
Vol.:(0123456789)1 3

Molecular and Cellular Biochemistry (2020) 472:241–251 
https://doi.org/10.1007/s11010-020-03802-x

Secreted frizzled‑related protein 2 prevents 
pressure‑overload‑induced cardiac hypertrophy by targeting the Wnt/
β‑catenin pathway

Wen‑Ying Wei3 · Qing Zhao1 · Wen‑zhong Zhang1 · Mao‑jing Wang1 · Yan Li1 · Shi‑zhong Wang2 · Ning Zhang1 

Received: 15 November 2019 / Accepted: 18 June 2020 / Published online: 6 July 2020 
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Background and aim Secreted frizzled-related protein 2 (sFRP2) has been reported to be involved in cardiovascular diseases. 
However, its role in cardiac hypertrophy induced by pressure overload is still elusive. We aimed to examine the role of sFRP2 
in the development of cardiac hypertrophy in vivo and in vitro.
Methods and results Following cardiac hypertrophy stimulated by aortic banding (AB), the expression of sFRP2 was down-
regulated in the hypertrophic ventricle. Adeno-associated virus 9 (AAV9) was injected through the tail vein to overexpress 
sFRP2 in the mouse myocardium. Overexpression of sFRP2 alleviated cardiomyocyte hypertrophy and interstitial fibrosis, 
as identified by the reduced cardiomyocyte cross-sectional area, heart weight/body weight ratio, and left ventricular (LV) 
collagen ratio. Additionally, sFRP2 decreased cardiomyocyte apoptosis induced by pressure overload. Western blot showed 
that sFRP2 prevented the expression of active β-catenin. The Wnt/β-catenin agonist LiCl (1 mmol/kg) abolished the inhibitory 
effects of sFRP2 on cardiac hypertrophy and apoptosis, as evidenced by the increased cross-sectional area and LV collagen 
ratio and the deterioration of echocardiographic data.
Conclusion Our study indicated that decreased sFRP2 levels were observed in failing mouse hearts. Overexpression of 
sFRP2 attenuated myocyte hypertrophy and interstitial fibrosis induced by hypertrophic stimuli by inhibiting the Wnt/β-
catenin pathway. We revealed that sFRP2 may be a promising therapeutic target for the development of cardiac remodeling.
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Introduction

Heart failure and its underlying cardiac hypertrophy pro-
cesses are spreading worldwide [1]. Cardiac hypertrophy is 
identified as compensatory pathological changes in response 

to chronic arterial hypertension and/or aortic valve stenosis. 
Characterized by the deposition of cardiac interstitial col-
lagen and cardiomyocyte enlargement, cardiac hypertrophy 
is regarded as a major predictor for the development of heart 
failure. Hence, inhibition of pathological cardiac hypertro-
phy can serve as an effective therapeutic strategy for curing 
heart failure.

The Wnt/β-catenin pathway is evolutionarily conserved 
throughout metazoans and participates in various develop-
mental processes including early cardiomyogenesis [2]. Wnt/
β-catenin signaling is usually silent in adult organs, but reac-
tivates after acute injury. Previous studies have found that 
Wnt/β-catenin signaling is closely related to the mediation 
of cardiomyocyte enlargement and apoptosis. It has been 
demonstrated that increased Wnt3a expression activated 
caspases and aggravated myocyte apoptosis induced by 
hypoxia reoxygenation [3]. Furthermore, activation of Wnt/
β-catenin is observed in cardiac and renal tissues following 
pressure overload stimulation, and blockage of the signaling 
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attenuates chronic organ remodeling in the heart and kid-
ney [4]. Secreted frizzled-related protein 2 (sFRP2), as a 
soluble protein, directly interacts with Wnt extracellularly 
and prevents its interaction with frizzled; this is involved in 
the regulation of Wnt/β-catenin signaling. Lin et al. found 
that sFRP2 was downregulated after cardiac infarction in 
mice and elaborated that sFRP2 may be an antifibrotic target 
by regulating cardiac fibroblast (CF) growth and extracel-
lular matrix remodeling [5]. Nevertheless, whether sFRP2 
can affect pressure-overload-induced cardiac hypertrophy 
through Wnt/β-catenin signaling remains elusive.

In the present study, we explored the role of sFRP2 in the 
pathogenesis of cardiac hypertrophy induced by aortic band-
ing (AB), as well as the underlying mechanism.

Material and methods

Animals and reagents

C57BL/6 male mice (4 weeks) were obtained from the 
Institute of Laboratory Animal Science, CAMS & PUMC 
(Beijing, China). Antibodies against β-catenin (ab32572), 
total-GSK-3β (ab32391), phospho-GSK-3β (ab75814), 
BAX (ab32503), Bcl-2 (ab196495), cleaved Caspase-3 
(ab214430), and GAPDH (ab181602) were purchased from 
Abcam. Active β-catenin (19,807) was obtained from Cell 
Signaling Technology and angiotensin (Ang II, A9525) 
and lithium chloride (LiCl, 746,460) were purchased from 
Sigma-Aldrich. Recombinant adeno-associated viruses of 
serotype 9 (AAV9) were produced and purchased from 
Hanbio Biotechnology Co. (Shanghai, China). AAV9 vec-
tors were packaged with single-stranded DNA containing 
enhanced green fluorescent protein (GFP) gene or sFRP2, 
which was driven by the human cytomegalovirus (CMV) 
promoter (AAV9-CMV-GFP or AAV9-CMV-GFP-sFRP2). 
Vector titers were determined by using qPCR with prim-
ers against the CMV promoter region. Recombinant sFRP2 
(1169-FR) was obtained from R&D Systems.

Animal experiments

All animal procedures were by approved the Guidelines for 
the Care and Use of Laboratory Animals published by the 
United States National Institutes of Health (NIH Publica-
tion, revised 2011) and the institutional guidelines of the 
Animal Care and Use Committee of Affiliated Hospital 
of Qingdao University (Qingdao, China). All eighty male 
C57BL/6 mice were housed and drank freely under specific 
pathogen-free conditions under a 12-h light/12-h dark cycle 
and fed standard chow diet (13.5 kcal% fat, 32.98 kcal% 
Protein, 56.7 kcal% Carbohydrate). AAV9-CMV-sFRP2 or 
AAV9-CMV-GFP (1 × 1012 drp) was injected through the 

tail vein to overexpress sFRP2 in the mouse myocardium. 
Four weeks later, C57BL/6 mice were anesthetized by intra-
peritoneal injection of 3% sodium pentobarbital and placed 
on a ventilator. The AB and sham operation were performed 
in 24–26 g male C57Bl/6 J mice (8 weeks old) according to 
a previous study [6]. Additionally, adequate aortic banding 
was confirmed by Doppler echocardiogram. The sham mice 
underwent a similar operation without aorta constriction. 
LiCl, a Wnt/β-catenin signaling agonist, was administered 
by intragastric administration via a 1 mmol/kg dose once a 
day and maintained for 2 weeks.

Echocardiography and hemodynamic 
measurements

Mouse echocardiography was performed under sedation by 
1.5% isoflurane inhalation. Short-axis parasternal views of 
the left ventricular systolic and diastolic parameters were 
obtained immediately at the mid-papillary level using a 
Vivid echocardiography apparatus with a 10-MHz probe 
(Esaote SpA, Genoa, Italy). M-mode measurements of the 
magnitude of the LV walls and chamber were achieved by 
two-dimensional guidance from the left ventricular short-
axis view in a blinded manner as described previously [6, 
7]. LV end-diastolic diameter (LVEDd), LV end-systolic 
diameter (LVESd), and end-diastolic interventricular septal 
thickness (IVSd) were determined. The LV fractional short-
ening (FS) was computed using the following formula: FS 
(%) = (LVEDd-LVESd)/ LVEDd × 100.

For invasive hemodynamic analysis, mice were primar-
ily anesthetized with 1.5% isoflurane inhalation. An inci-
sion was subsequently made in the right carotid artery and 
pressure–volume (PV) loop measurements were performed 
using a 1.4 Fr micromanometer conductance catheter (Mil-
lar, Houston, USA). Hemodynamic data were collected at 
steady state; PV loop parameters including the maximum 
rate of pressure development (dp/dt max) and minimum 
rate of pressure decay (dp/dt min) were calculated using the 
PVAN data analysis software (Millar, Houston, USA).

Histological measurements

The harvested heart was fixed in 4% paraformaldehyde for 
24 h, subsequently dehydrated in ethanol and xylene series, 
and finally embedded in paraffin. To evaluate the cross-sec-
tional sizes of cardiomyocytes and cardiac interstitial fibro-
sis, 5-μm cardiac tissue slides were stained with hematoxylin 
and eosin (H&E) and picrosirius red (PSR). Subsequently, 
images of the slides were obtained by optical microscopy 
with a Nikon Photo-Imaging System (H550L, Tokyo, 
Japan). For cardiomyocytes sizes and interstitial fibrosis 
quantification, images were analyzed with the Image-pro 
Plus 6.0 software (Maryland, USA).
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For immunohistochemistry of myocardial sFRP2 expres-
sion, the cardiac tissue sections were deparaffinized, blocked 
with 8% goat serum, and then incubated with 1:100 diluted 
anti-sFRP2 antibody overnight at 4 °C. After washing, the 
slides were incubated for 1 h with anti-rabbit HRP reagent 
(Gene Tech, Shanghai, China) at 37 °C, rinsed, and devel-
oped with a peroxide-based substrate DAB kit for 5 min 
(Gene Tech, Shanghai, China). Finally, images of the slides 
were obtained by light microscopy with a Nikon Photo-
Imaging System (H550L, Tokyo, Japan).

TUNEL assay

Apoptosis was detected in the cardiac tissues using the 
Apoptosis Assay Kit (Millipore, Temecula, CA) according 
to the manufacturer’s instructions. The myocardial tissue 
sections were deparaffinized and preconditioned with pro-
teinase K (20 μg/ml), after which they were incubated with 
fluorescein-labeled dUTP. Quantitation of apoptotic cells, as 
shown by nuclear fragmentation and chromatin condensa-
tion, was conducted with the Image-pro Plus 6.0 software.

Neonatal rat cardiomyocyte (NRCM) isolation 
and determination of myocyte surface area

NRCMs were isolated from 1- to 3-day-old Sprague–Dawley 
(SD) rats as shown previously [6]. Briefly, twenty neonatal 
rat ventricles were minced into 1 mm small fragments and 
digested with 0.25 g/l trypsin and 5 g/l collagenase at 37 °C 
six times for 10 min. The resultant suspension was collected 
by centrifugation at 600 g for 10 min and strained through 
a 70-μm filter. Then, the cell suspension was reseeded into 
fresh DMEM/F12 medium containing 10% (V/V) fetal 
bovine serum (FBS) (Ausbian, Australia) for 1.5 h. After-
wards, the cardiac fibroblasts were abandoned and the 
extracted cardiomyocytes were transferred to a new plate 
and cultured accordingly. For in vitro experiments, cardio-
myocytes were prepared as quiescent by serum starvation 
for 12 h, after which the cells were incubated with LiCl 
(2.5 mM, 12 h) followed by Ang II (1 μM) stimulation for 
the indicated amount of time.

For evaluation of the myocyte surface area, cardiomyo-
cytes were seeded on coverslips and incubated with 15 nM 
sFRP2 and/or not 2.5 mM LiCl following stimulation with 
Ang II for 24 h. To block the Wnt/β-catenin signaling, 
NRCMs were pretreated with LiCl for 12 h followed by Ang 
II stimulation. The coverslips were washed twice with ice-
cold PBS and fixed with PBS plus 4% paraformaldehyde for 
30 min. The myocytes were permeabilized with PBS con-
taining 0.1% Triton X for 10 min and then blocked with 2% 
BSA in PBS for 1 h. Cardiomyocytes were incubated with 
primary antibody against α-actin (Abcam, Cambridge, MA) 
overnight at 4 °C and reacted with a fluorescent secondary 

antibody. For determination of the myocyte surface area, 
fluorescent images were captured by an inverted fluores-
cence microscope and calculated using the Image-pro Plus 
6.0 software.

Quantitative real‑time reverse 
transcriptase‑polymerase chain reaction (RT‑PCR)

LV myocardial tissues were immediately dissected and 
total RNA was extracted from mouse cardiac tissues and 
cultured cardiomyocytes using the TRIzol reagent (Invit-
rogen, Carlsbad, CA, USA). First strand cDNA was made 
using the cDNA reverse transcription kit (Roche, Mannheim, 
Germany). Quantification of specific gene expression was 
performed using the LightCycler 480 SYBR Green Master 
Mix (Roche, Mannheim, Germany) and mRNA sequence-
specific PCR primers were designed using Primer Express 
software; the primer sequences are shown in Supplementary 
Table 1. Gene expression of the housekeeping gene GAPDH 
was utilized as a relative quantitative reference.

Immunoblot analysis

Cardiac tissues and cultured NRCMs were homogenized 
in RIPA lysis buffer, and the concentration of the protein 
lysates was determined by a BCA assay kit as indicated pre-
viously [6]. Protein extracts were separated by 10% SDS 
polyacrylamide gels under denaturing conditions and blotted 
onto polyvinylidene difluoride (PVDF) membranes. PVDF 
membranes were blocked with 5% bovine serum albumin/
TBST and then incubated with the following primary anti-
bodies: β-catenin, active β-catenin, phospho-GSK-3β, total-
GSK-3β, BAX, BCL-2, and cleaved-caspase 3 diluted in 
5% bovine serum albumin, followed by incubation with the 
appropriate conjugated anti-rabbit or anti-mouse second-
ary antibodies (Cell Signaling Technology). Signals were 
obtained using a two-color infrared imaging system (Odys-
sey; LI-COR Biosciences, Lincoln, NE, USA). Blot quan-
tification was performed with the ImageJ software (NIH, 
Bethesda, MD, USA) and normalized to GAPDH protein 
expression.

Statistical analyses

Data were presented as the mean ± SD. Differences between 
groups were analyzed with one-way analysis of variance 
(ANOVA) using GraphPad Prism 6 (Graphpad Software Inc, 
La Jolla, CA). Comparisons of two unpaired groups utilized 
the two-sided Student’s t tests. P ≤ 0.05 was considered sta-
tistically significant.
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Results

sFRP2 expression was downregulated in cardiac 
hypertrophy in vivo and in vitro

We detected the expression of sFRP2 in C57BL/6 mice for 
1, 2, and 4 weeks after AB operation. Our data showed that 
sFRP2 mRNA and protein expression was increased in the 
1st week after AB operation and subsequently decreased 
during the 4th week (Fig. 1a–b). NRCMs were cultured 
in vitro and stimulated with 1 μM Ang II for 24 h. Western 
blotting results indicated that sFRP2 expression was signifi-
cantly decreased in Ang II-treated NRCMs compared with 
the PBS-treated group (Fig. 1c). These results suggested that 
the changeable expression of sFRP2 may have possible roles 
in AB-induced cardiac hypertrophy.

Overexpression of sFRP2 attenuated 
pressure‑overload‑induced cardiac hypertrophy

To examine the effects of sFRP2 on AB-induced cardiac 
hypertrophy and accompanying dysfunction, we specifi-
cally overexpressed sFRP2 in the myocardium by inject-
ing AAV9 encoding sFRP2 into the tail vein of mice [8]. 
We observed that compared with baseline levels, cardiac 
sFRP2 expression was increased by approximately 3.5 fold 
in AAV9-sFRP2-infected mice after 8 weeks (Fig. 2a–c). 
To investigate the potential protective role of sFRP2 in the 
development of pressure-overload-induced cardiac hypertro-
phy, AB and sham operations were performed 4 weeks after 
AAV9-sFRP2 or AAV9-GFP injection. We detected mRNA 
expression of fetal gene BNP in hypertrophic hearts. Our 
results demonstrated that sFRP2 overexpression retarded 
the development of cardiac hypertrophy and improved the 
deteriorative cardiac functions in AB-treated mice, as indi-
cated by their reduced heart weight/body weight (HW/BW) 

ratio and decreased BNP mRNA expression (Fig. 2e–f). 
Four weeks after AB operation, H&E staining was used to 
evaluate the cross-sectional area of cardiomyocytes. The 
results showed that cardiomyocyte cross-sectional areas 
were decreased in AAV9-sFRP2-treated mice after AB 
insult compared with AAV9-GFP-treated mice (Fig. 2g). 
The echocardiographic and hemodynamic measurements 
reflected the anti-hypertrophy and cardiac function protec-
tive effects of overexpressed sFRP2, which presented as a 
reduction in LVEDd, LVEDd, and IVSd and increase in dp/
dt max, dp/dt min, and FS in mice subjected to AB surgery 
(Fig. 2h). These data suggested that the protective role of 
sFRP2 was achieved in response to hypertrophic insults.

sFRP2 overexpression retarded 
pressure‑overload‑induced cardiac fibrosis

To evaluate the role of sFRP2 in cardiac fibrosis, PSR stain-
ing was performed. As identified by the decreased inter-
stitial fibrosis ratio (Fig. 2i, k), overexpression of sFRP2 
markedly mitigated myocardial fibrosis induced by hyper-
trophic stimuli. Meanwhile, the induction of fibrotic markers 
including collagen Iα, collagen IIIα, and periostin by AB 
were markedly increased in hypertrophic mice; sFRP2 sig-
nificantly blunted collagen Iα, collagen IIIα, and periostin 
mRNA expression (Fig. 2k) in hypertrophic hearts, whereas 
there were no statistically significant differences between 
the sham-sFRP2- vs. sham-GFP-treated mice. These results 
implied that sFRP2 plays a role in mitigating cardiac fibrosis 
under pressure overload.

sFRP2 overexpression blunted AB‑induced 
cardiomyocyte apoptosis and the Wnt/β‑catenin 
pathway

We further investigated the effects of sFRP2 on cardiac 
apoptosis. TUNEL staining was performed in cardiac 

Fig. 1  sFRP2 expression is downregulated in failing heart tissue 
stimulated by pressure overload. a and b are Protein and mRNA lev-
els of sFRP2 in samples from C57BL/6 mice at the indicated times 
after sham or aortic banding (AB) surgery (n = 4; *P < 0.05). c Pro-

tein expression of sFRP2 in neonatal rat cardiomyocytes (NRCMs) 
following Ang II stimulation for 24 h. (n = 3 repetitions; *P < 0.05). 
Data are presented as the mean ± SD. *P < 0.05
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tissue sections. Our results indicated that a large number of 
TUNEL positive nucleus were present in the hypertrophic 
cardiac slices, whereas positive nucleus signal was signifi-
cantly reduced in the sFRP2-overexpressing hearts (Fig. 3a, 
b). Protein levels of cleaved-caspase 3, BAX, and BCL-2 
were assessed by Western blotting and indicated that over-
expressed sFRP2 markedly decreased the expression of 
the pro-apoptosis proteins cleaved-caspase 3 and BAX and 
increased the expression of anti-apoptosis proteins BCL-2 
(Fig. 3c).

A previous study revealed that sFRP2 can potently blunt 
canonical Wnt/β-catenin signaling in epithelial ovarian 
cancer [9], while in our present study, pressure overload 
induced by AB could also induce the activation of this 
canonical Wnt/β-catenin signaling (Fig. 3d). More impor-
tantly, overexpression of sFRP2 dramatically inhibited the 
Wnt/β-catenin pathway, indicated by the decreased expres-
sion of β-catenin and active β-catenin (Fig. 3d). Collectively, 
these results suggested a cardioprotective role for sFRP2 
that reduces cardiomyocyte apoptosis via inhibition of the 
Wnt/β-catenin pathway.

sFRP2 alleviated Ang II‑induced cardiomyocyte 
hypertrophy and apoptosis via suppressing 
the Wnt/β‑catenin pathway

Since Ang II stimulation resulted in a remarkable downregu-
lation of sFRP2 expression (Fig. 1c), a subsequent study was 
performed to evaluate the specific molecular mechanisms 
of sFRP2 in Ang II-induced myocyte hypertrophy. NRCMs 
were isolated and stimulated by Ang II (1 μΜ) for 24 h to 
establish cardiomyocyte hypertrophy model in vitro. As 
shown in Fig. 3e–g, sFRP2 mitigated Ang II-induced cardio-
myocyte hypertrophy, which was indicated by a smaller cell 
surface area and decreased BNP mRNA expression com-
pared with the positive control group. Additionally, sFRP2 
alleviated the vast apoptosis of cardiomyocytes induced by 
Ang II (Fig. 3h).

To examine whether sFRP2 regulates Ang II-induced 
cardiac hypertrophy and apoptosis in a Wnt/β-catenin sign-
aling-mediated way, NRCMs were pretreated with 2.5 mM 
LiCl (a Wnt/β-catenin signaling agonist) for 12 h followed 
by Ang II for 24 h. Thereafter, the role of LiCl in sFRP2 co-
incubated with AngII stimulation was evaluated. Our data 
showed that preincubation with LiCl reversed the down-
regulation of β-catenin expression and increased levels of 
cleaved-caspase3 (Fig. 3h). Moreover, LiCl abolished the 
protective role of sFRP2 followed by Ang II stimulation, 
as evidenced by the larger cell surface area (Fig. 3e) and 

increased BNP mRNA expression (Fig. 3g). The results 
demonstrated that sFRP2 mitigated Ang II-induced cardiac 
hypertrophy and apoptosis, mainly by inhibiting the Wnt/β-
catenin pathway.

sFRP2 exerted protective effects followed 
by pressure overload stimulation depending 
on the inhibition of Wnt/β‑catenin signaling

To validate the critical effects of sFRP2 overexpression 
on Wnt/β-catenin signaling in mouse cardiac hypertrophy, 
LiCl (1 mmol/kg per day) was intraperitoneally injected into 
cardiac hypertrophy mice two weeks before sacrifice. Our 
results showed that LiCl abolished the anti-hypertrophic 
role of sFRP2, as identified by the increased cardiomyo-
cyte sectional areas (Fig. 4a–b), HW/BW ratios, and BNP 
mRNA expression (Fig. 4d–e). Additionally, compared with 
the AB + AAV9-sFRP2 group, mice in the AB + AAV9-
sFRP2 + LiCl group presented more collagen deposition 
in the myocardium (Fig. 4a, c). Echocardiographic data 
indicated that LiCl abrogated the alleviative development 
of cardiac hypertrophy induced by AB following sFRP2 
overexpression, which manifested as similar LVEF (%), 
LVEDd, and LVESd levels between the AB + AAV9-GFP 
and AB + AAV9-sFRP2 + LiCl groups (Fig. 4f–g). Taken 
together, these results revealed the protection of sFRP2 
against cardiac hypertrophy and fibrosis depending on the 
blockage of the Wnt/β-catenin signaling pathway.

Discussion

Overarching conclusions from previous studies indicated a 
critical role for the dysregulated Wnt/β-catenin pathway in 
the pathogenesis of a hypertrophic heart [10, 11]. Inhibition 
of the Wnt/β-catenin pathway exerted a beneficial role and 
resulted in improved cardiac function following ischemic 
insults [12]. Our study was focused on sFRP2, which is 
similar to Frizzled, but lacks transmembrane domains [11]. 
sFRP2, a novel secreted factor, is considered a multifaceted 
regulator of the Wnt/β-catenin pathway. A previous study 
demonstrated that sFRP2 expression in the failing heart 
was increased in a δ-sarcoglycan-null TO2 strain hamster 
[13]; however, we found that sFRP2 expression in the hyper-
trophic heart of C57BL/6 mice was increased after 1 week 
and then decreased after 4 weeks. Meanwhile, reduced 
sFRP2 expression was also detected in NRCMs stimulated 
by Ang II; this discrepancy might be attributable to the dif-
ferent stages of cardiac remodeling. In the early phase of a 
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failing heart, sFRP2 expression in cardiac tissues could be 
increased, which is consistent with our results that cardiac 
sFRP2 levels increased 1 week after AB surgery. Therefore, 
the mechanism to mediate the expression and functional rel-
evance of sFRP2 requires further investigation.

Wnt/β-catenin signaling was activated in cardiac tissues 
during the progression of cardiac hypertrophy. Blankesteijn 
et al. observed increased Frizzled-2 expression during the 
development of cardiac hypertrophy induced by aortic con-
striction in rat [14]. The levels of Disheveled (Dvl), a down-
stream molecule of Frizzled in the Wnt/β-catenin pathway, 
was shown to be upregulated after pressure overload stimula-
tion in mice [15, 16]. Moreover, overexpression of β-catenin 
resulted in hypertrophic growth of cardiomyocytes in a rat 
myocardial infarction model [17]. Moreover, cardiac-specific 
deletion of β-catenin alleviated the development of cardiac 
hypertrophy stimulated by thoracic aortic constriction [17]. 

Overall, studies have indicated that Wnt/β-catenin medi-
ates hypertrophic responses upon various stimuli. Notably, 
sFRP2 mediated the differentiation of mouse embryonic car-
cinoma stem cells by blocking Wnt3a and exerted a benefi-
cial role to alleviate apoptosis during hypoxia reoxygenation 
in H9C2 cells [3, 18]. sFRP2 also plays a vital role in regu-
lating the survival signal of mesenchymal stem cells in the 
ischemic myocardium [19]. In the present study, we utilized 
AAV9-sFRP2 to transfect myocardial tissue and then per-
formed an AB operation to establish a cardiac hypertrophy 
model. Our results showed that overexpression of sFRP2 sig-
nificantly alleviated pressure-overload-induced myocardial 
hypertrophy via inhibition of the Wnt/β-catenin pathway.

Even though cardiac hypertrophy is considered as the 
adaptability to multiple stimuli, increased apoptosis aggra-
vates cardiac dysfunction when the compensatory hyper-
trophic response exceeds its ability. Therefore, inhibition 
of apoptosis is a critical strategy to prevent cardiac remod-
eling. Many studies have revealed that increased apoptosis 
is associated with aberrant activation of Wnt signaling [20], 
and activation of Wnt/β-catenin could mediate apoptosis fol-
lowing intestinal ischemia/reperfusion (IR) injury [21]. As 
depicted in Fig. 4, we proposed a cascade of pathological 
change in AB-mediated hypertrophic response that triggers 
Wnt/β-catenin activation in the myocardium. sFRP2 pre-
vented apoptosis following IR injury by blocking canonical 
Wnt3a [3]. In our study, sFRP2 expression was decreased 
after hypertrophic stimuli both in vitro and in vivo, and over-
expression of sFRP2 attenuated AB-induced apoptosis by 
inhibiting Wnt/β-catenin signaling. Moreover, our in vitro 
study delineated that LiCl abolished the anti-apoptotic role 
of sFRP2 in NRCMs with Ang II stimulation.

Cardiac fibrosis is another important feature in the devel-
opment of cardiac remodeling and is closely associated with 
cardiac diastolic dysfunction. Previous studies have deline-
ated that Wnt expression is a major downstream molecular 
pathway of TGF-β-induced cardiac fibrogenesis [22]. Mean-
while, sFRP2 scavenges extracellular Wnts and blocked 
TGF-β-mediated myofibroblast formation in autoimmune 
myocarditis, resulting in the alleviation of cardiac fibrosis 
[23]. An in vitro study showed that sFRP2 promoted C2C12 
myoblast proliferation, but did not reveal a change in α-SMA 
expression after sFRP2 treatment [24]. In our study, sFRP2 
mitigated Ang II-induced NRCMs hypertrophy. Excessive 
activation of Wnt/β-catenin signaling is associated with 
abnormal cardiac fibrosis, while sFRP2 is traditionally 
considered a Wnt inhibitor in that it completely interacts 
with Frizzled receptors [25]. However, sFRP2 possessed 

Fig. 2  sFRP2 overexpression prevents the establishment of cardiac 
hypertrophy. a Schematic timeline to investigate sFRP2 overexpres-
sion effects in AB-induced left ventricular (LV) hypertrophy; AB and 
sham operations were performed 4  weeks after AAV9-CMV-sFRP2 
or AAV9-CMV-GFP injection. b and c Quantification of sFRP2 
expression in cardiac tissues following AAV9-sFRP2 infection at 
the indicated times (n = 4; *P < 0.05). d Four weeks after AB opera-
tion, H&E staining was used to evaluate the cross-sectional area of 
cardiomyocytes hematoxylin and eosin (H&E) staining; character-
istic images of heart cross-sections showing hypertrophic growth 
in the indicated mice (n = 6 mice per group, at least 60 cells were 
measured per group). Bottom scale bars, 20 μm. e The heart weight 
to body weight ratio (HW/BW) in sFRP2- or GFP-overexpressing 
hearts 4 weeks after the sham or AB operation (n = 6 mice per group). 
f Real-time polymerase chain reaction (RT-PCR) analysis of brain 
natriuretic peptide (BNP) expression in sFRP2- or GFP-overexpress-
ing hearts 4  weeks after the sham or AB operation (n = 4 mice per 
group), sFRP2 overexpression retarded BNP mRNA expression in 
AB-treated mice. g Cardiomyocyte cross-sectional area (CSA) quanti-
fied in the sham or AB mice from the indicated groups (n = 6 mice 
per group, at least 60 cells were measured per group). h Echocar-
diographic parameters including the heart rate (HR), end-diastolic 
interventricular septal thickness (IVSd), left ventricle end-diastolic 
diameter (LVEDd), left ventricle end-systolic diameter (LVESd), left 
ventricle fractional shortening (FS), and hemodynamic parameters, 
such as the maximal rate of pressure development (dp/dt max), maxi-
mal rate of pressure decay (dp/dt min), of each group 4 weeks after 
AB or sham surgery (n = 6 mice per group). i Characteristic images 
of picrosirius red (PSR) staining of left ventricular sections in sham 
and AB animals. j Quantification of interstitial fibrosis in mice from 
the sham and hypertrophy groups (n = 6 mice per group, at least 12 
different areas were measured per group). k mRNA expression of col-
lagen Iα1, collagen IIIα1, and periostin detected by RT-PCR analysis 
in each indicated group (n = 3 mice per group), sFRP2 significantly 
blunted collagen Iα, collagen IIIα ,and periostin mRNA expression in 
hypertrophic hearts. Data are presented as the mean ± SD. *P < 0.05 
vs. the sham group, #P < 0.05 vs. the AB + GFP group, and §P < 0.05 
vs. the sham group.

◂
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Wnt-activating activity in different organ systems under 
multiple physiological conditions. In our opinion, there is a 
cardioprotective effect of sFRP2 under specific pathological 
circumstances.

There were some limitations and pitfalls in our study. 
One issue is the uncertainty of sFRP2 expression in human 
heart failure tissues. Future studies are warranted to evaluate 
human samples from patients with end-stage heart failure. 
Another issue is that different cell type-specific conditional 
overexpression of sFRP2 mice are needed to further elu-
cidate its role in the pathogenesis of cardiac hypertrophy. 
Obviously, more studies are needed for future investigations.

In conclusion, our present study showed that sFRP2 
expression was reduced during the progression of heart fail-
ure. Moreover, overexpression of sFRP2 by AAV9-sFRP2 
infection retarded cardiac remodeling induced by pressure 
overload by blocking Wnt/β-catenin signaling. Consistent 
with our in vivo results, LiCl markedly abrogated the inhibi-
tory effects of sFRP2 on cardiomyocyte hypertrophy follow-
ing Ang II stimulation. Our studies implied that inhibition 

Fig. 3  sFRP2 overexpression prevents apoptosis in the development 
of cardiac hypertrophy. a Representative terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) images of myocar-
dium overexpressing sFRP2 or GFP, a large number of TUNEL posi-
tive nucleus were present in the hypertrophic cardiac slices, whereas 
positive nucleus signal was significantly reduced in the sFRP2-over-
expressing hearts. b Quantification of positive TUNEL nuclei (n = 6 
mice per group). c Protein expression of cleaved-caspase 3, BAX, 
and BCL-2 was analyzed by Western blot (left); quantitative results 
of cleaved-caspase3 and the BAX/BCL-2 ratio (right). d Western blot 
and quantitative results of active β-catenin and total β-catenin protein 
in the heart of mice 4 weeks after AB (n = 3 repetitions). e NRCMs 
were co-incubated with LiCl (2.5 mM, 12 h) followed by stimulation 
with Ang II (1  μM, 24  h). Representative images of cardiomyocyte 
hypertrophy. (blue: nuclear; green: α-actinin; scale bars: 25  μm). 
f Quantitation of the NRCM cell surface area (at least 20 cells per 
group). g BNP mRNA expression was detected by RT-PCR analy-
sis (n = 3 repetitions). h Protein expression of cleaved-caspase3 and 
β-catenin in NRCMs after Ang II stimulation for 24  h. Representa-
tive Western blots (left) and quantitative data (right) are presented 
(n = 3 repetitions). Data are presented as the mean ± SD. *P < 0.05 vs. 
the sham group, #P < 0.05 vs. the AB + GFP group, and *P < 0.05, 
§P < 0.05 vs. the sham group.

◂

Fig. 4  sFRP2 exerted protective effects in the development of car-
diac hypertrophy via inhibition of Wnt/β-catenin signaling. a Repre-
sentative images of the morphological analysis of cardiac hypertro-
phy as reflected by H&E staining (top) and PSR staining (bottom) 
(n = 5 mice per group, at least 12 different areas were measured per 
group). b Cardiomyocyte cross-sectional area (CSA) quantified from 
the sham or AB mice in the indicated groups (n = 5 mice per group, 
at least 50 cells were measured per group). c Quantification of inter-
stitial fibrosis from mice with sham or AB surgery (n = 5 mice per 

group, at least 12 different areas were measured per group). d The 
heart weight to body weight ratio (HW/BW, n = 5 mice per group). e 
RT-PCR analysis of BNP mRNA expression (n = 3 mice per group). f 
Representative echocardiographic images of each group. g Echocar-
diographic parameters including the left ventricle end-diastolic diam-
eter (LVEDd), left ventricle end-systolic diameter (LVESd), and left 
ventricle ejection fraction (LVEF) in the indicated groups (n = 5 mice 
per group). Data are presented as the mean ± SD. *P < 0.05
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of β-catenin by carrying sFRP2 with AAV9 virus may be a 
novel strategy for protecting against cardiac remodeling in 
the therapy of patients with heart failure.
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