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Abstract
In this study, we aimed to investigate the role of SH2 domain-containing protein tyrosine phosphatase-2 (SHP-2) in cardiac 
remodeling after myocardial infarction (MI) and explore the underlying molecular mechanism. MI model was established 
by ligation of the left anterior descending coronary artery. C57/BL6J mice were randomly administered with 3.0 mg/kg/day 
PHPS1 (PHPS1-treated group) or normal saline (model group) by intraperitoneal injection. After 4 weeks of infusion, the 
effects of PHPS1 on cardiac remodeling were evaluated. Echocardiography results showed that PHPS1 treatment aggravated 
the MI-induced deterioration of cardiac function, with worse cardiac function parameters. PHPS1 treatment significantly 
increased the infarcted area, as well as the fibrotic area and the expression of collagen I and collagen III. Western blots 
and immunofluorescence staining showed that PHPS1 treatment up-regulated the expression of p-GRK2, p-SMAD2/3 and 
p-ERK1/2, while U0126 reversed the effect of PHPS1. The present study indicated that PHPS1 treatment contributed to 
myocardial fibrosis and infarction by activating ERK/SMAD signaling pathway, suggesting that SHP-2 may be a promising 
treatment target for cardiac remodeling after MI.

Keywords Myocardial infarction · Cardiac remodeling · SH2 domain-containing protein tyrosine phosphatase-2 · PHPS1 · 
ERK1/2/GRK2/SMAD2/3 pathway

Introduction

Myocardial infarction (MI), one of the most common cardio-
vascular diseases, is caused by acute and persistent ischemia 
and hypoxia of coronary arteries [1]. MI is associated with 
adverse left ventricular remodeling, involving cardiac fibrosis 
and cardiomyocyte hypertrophy, which together contribute to 
ischemic heart failure and alterations in cardiac architecture 
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[2]. When MI occurs, the heart mainly relies on the prolifera-
tion of mesenchymal cells and extracellular matrix synthesis to 
complete remodeling [3, 4]. During acute MI, a large number 
of cardiomyocytes die, leading the release of damage related 
molecular patterns. Subsequently, the inflammatory cascade 
is triggered which promotes the infiltration of neutrophils and 
macrophages to eliminate the necrotic cardiomyocytes. With 
the continuous development of MI, the inflammatory cells in 
the areas of MI transform into a fibroblast phenotype and the 
fibroblasts also began to transform into cardiac fibroblast. The 
cardiac fibroblasts further form scar tissue with collagen fibrils 
as the main component. The above remodeling process can 
maintain the integrity and function of the heart [5]. Regretta-
bly, continuous cardiac fibrosis after MI will lead to ventricu-
lar stiffness and decrease compliance which causes cardiac 
systolic and diastolic dysfunction [6]. Evidence has proved 
that all-cause mortality, arrhythmic events and sudden cardiac 
death in patients with cardiac fibrosis after MI significantly 
increased [7]. Slowing or reversing cardiac remodeling after 
MI is becoming a therapeutic strategy to prevent heart failure 
after MI [8]. Although there are more aggressive approaches 
to prevent cardiac remodeling after MI, these strategies are 
often turned out to be disappointed [9]. Therefore, identifica-
tion of novel therapeutic targets to reduce or reverse cardiac 
remodeling after MI is a challenge in current cardiovascular 
disease research.

SH2 domain-containing protein tyrosine phosphatase-2 
(SHP-2, encoded by the PTPN11 gene), is a widely expressed 
cytoplasmic phosphatase that is highly relevant to human 
health [10]. Previous study has shown that SHP2 is a master 
regulator of fibroblast homeostasis in idiopathic pulmonary 
fibrosis [11]. However, the role of SHP-2 in cardiac remod-
eling after MI remains unclear. Interestingly, research has 
showed that SHP-2 play a biological role in cancer by regulat-
ing ERK1/2 [12]. ERK1/2 signaling pathway contributes to the 
formation of tissue fibrosis after MI [13, 14]. Other research 
has showed that the SMAD2/3 signaling pathway in cardio-
myocytes is significantly activated after cardiac injury [15]. 
More importantly, recent studies have shown that ERK1/2 
and SMAD2/3 signaling pathway have a synergistic effect in 
promoting fibrosis production and scar formation [16, 17]. 
Thus, combining these published evidences, we speculated 
that SHP-2 may participate in cardiac remodeling after MI 
through ERK1/2/SMAD2/3 signaling pathways. We utilized 
PHPS1, a specific SHP-2 inhibitor, to investigate the role of 
SHP-2 in cardiac remodeling after MI and explore the underly-
ing molecular mechanism.

Method

Animals

C57/BL6J mice (8–12  weeks, weighing 20–25  g) were 
purchased from Shanghai National Center for Laboratory 
Animals (Shanghai, China). They were housed in a patho-
gen-free environment (12–12 h/light–dark cycle, 55 ± 10% 
humidity and 22 ± 2 °C) with free access to a standard lab-
oratory diet and water. All animal experiments were per-
formed in accordance with the guidelines for animal care 
and the experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee of our hospital.

Model of MI and treatment

The model of MI was induced as previously  described [18]. 
The mice were anesthetized with isoflurane (1.5–2%) and 
received the thoracotomy. Ligatures were then placed around 
the left anterior descending coronary arteries. The success-
ful establishment of AMI models was assessed by ST eleva-
tion. All mice were randomly assigned into 2 groups: model 
group (n = 9) and PHPS1-treated group (n = 9). Before 
surgery, the mice in PHPS1-treated group were adminis-
tered with 3.0 mg/kg PHPS1 (dissolved in saline with 0.5% 
dimethyl sulfoxide) every day by intraperitoneal injection 
for 4 weeks and mice in model group were injected with 
an equal volume of saline with 0.5% dimethyl sulfoxide on 
the same days. PHPS1 was purchased from Sigma-Aldrich 
(No: P0039).

Triphenyltetrazolium chloride (TTC) staining

TTC staining was used to define the infarcted area. After 
4 weeks of infusion, the brains were rapidly removed on ice, 
frozen at − 80 °C and cut into five equally thick sections in 
semi-frozen state. Slices were then incubated in 1% TTC in 
0.1 M sodium phosphate-buffered saline (pH 7.4) at 37 °C 
for 25 min and fixed in 10% formalin. In the slices, red area 
represented normal brain tissue and the pale area was infarct 
tissue. The slices were measured using DPX View-Pro micro 
color image processing system. The infarcted area was cal-
culated as a percentage of the area of the infarcted area to 
the left ventricular area.

Echocardiographic

The cardiac functions of the mice were evaluated by echo-
cardiography. Mice were anesthetized with 4.5% vaporize 
isoflurane, maintained in the decubitus position, placed 
on a thermostatic hot plate (37 °C), and were allowed to 
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breathe spontaneously during the procedure. Echocardi-
ography was performed using Vevo2100 VisualSonics 
equipped with a 40 MHz transducer (VisualSonics Inc., 
Ontario, Canada). Then, mice were kept anaesthetized 
with 1.5% isoflurane during the echocardiographic exami-
nation. M-mode tracings of the left ventricles (LVs) were 
recorded at the papillary muscle level.

Masson’s Trichrome staining

Masson’s Trichrome staining was used to identify the 
fibrotic areas. Masson’s trichrome staining was performed 
following the procedure as described previously [19]. The 
collagen fibers were dyed blue and the muscle fibers were 
dyed red. The IPP6.0 software was used to measure the 
fibrotic area. The fibrotic area was calculated as a percent-
age of the area of collagen to the total myocardial area.

Immunofluorescence (IF)

The cells cultured on a coverslip were collected and 
washed twice by PBS after the cells nearly grew at a loga-
rithmic phase which were then fixed in 4% paraformalde-
hyde overnight. Subsequently, they were treated in Triton 
X-100 solution for 10 min and rinsed 3–5 times by PBS. 
Add 3 mL blocking solution and incubate at room tem-
perature for 1 h. The coverslip was transferred into the 
incubation solution containing primary antibody for 1–2 h 
at room temperature or overnight at 4 °C. Secondary anti-
body was diluted and incubated onto coverslip for 1–2 h at 
room temperature. Finally, the coverslip was blocked by a 
cover slip with nail enamel and images were captured with 
Leica confocal microscope.

Western blot

The total protein was extracted from cells or tissue using 
RIPA lysis buffer (Thermo Fisher Scientific, United States) 
and quantified by bicinchoninic acid method. It was sepa-
rated on a 12.5% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and transferred to 
a polyvinylidene fluoride (PVDF) membrane (Sigma-
Aldrich, United States) in turn which was blocked by 1% 
bovine serum albumin (BSA). Then it was immersed in 
an incubation solution containing-specific primary anti-
body and then with corresponding secondary antibody 
(Abcam, United Kingdom). Finally, NBT/BCIP Reagent 
Kit (Thermo Fisher Scientific, United States) was used to 
stain the PVDF membrane and ImageJ software was used 
to quantify the protein.

Cell culture

Human cardiac fibroblasts were purchased from Procell Life 
Science & Technology Co., Ltd (Wuhan, China) and main-
tained in CM-H078 complete culture medium (Procell Life 
Science & Technology Co., Ltd, china) which contained 
10% fetal bovine serum (Gibco, Life Technologies), 100 U/
mL of penicillin (Gibco, Life Technologies) and 100 μg/mL 
of streptomycin (Gibco, Life Technologies). Human cardiac 
fibroblasts were treated with 10 mM PHPS1. The cell lines 
grown in the logarithmic phase were selected for the subse-
quent experiments.

Statistical analysis

Results from three separate experiments were expressed as 
the mean ± standard deviation (mean ± SD). Students’ t test 
was used for comparison between the two groups. SPSS 
(version 22.0, SPSS Institute, IL, USA) was used to perform 
the statistical analysis. A p < 0.05 was considered significant.

Results

PHPS1 treatment aggravated the MI‑induced 
deterioration of cardiac function

To investigate the role of SHP-2 in cardiac remodeling 
after MI, C57/BL6J mice were used to construct MI mod-
els. PHPS1, a specific SHP-2 inhibitor, was utilized to treat 
MI model mice. All mice were randomly assigned into a 
model group or PHPS1-treated group. After treatment for 
4 weeks, TTC staining was used to define the infarcted area. 
As shown in Fig. 1a, the infarcted area (pale area) in PHPS1-
treated group was obviously bigger than that in model group. 
In addition, the infarcted area in PHPS1-treated group was 
about 1.5 times that in model group (Fig. 1b). Echocardiog-
raphy was performed to assess cardiac functions (Fig. 2a). 
Compared with the model group, ejection fraction (EF) 
and fraction shortening (FS),  the LV anterior wall end-
diastolic thickness (LVAWd), the LV anterior wall thick-
ness (LVAWs) were significantly decreased, while the LV 
internal dimension at end-systole (LVIDs) and LV volume 
at end systole (VolS) were increased in the PHPS1-treated 
group (all p < 0.05, Fig. 2b). These results showed that 
PHPS1 treatment aggravated the MI-induced deterioration 
of cardiac function, which indicated the role of SHP-2 in 
cardiac remodeling.

PHPS1 treatment promoted myocardial fibrosis 
after MI

Considering the possible role of SHP-2 in cardiac remod-
eling, we further investigated the effect of PHPS1 treatment 



328 Y.-G. Lu et al.

1 3

on cardiac fibrosis by Masson’s Trichrome staining. As 
shown in the Fig. 3a, the fibrotic area in PHPS1-treated 
group was significantly bigger than that in model group 
(p < 0.01). It was consistent with the increase in collagen 
deposition that had manifested as higher expression levels 
of collagen I and collagen III (p < 0.01) in the PHPS1-treated 
group (Fig. 3b, c). These results indicated that SHP-2 may 
be involved in cardiac remodeling after MI by regulating 
cardiac fibrosis.

PHPS1 treatment activated the phosphorylation 
of GRK2 and SMAD2/3

Previous study showed that TGF-β plays a leading role in 
the process of fibrosis mainly through SMAD-dependent 
and SMAD-independent pathways [20–22]. Therefore, the 
expression level of related factors involved in both path-
ways was visualized and quantified by IF and western blot 
respectively. Our results showed that PHPS1 treatment 
promoted the fluorescence intensity of phosphorylated-
GRK2 (p-GRK2) in the fibrotic area (Fig. 4a), as well as 

the expression of p-SMAD2/3 (Fig. 4b). In addition, the 
expression of p-GRK2 and p-SMAD2/3 were overlapped 
with Vimention (the marker of cardiac fibroblast), which 
indicated that the expression of p-GRK2 and p-SMAD2/3 
increased in cardiac fibroblast. Corresponding to the above 
results, western blot (Fig. 4c) showed that PHPS1 treatment 
significantly enhanced the expressions of collagen I, colla-
gen III, p-SMAD2/3 and p-GRK2 (Ser 670). These results 
demonstrated that PHPS1 treatment promoting cardiac fibro-
sis and subsequent myocardial infarction may be by regu-
lating the expression of p-SMAD2/3 and p-GRK2 in the 
cardiac fibroblasts.

PHPS1 promoted myocardial fibrosis after MI 
through ERK/SMAD signaling pathway

It was reported that ERK protected GRK2 from proteoso-
mal degradation by phosphorylating GRK2 on serine 670 
[23]. In the present study, we also found that the expression 
level of p-GRK2 and p-ERK1/2 in PHPS1-treated group 
was significantly higher than that in model group (p < 0.05) 

Fig. 1  PHPS1 treatment 
increased infarcted area after 
MI. a Triphenyltetrazolium 
chloride staining was performed 
to detect the infarcted area of 
the heart after MI in the model 
group (n = 9) and PHPS1-
treated group (n = 9) after treat-
ment for 4 weeks. The infarcted 
area appeared pale while non-
infarcted area was red. b The 
quantification of the infarcted 
area in the model group and 
PHPS1-treated group. MI myo-
cardial infarction; **p < 0.01
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(Fig. 5a). To further illuminate the effects of PHPS1 on 
ERK1/2 signaling pathway, the cardiac fibroblasts of neo-
natal rat were isolated and cultured in CM-H078 complete 
culture medium containing transforming growth factor–β 
(TGF-β) or TGF-β (5 ng/mL) plus U0126 (10 μmol/L). As 
shown in Fig. 5b, PHPS1 treatment significantly increased 
the expression levels of p-GRK2 and p-ERK1/2 by IF after 
TGF-β induction, while decreased the expression level of 
t-GRK2 (Fig. 5c). In vitro experiment, we also found that 
PHPS1 treatment significantly increased the expression 
levels of p-GRK2, p-ERK1/2 and p-SMAD2/3 after TGF-β 
induction in human cardiac fibroblasts (Fig. 5d). U0126, the 
specific inhibitor of ERK1/2, was used to block the ERK1/2 
signaling pathway. The results showed that U0126 reversed 

the effect of PHPS1 on the increase of p-GRK2 (Ser 670) 
and p-ERK1/2 (Fig. 5c) in mice cardiac fibroblasts. In addi-
tion, the protein level of p-SMAD2/3 significantly increased 
after co-treatment by PHPS1 and TGF-β which was reversed 
by adding U0126 (Fig. 5c). These results indicated that 
SHP-2 may prevent cardiac remodeling after MI through 
TGF-β/ERK and subsequent SMAD signaling pathways.

Discussion

The adult vertebrate heart almost has no regeneration abil-
ity, so the heart mainly relies on the proliferation of mesen-
chymal cells and extracellular matrix synthesis to complete 

Fig. 2  PHPS1 treatment aggravated the MI-induced deterioration of 
cardiac function. a left ventricle (LV) M-mode echocardiograms from 
MI model mice and infarcted mice treated with PHPS1. b Compared 
with the model group,  ejection fraction (EF) and fraction shorten-
ing (FS),  the LV anterior wall end-diastolic thickness (LVAWd),  the 

LV  anterior wall thickness (LVAWs) were significantly decreased, 
while the LV internal dimension at end-systole (LVIDs) and LV vol-
ume at end systole (VolS) were increased in the PHPS1-treated group 
(n = 9 pre-group). MI myocardial infarction; *p < 0.05, **p < 0.01
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remodeling when MI occurs [3, 4]. However, it is inevitable 
that cardiac fibrosis after MI will appear. At present, clinical 
drugs can’t inhibit or even reverse the cardiac fibrosis which 
results in poor prognosis, so it is urgent to find new drug tar-
gets. In this study, we found that PHPS1, the specific inhibi-
tors of SHP2, increased cardiac fibrosis and infarcted area 
after MI, aggravated the MI-induced deterioration of cardiac 
function. These results demonstrated that SHP-2 played a 
positively role in promoting cardiac remodeling after MI 
which provides a new molecular target for early prevention 
of cardiac fibrosis after MI and drug development.

Next, we investigated the underlying molecular mecha-
nism of SHP-2 in preventing cardiac remodeling after MI. 
Previous study showed that genetic or pharmacologic inacti-
vation of SHP2 inhibits TGF-β induced fibroblast activation 
and ameliorates dermal and pulmonary fibrosis [24]. The 

TGF-β family played an important role in regulating cel-
lular processes such as cell proliferation, differentiation or 
cell death, which was critical to the homeostasis of organs 
and tissues [25]. Other studies showed that TGF-β played 
a leading role in the process of fibrosis mainly through 
SMAD-dependent and SMAD-independent pathways 
[20–22]. In this study, we found that PHPS1 treatment up-
regulated the expression of p-GRK2 and p-SMAD2/3, which 
indicated that PHPS1 treatment promoting cardiac fibrosis 
and subsequent MI may be by regulating the expression of 
p-SMAD2/3.

ERK was reported to protect GRK2 from proteosomal 
degradation by phosphorylating GRK2 on serine 670 [23]. 
In addition, evidences showed that SHP-2 played an impor-
tant role in a variety of solid tumors and Leukemia through 
RAS-ERK signaling pathway [12, 26, 27]. Ivins et al. found 

Fig. 3  PHPS1 treatment promoted cardiac fibrosis after MI. a Mas-
son’s Trichrome staining was used to identify the fibrotic areas of the 
heart after MI in the model group (n = 9) and PHPS1-treated group 
(n = 9) after treatment for 4  weeks. The collagen fibers were dyed 
blue and the muscle fibers were dyed red. The fibrotic area was cal-

culated as a percentage of the area of collagen to the total myocardial 
area. b The expression of collagen I (red fluorescence) in the fibrotic 
area was measured by Immunofluorescence. c The expression of col-
lagen III (green fluorescence) in the fibrotic area was measured by 
Immunofluorescence. MI myocardial infarction; **p < 0.01
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that the deletion of SHP-2 in mice fibroblasts reduced phos-
phorylation of Akt and ERK1/2 expression [28]. In addi-
tion, Chen et al. found that PHPS1 treatment suppressed 
ERK phosphorylation in vascular smooth muscle cells and 
showed anti-atherosclerotic effects [29]. Contrary to the 
above reports, the results in the present study showed that 
PHPS1 treatment up-regulated the expression of p-GRK2, 
p-SMAD2/3 and p-ERK1/2, while U0126 reversed the effect 
of PHPS1. Interestingly, the study had found that ERK1/2 
played an important role in the proliferation of fibrotic cells 
and excessive deposition of collagen to promote scar for-
mation, which reminded us the potential relation between 
SHP-2 and ERK1/2 in cardiac remodeling after MI [13, 14]. 

More importantly, recent studies had shown that ERK1/2 
and SMAD2/3 signaling pathway had a synergistic effect in 
promoting fibrosis production and scar formation [16, 17]. 
These results indicated that SHP-2 may prevent cardiac 
remodeling after MI through TGF-β/ERK and subsequent 
SMAD signaling pathways.

SHP-2 could activate or inhibit ERK1/2 activity in dif-
ferent biological processes or under different stimulation, 
suggesting that SHP-2 had various functions. However, the 
underlying molecular mechanism of SHP-2 directly or indi-
rectly regulating ERK1/2 was not included in this study, and 
we attempt to explain this. SHP-2 had been considered an 
important mediator of the inhibitory receptor (IR) signalling. 

Fig. 4  PHPS1 treatment activated the p-GRK2 and p-SMAD2/3 
expression. a Digital images of mice cardiac fibroblast after p-GRK2 
(red fluorescence) and p-SMAD2/3 (green fluorescence) immuno-
fluorescence staining and the quantification of the expression of 

p-GRK2 and p-SMAD2/3. b Western blot analysis of p-GRK2 and 
p-SMAD2/3 expression in each group. MI myocardial infarction; 
*p < 0.05, **p < 0.01
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These IRs contained intracellular SHP-2-binding immunore-
ceptor tyrosine-based inhibitory motifs (ITIMs) which could 
recruit SHP-2 to the intracellular tail of IRs to antagonize 
activating cascades [30]. It was reported that SHP-2 could 

interact with the cytoplasmic tail of programmed cell death 1 
and thereby inhibit T cell activation pathways by dephospho-
rylates TCR signaling molecules, including ERK1/2 [31]. 
It may be explained by that IRs reduced the availability of 
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SHP-2, thus preventing its contribution in activating ERK 
cascade according to Yokosuka [10]. Additionally, SHP-2 
could combine to the ITIMs of PZR protein, promoting 
SHP2-dependent migration over a fibronectin [32]. There-
fore, these seemed to explain the negative effect of SHP-2 on 
ERK1/2 and SMAD signaling pathways in cardiac remod-
eling after MI. However, the detailed regulation mechanism 
remains to be further explored.

Conclusions

In conclusion, the present study showed that PHPS1 treat-
ment significantly increased cardiac fibrosis and infarcted 
area after MI, aggravated the MI-induced deterioration of 
cardiac function. In addition, PHPS1 treatment up-regulated 
the expression of p-GRK2, p-SMAD2/3 and p-ERK1/2, 
while U0126 reversed the effect of PHPS1. Taken together, 
these results demonstrated that PHPS1 treatment contributed 
to cardiac remodeling after MI by activating ERK/SMAD 
signaling pathway, suggesting that SHP-2 may be a promis-
ing treatment target for cardiac remodeling after MI.
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