The primer 
sequences are shown in Table 1.  Gene expression levels were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase  (GAPDH).  
Expression levels of each mRNA were measured in duplicate with 
five independent experiments.

Western blot analysis
Western blot was used to evaluate the protein expression levels.  

Briefly, 20 µg of protein lysates was electrophoresed by 10% SDS-
PAGE and transferred onto polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad, CA, USA).  The primary antibodies included rabbit 
polyclonal anti-TGF-β1 (Santa Cruz, CA, USA), rabbit polyclonal 
anti-SMAD2/3 (Abcam, Cambridge, United Kingdom), and mouse 
monoclonal anti-GAPDH antibodies (ZSGB-BIO Co., China).  After 
incubated with appropriate secondary antibodies, membranes were 
immunodetected with ECL Advance Western Blotting Detection Kit 
(GE Healthcare, Germany).  The immunoreactivity was expressed as 
optical density of the sample dots normalized to that of GAPDH.  
Samples from 3-6 subjects per group were tested in two independent 
experiments.

Genes Forward Reverse 
TGF-β1 5′-TGCTTCAGCTCCACAGAGAA-3′ 5′-TGGTTGTAGAGGGCAAGGAC-3′ 
Smad2 5′-AGTGTTTGCCGAGTGCCTAA-3′ 5′-GCCTCAAAACCCTGGTTAAC-3′ 
Smad3 5′-GGCAGGATGTTTCCAGCTA-3′ 5′-GCAGTCCACAGACCATGTCA-3′ 
Collagen1 5′-TCCTGGCAATCGTGGTTCAA-3′ 5′-ACCAGCTGGGCCAACATTTC-3′ 
Collagen3 5′-TGGACAGATGCTGGTGCTGAG-3′ 5′-GAAGGCCAGCTGTACATCAAGGA-3′ 
Fibronectin 5′-GCACATGTCTCGGGAATGGA-3′ 5′-ACACGTGCAGGAGCAAATGG-3′ 
GAPDH 5′-GGCACAGTCAAGGCTGAGAATG-3′ 5′-ATGGTGGTGAAGACGCCAGTA-3′ 

Table 1.  List of Primers in qRT-PCR.
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Statistical analysis
GraphPad Prism 5 software was used for statistical analysis and 

for generating graphs.  All values were described as mean ± S.D.  
One-way ANOVA test was utilized to compare the statistical differ-
ences among groups, and Tukey’s test was used for posting hoc anal-
yses.  A Kaplan-Meier survival analysis was used to evaluate the 
overall survival rates of the rats.  A P-value < 0.05 was considered 
statistically significant.

Results
Recombinant BMP-7 improves overall survival rate in rats 
with AMI

By LAD ligation, we developed a rat AMI model to 
explore the effect of BMP-7 on the heart remodeling and 
fibrosis.  After 2 weeks of BMP-7 treatment, the overall 
survival rate was determined.  All rats in the sham group, 
which were not subjected to LAD ligation, survived after 
14 days; while nearly half of the rats in the saline group 
died within the first week after operation (Fig. 1A).  Heart 
failure seemed to be the main cause of death.  Importantly, 
the survival rate of rats in the BMP-7 treatment group was 

better than that of the saline group (70% and 45%, respec-
tively).  Nevertheless, although significant difference was 
observed by comparing three groups (sham, saline, BMP7; 
log-rank p = 0.0006) and the trend indicated improved out-
comes in the rats upon BMP-7 administration, it was not 
statistically significant between the saline and BMP7 groups 
(p = 0.1221).  The heart weight/body weight (HW/BW) 
ratio was also evaluated after the rats were euthanized, 
which revealed that the ratio was significantly lower in the 
BMP-7 treatment group compared with the saline and sham 
groups (Fig. 1B).

Recombinant BMP-7 improves echocardiographic perfor-
mance in rats with AMI

Two weeks after the induction of AMI, two-dimen-
sional echocardiography was performed to detect the heart 
function changes.  As revealed in Fig. 2, after AMI opera-
tion, LVEDD and LVESD were increased, while LVFS and 
LVEF were decreased compared to the parameters in sham 
group, indicating an impaired myocardial contractility.  
Moreover, BMP-7 treatment significantly down-regulated 

Fig. 2.  Recombinant BMP-7 improves the cardiac performance in the rat AMI model.
	 The echocardiographic analyses toward LVEDD (A), LVESD (B), LVEF (C), and LVFS (D) were conducted after 

2-week treatment, respectively.  Data are expressed as mean ± SD.  ***P < 0.001 versus sham group, #P < 0.05 versus 
saline group, ##P < 0.01 versus saline group, ###P < 0.001 versus saline group.

Fig. 1.  Recombinant BMP-7 improves overall survival rate and decreases the heart/body weight ratio in a rat AMI model.
	 (A) Kaplan-Meier analysis indicated the survival rates of rats after AMI.
	 Green line, survival rate of the sham group (n = 20); Red line, survival rate of the saline group (n = 20); Blue line, sur-

vival rate of the BMP-7 treated group (n = 20).  (B) Analysis of the heart weight/body weight ratio, data were expressed 
as mean ± SD.  **P < 0.01 versus sham group, #P < 0.05 versus saline group.
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LVEDD and LVESD; on the other hand, LVFS and LVEF 
were up-regulated compared with the saline group.  The 
results above implicated an improvement of cardiac func-
tions in AMI rats after BMP-7 treatment.

Recombinant BMP-7 inhibits myocardial fibrosis
BMP-7 has been reported to be an antagonist of TGF-

β1 signaling pathway and can reduce the fibrosis level of 
certain organs (Zeisberg et al. 2003; Weiskirchen and 
Meurer 2013).  We set to illustrate whether recombinant 
BMP-7 improves the heart function by decreasing myocar-
dial fibrosis in the rat AMI model.  H&E and Masson’s tri-
chrome staining were performed to detect the pathological 
changes and fibrosis in the myocardial tissue, respectively.  
Compared to the saline group, the infarct size (Fig. 3A) and 
interstitial fibrosis (Fig. 3B) were both significantly 
decreased in BMP-7 treatment group, indicating a potential 
anti-fibrotic effect of BMP-7 in AMI.

Furthermore, qRT-PCR experiment was performed to 
determine the expression of certain fibrosis markers includ-
ing collagen1, collagen3 and fibronectin in the infarct zone 
(IZ), border zone (BZ), non-infarct zone (NIZ), respec-
tively.  In accordance with previous study (Hou et al. 2015), 
maximum expression of fibrosis markers were detected in 
the infarct zone while minimum expression in the non-
infarct zone (Fig. 3C-E).  Additionally, expression levels of 
fibrosis markers were decreased in all zones from BMP-7 
treatment group, compared with saline group.

Recombinant BMP-7 treatment attenuates TGF-β1 signal-
ing

To investigate whether BMP-7 induced inhibition of 
myocardial fibrosis by counteracting the TGF-β1 signaling 
pathway, we tested the expression of several effectors in 
TGF-β1 signaling pathways through western blot and qRT-
PCR.  The mRNA level of TGF-β1 was upregulated in the 
saline groups compared with the sham group in the infarct, 
border and non-infarct zones (Fig. 4A).  Besides, its mRNA 
level was downregulated in the BMP-7 treatment group 
compared with the saline group.  As two of the most impor-
tant downstream effectors of TGF-β1, Smad2 and Smad3 
showed similar alterations upon BMP-7 treatment (Fig. 4B, 
C).  Accordingly, the protein expression changes showed a 
similar tendency as revealed by immunoblotting (Fig. 4D).

Discussion
Accumulated evidence suggested that BMP-7 signal-

ing was beneficial to resolve established organ damage, 
especially renal and hepatic progressive fibrosis (Wang et 
al. 2006; Sugimoto et al. 2007; Zeisberg and Kalluri 2008).  
Of note, small peptide agonists of BMP-7 receptors have 
been developed to inhibit kidney inflammation, tissue dam-
age, and fibrosis (Sugimoto et al. 2007).  However, to date, 
no small regulator targeting the myocardial fibrosis was 
reported.  BMP-7 has been reported to be involved in car-
diac myogenesis of chick embryo, and BMP signaling path-
ways are functional in cardiac myocytes from mice, rats, 
and humans (Schultheiss et al. 1997; Wu et al. 2014).  To 

Fig. 3.  Myocardial fibrosis level and infarct size are decreased upon BMP-7 treatment in the rat AMI model.
	 (A) Percent infarct size of saline group and BMP-7 treated group.  (B) Interstitial fibrosis of sham group, saline group 

and BMP-7 treated group.  (C)-(E) Relative mRNA expression levels of several fibrosis markers in infarct zone (IZ), 
border zone (BZ) and non-infarct zone (NIZ).  (C) Relative mRNA expression levels of collagen1.  (D) Relative mRNA 
expression levels of fibronectin (FN).  (E) Relative mRNA expression levels of collagen3.  Data were presented as mean 
± SD.  ***P < 0.001 versus sham group, #P < 0.05 versus saline group, ##P < 0.01 versus saline group, ###P < 0.001 ver-
sus saline group.
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our knowledge, whether exogenous administration of 
recombinant BMP-7 plays a role in regulating myocardial 
fibrosis and facilitating heart functional recovery after AMI 
is still unknown.  Our research found that administration of 
recombinant BMP-7 improved the overall survival rate and 
benefit heart functional recovery in a rat AMI model, sug-
gesting the promising role of BMP-7 on the treatment of 
AMI.

BMP-7 and TGF-β1 belong to the same cytokine 
superfamily, whereas each exhibits a unique signaling path-
way through specific Smad proteins.  During the process of 
pathological heart remodeling induced by AMI, TGF-β1 is 
a potent mediator of myocardial fibrosis and hypertrophy.  
Conversely, BMP-7 acts as an anti-fibrotic cytokine in 
experimental models of pathological organ fibrosis 
(Massague 2012).  In support of a protective effect against 
cardiac pathological remodeling, treatment with recombi-
nant BMP-7 in a rat AMI model counteracted the TGF-β1 
signaling pathway.  Therefore, recombinant BMP-7 may 
prevent the development of myocardial fibrosis, and subse-
quently improve the cardiac functions.

In summary, our findings indicate that recombinant 
BMP-7 exerts cardioprotective effects by attenuating myo-
cardial fibrosis through counteracting TGF-β1 signaling 
pathway in the rat AMI model.  The value of recombinant 
BMP-7 on regulating myocardial fibrosis and improving the 
overall survival deserves further attention.
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