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Introduction

Cardiac arrhythmias are highly prevalent and are associ-
ated with a high mortality rate worldwide. However, the 
molecular mechanisms associated with arrhythmia occur-
rence, propagation, and maintenance remain unclear.1 Atrial 
fibrillation (AF) is generally associated with atrial fibrosis,2,3 
which is often caused by extracellular matrix (ECM) protein 
precipitation and non-myocyte growth.4,5

Src homology region 2 domain–containing phosphatase-1 
(SHP-1) is a non-transmembrane protein tyrosine phos-
phatase typically generated in hematopoietic progenitor 
cells.6 SHP-1 negatively modulates signal transduction by 
phosphorylating receptors and is essential for cell death 

and/or repression of survival.7 SHP-1 can inhibit the Janus 
kinase (JAK)/signal transducer and activator of transcrip-
tion (STAT) pathway by dephosphorylating and inactivating 
STAT3,8 a key regulator of cell apoptosis and inflammation 
signaling pathways.9 STAT3 inactivation by SHP-1 is asso-
ciated with knockdown of Y-box binding protein 1, which 
suppresses myocardial cell death mediated by hypoxia/
reoxygenation. SHP-1-elicited STAT3 inactivation in 
hypoxia/reoxygenation in mice was also found to be closely 
related to the amelioration of acute myocardial infarction, 
a decreased infarct area, the oxidative stress response, and 
myocardial cell death.10 Furthermore, Liu et al. showed that 
SHP-1 plays a myocardial protective role in hypoxia/reox-
ygenation-exposed cells and ischemia-reperfusion rats by 
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Src homology 2 domain–containing protein tyros-
ine phosphatase 1 (SHP-1) expression is inversely 
related to atrial fibrillation (AF) severity, and its over-
expression represses AF via dephosphorylating 
STAT3, leading to reduced atrial fibrosis, reactive 
oxygen species generation, and excessive extracel-
lular matrix deposition. Therefore, overexpression of 
SHP-1 may improve AF, highlighting its potential as 
a promising target for AF treatment.
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mediating the STAT3 signaling axis. Furthermore, functional 
gain studies have shown that SHP-1 overexpression exerts 
antiapoptotic and anti-inflammatory effects.11 Although the 
role of SHP-1 in myocardial infarction has been well-doc-
umented, its involvement in atrial fibrosis and AF has not 
been widely investigated.

Atrial fibroblasts are the main component of non-myo-
cytes and a major ECM protein source in the atrium.5 The 
repression of fibrosis in myocytes and atrial fibroblasts shows 
potential for AF treatment. In this study, we investigated 
the hypothesis that SHP-1 is involved in atrial fibrosis by 
modulating STAT3 activation in an AF cell model established 
by treating both atrial fibroblasts and myocytes with angio-
tensin II (Ang II). We investigated the mechanism underly-
ing SHP-1 dysregulation in atrial fibrosis and AF to provide 
insight into approaches for preventing and treating AF.

Materials and methods

Ethics statement

All patients provided oral and written informed consent, 
and the study was strictly performed according to the princi-
ples of the Declaration of Helsinki. Animal experiments con-
formed to the guidelines for animal care and use. This study 
was approved by the Ethics Committee of Henan Provincial 
People’s Hospital, Fuwai Central China Cardiovascular 
Hospital.

Patients

Twenty patients who underwent heart surgery were recruited 
from October 2019 to May 2022 at Henan Provincial People’s 
Hospital and Fuwai Central China Cardiovascular Hospital. 
We included 10 patients with AF and 10 patients with sinus 
rhythm (SR) who met the following criteria: (1) heart func-
tion above class I–III evidence from the New York Heart 
Association; (2) without hypertension, hyperthyroidism, 
cardiomyopathy, diabetes mellitus, coronary heart disease, 
and malignancies; (3) <70 years old; and (4) discontinuation 
of angiotensin receptor blockers or angiotensin-converting 
enzyme inhibitors for no less than half a year prior to surgery.

Fresh right atrial appendage tissues were preserved using 
two protocols. One portion was fixed in paraformaldehyde 
(4%) and embedded in paraffin for immunohistochemistry 
(IHC) and histological staining, and the other portion was 
frozen in liquid N2 and stored at −80°C for quantitative poly-
merase chain reaction (qPCR) and western blotting (WB).

Histological analysis

The right atrial appendage tissue samples were fixed using 
10% formalin, paraffin embedded, and cut into 5-µM-thick 
sections. The sections were then subjected to Masson’s tri-
chrome staining using a modified Masson’s trichrome stain 
kit (Solarbio Science & Technology Co., Ltd., Beijing, China) 
according to the manufacturer’s instructions. Briefly, the 
sections were stained in Harris hematoxylin for 5 min, in 
Ponceau-acid fuchsin staining solution for 10 min, and in 
Aniline Blue solution for 5 min at room temperature. Images 
were obtained using an Olympus IX73 microscope (Olympus 
Corporation, Tokyo, Japan). ImageJ software for Windows 

1.52v (National Institutes of Health [NIH], Bethesda, MD, 
United States of America) was used to quantify the Masson’s 
trichrome positive staining area.

AF mouse model

An AF mouse model induced using Ang II was established 
after lentiviral vector (LV) injection in the heart as previ-
ously described.12 C57BL/6 mice (male, 8 weeks old) were 
provided by Charles River (Beijing, China). After anesthe-
sia using pentobarbital sodium (40 mg/kg), an incision was 
made in the chest cavity, the pericardial space was injected 
with LV (10 μL) containing negative control (LV-NC) or 
SHP-1 (LV-SHP-1) through 36-gauge needles, and an inci-
sion was made in the pericardium. Then, an osmotic min-
ipump (Alzer Pumps Model 1002; ALZET, Cupertino, CA, 
The United States) containing 200 μL Ang II (0.25 mg/mL 
in phosphate buffer saline [PBS], 2 mg/kg day) or PBS was 
implanted into mice for 14 days.13 The mice were randomly 
classified into four groups: sham (minipump with PBS, 
n = 8), Ang II (minipump with Ang II, n = 8), Ang II + LV-NC 
(LV-NC injection + minipump with Ang II, n = 8), and Ang 
II + LV-SHP-1 (LV-SHP-1 injection + minipump with Ang 
II, n = 8). Fourteen days after surgery, eight mice from each 
group were sacrificed. The blood and left atrium were har-
vested for subsequent experiments.

Electrophysiological analysis

Hearts were collected from mice and perfused with Tyrode’s 
solution (5.4 mM KCl, 1.8 mM CaCl2, 140 mM NaCl, 2 mM 
MgCl2, 10 mM glucose, and 10 mM HEPES, pH = 7.4) at 37°C 
for 10 min after careful removal of adjacent tissues. A silver 
bipolar electrode was placed on the appendages of two atri-
ums, and bipolar cardiac rhythms were recorded using a 
bio-amplifier system (PowerLab 8/30; ADInstruments, Bella 
Vista, NSW, Australia). We measured the effective refractory 
period (ERP) of the left atrium through programmed atrial 
electrical stimulation (S2) with eight regularly paced beats 
on cycle lengths of 90, 120, and 150 ms. We examined the 
interatrial conduction time (IACT) with an interelectrode 
distance between right and left atrium of 10 mm and deter-
mined the incidence of AF and AF duration time using an 
S3 extra-stimulus pacing method as previously described.14

Isolation and cultivation of mouse myocytes  
and fibroblasts

The mouse hearts were harvested 1 week after birth, rinsed 
with prechilled PBS, and the upper sections were cut 
into pieces and digested with collagenase II (3 mL, 0.1%). 
Dulbecco’s Modified Eagle Medium (DMEM) containing 
fetal bovine serum (10%) was added to the supernatant to 
stop digestion by collagenase II; this step was performed five 
times. The cells were centrifuged at 1000 r/min for 3 min and 
cultivated in DMEM containing fetal bovine serum (10%) 
and bromodeoxyuridine (0.1 mM), and non-adherent car-
diomyocytes were cleared. These steps led to the production 
of cultures with approximately 90% myocytes, which were 
validated by positive immunocytochemical staining using 
cardiac troponin T.
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For fibroblast isolation, the mouse atrium was isolated and 
cut into small pieces, and then uniformly dispersed in a petri 
dish (6 cm) for 15 min at 37°C. The attached pieces were culti-
vated in DMEM, which were comprised of nutrient mixture 
F-12, fetal bovine serum (10%), and penicillin/streptomycin 
(1%), at 37°C in a 5% CO2 atmosphere. Cardiac fibroblasts 
from the second and third passages were further analyzed.

AF mouse cell model

Ang II can induce the transformation of mouse fibroblasts 
and atrial myocytes into myofibroblasts.15 To investigate 
the effects of SHP-1 on Ang II-induced fibrosis, pCMV-myc-
SHP-1 cells were established by transient transfection as fol-
lows: mouse atrial myocytes and fibroblasts were inoculated 
into six-well plates. When the confluence reached 60–80%, 
the cells were transfected with pCMV-myc-SHP-1 or pCMV-
myc-NC using Lipofectamine 2000 (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) according to the manufac-
turer’s instructions. The transfected cells were cultivated for 
1 day prior to treatment with Ang II (10 nM, stock concentra-
tion: 8 mM),16 harvested, and used for qPCR, WB, and other 
analyses. For colivelin treatment, the cells were incubated 
with 5 μM colivelin.17

Histological analysis

Masson’s trichrome was applied to stain the atrial append-
age sections (4 μm) for fibrosis evaluation. The tissues were 
subjected to hematoxylin staining at 37°C for 5 min, and 
the proportion of the atrial area showing blue staining was 
determined to quantify the atrial collagen content.

IHC

Atrial appendage sections (4 μm) were subjected to deparaffi-
nization and rehydration. Antigen retrieval was performed by 
heating the sections in sodium citrate (10%). Endogenous per-
oxidase activity was exposed to H2O2 (3%), blocking for 20 min 
at 37°C. The sections were incubated with primary antibodies 
at 48°C overnight, followed by incubation with secondary anti-
bodies and detection with diaminobenzidine. SHP-1 (1:200; 
Abcam, Cambridge, United Kingdom) was used as the pri-
mary antibody. The stained slides were photographed (×200) 
using a BX51 microscope (Olympus, Tokyo, Japan), and posi-
tive staining was analyzed using Image-Pro Plus 6.0 software 
(Media Cybernetics, Rockville, MD, The United States).

qPCR

Total RNA was isolated using TRIzol® according to the 
manufacturer’s protocol. Prime Script Real-time Master Mix 
(TakaraBio, Kusatsu, Shiga Prefecture, Japan) was used to 
transcribe complementary DNA (cDNA). SHP-1 expression 
was determined using quantitative reverse transcription 
qPCR. The thermocycling procedure was as follows: pre-
denaturation (95°C for 60 s), denaturation (95°C for 15 s), 
annealing (60°C for 40 s), and extension (72°C for 15 s) for 
a total of 40 cycles. Gene expression was determined using 
the 2–ΔΔCq method. GAPDH (Glycerinaldehyd-3-phosphat-
Dehydrogenase) served as the internal reference.

WB

Total protein was isolated using a radioimmunoprecipita-
tion assay lysis buffer and quantified using a Pierce™ BCA 
Protein Assay Kit (23225; Thermo Fisher Scientific, Waltham, 
MA, The United States). Proteins (20 µg total) were separated 
using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (10%). The proteins were transferred from the gels 
to polyvinylidene fluoride membranes, which were blocked 
with fat-free milk (5%) for 2 h at RT and then incubated with 
primary antibodies overnight at 4°C. After rinsing three 
times with PBS, the membranes were incubated with an 
antibody labeled with a secondary polyclonal peroxidase 
(goat anti rabbit immunoglobulin G [IgG]; 1:4000; Abcam, 
Cambridge, The United Kingdom; cat. no. ab205718) for 2 h 
and observed using enhanced chemiluminescence. Beta-
actin served as the loading control. ImageJ d1.47 software 
(NIH, Bethesda, MD, United States of America) was used to 
quantify the bands.

ROS detection

Reactive oxygen species (ROS) levels were examined as pre-
viously described.18 Briefly, the cells were harvested, and 
the density was maintained at 106 cells/mL. CM-H2DCFDA 
(10 μM) was added to cells, followed by incubation for 1 h 
and three washes in PBS. Finally, ROS production in the cells 
was quantified using flow cytometry.

Data analysis

A two-sided t-test was used to analyze differences between 
two groups. One-way analysis of variance with Tukey’s 
multiple-comparisons test and two-way analysis of variance 
were also used to investigate differences between two groups 
and differences between two groups over time, respectively, 
using GraphPad Prism 7.0 software (GraphPad, Inc., La Jolla, 
CA, United States of America). The Shapiro–Wilk’s test was 
performed to test for Gaussian distribution of patient data. 
The results are presented as the mean ± standard error of 
the mean. Statistical significance is indicated as follows: 
*P < 0.05, **P < 0.01, and ***P < 0.001.

Results

Clinical results

The statistics associated with the baseline clinical results 
of the patients are shown in Table 1. Electrocardiography 
and echocardiography indicated increased left and right 
atrial diameters in patients with AF compared with those of 
patients with SR. No significant differences in age, sex, left 
ventricular end-diastolic diameter, or ejection fraction were 
found between groups.

SHP-1 downregulation in samples from patients 
with AF

Following Masson’s trichrome staining, the presence  
of blue collagen fibers, which were predominantly  
present in the myocardial interstitium, was used for 
the evaluation of atrial fibrosis. Both the degree of atrial 
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fibrosis (Figure 1[A]) and proportion of fibrosis (Figure 
1[B]) were dramatically higher in patients with AF than in 
patients with SR. A Shapiro–Wilk’s test was performed to 
test whether the data from 10 patients were Gaussian dis-
tributed. The W value was 0.913 (close to 1) and the P value 
was 0.632 (>0.05), suggesting that our data were Gaussian 
distributed. WB revealed that α-smooth muscle actin (SMA) 
and collagen I expression levels were remarkably higher 
in the AF group than in the SR group (Figure 1[C]). These 
data indicate a high level of fibrosis in the myocardial tis-
sue of patients with AF. Next, qPCR, IHC, and WB were 
performed to detect SHP-1 expression in the myocardial 

tissue. The qPCR data showed that SHP-1 mRNA levels 
were lower in the AF atrium than in the SR atrium (Figure 
1[D]). In the Shapiro–Wilk’s test, the W value was 0.966 
(close to 1) and the P value was 0.688 (>0.05), suggesting 
that our data were Gaussian distributed. Immunostaining of 
the atrium revealed low SHP-1 expression in the myocardial 
tissues and ECM from patients with AF (Figure 1[E]). The 
WB results were consistent with those of the qPCR and IHC 
experiments (Figure 1[F]). In addition, as a downstream 
effector of SHP-1, we also examined STAT3 activation in 
the atrium. The phosphorylated form of STAT3 was clearly 
increased in the AF atrium relative to that in the SR atrium 

Table 1. Clinical data of patients.

SR AF

No. of cases 10 10
Sex (M/F) 6/4 5/5
Age (year ± SD) 51.7 ± 11.2 55.7 ± 12.3
Stage:
 Paroxysmal 6
 Persistent 3
 Long-standing persistent 1
LVEF (% pred ± SD) 57.6 ± 7.9 62.1 ± 8.5
LVEDD (mm ± SD) 51.7 ± 7.7 51.9 ± 5.3
LAD (mm ± SD) 41.6 ± 5.4 52.0 ± 6.1*
RAD (mm ± SD) 33.0 ± 3.0 38.6 ± 4.3*

SR: sinus rhythm; AF: atrial fibrillation; M: male; F: female; LVEF: left ventricular ejection fraction; LVEDD: left ventricular end-diastolic dimension; LAD: left atrial 
dimension; RAD: right atrial dimension.
Compared with SR group, *P < 0.05.

Figure 1. Decreased SHP-1 expression in patients with atrial fibrillation (AF) and severe atrial fibrosis. (A) Representative images of Masson’s trichrome staining. Scale bar, 
200 μm. (B) Quantification of atrial fibrosis. (C) Western blotting (WB) analysis of α-SMA and collagen I levels in patients with normal sinus rhythm and atrial fibrillation. (D) 
SHP-1 mRNA levels were determined by quantitative PCR. (E and F) Immunohistochemistry (IHC) and WB analyses of SHP-1 protein expression. Scale bar, 200 μm.
**P < 0.01.
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(Figure 1[F]). These results suggest that SHP-1 is down-
regulated, whereas STAT3 is upregulated, in samples from 
patients with AF.

SHP-1 is downregulated in AF mouse in vivo and  
in vitro models

To further evaluate the effect of SHP-1 on AF progression, 
we established in vitro and in vivo AF mouse models. First, 
mice were implanted with a minipump containing Ang II to 
induce AF. Compared with that in the sham group, SHP-1 
expression was remarkably lower in AF mice, as assessed 
using qPCR, IHC, and WB (Figure 2[A] to [C]). Based on 
previous reports,19,20 we isolated both mouse myocytes and 
fibroblasts from the heart tissue of mice and treated these cells 

with Ang II to prepare an AF mouse cell model. The qPCR 
data showed that SHP-1 expression reached a minimum in 
myocytes treated with 4 μM Ang II and in fibroblasts treated 
with 8 μM Ang II (Figure 2[D] to [F]). WB showed that treat-
ment with 8 μM Ang II downregulated SHP-1 expression in 
mouse myocytes and fibroblasts (Figure 2[E] to [G]). The WB 
results described above indicate that STAT3 phosphorylation 
was upregulated in the AF animal and cultured mouse cell 
models (Figure 2[C], [E] and [G]).

SHP-1 overexpression improved Ang II-elicited AF 
in vivo

To further evaluate the role of SHP-1 in AF, the LV-encoding 
SHP-1 gene was used to overexpress SHP-1 in mice with 

Figure 2. Expression of SHP-1 in angiotensin (Ang) II-induced mouse and cell models. Mice were implanted with a minipump containing Ang II to elicit AF. (A) SHP-1 
mRNA level determined using qPCR. (B and C) IHC and WB analyses of SHP-1 protein expression. Isolated myocytes and fibroblasts were cultured with Ang II at the 
indicated concentrations for 12 h. Scale bar, 200 μm. (D and F) qPCR analyses of SHP-1 mRNA expression. (E and G) WB analyses of SHP-1 protein expression.
*P < 0.05, **P < 0.01, ***P < 0.001.
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AF. Compared with the LV-NC infection group, LV-SHP-1 
infection significantly increased SHP-1 mRNA and protein 
expression in Ang II-induced AF mice, as demonstrated 
using qPCR, IHC, and WB (Figure 3[A] to [C]). Furthermore, 
SHP-1 overexpression resulted in the dephosphorylation of 
STAT3 in the heart tissue of AF mice (Figure 3[C]).

Subsequently, several AF indices and biomarkers were 
analyzed in Ang II-elicited AF mice, including the AF inci-
dence and duration, IACT, and ERP. Figure 4(A) to (E) 
shows that Ang II administration markedly increased the 
AF incidence and duration as well as the IACT, reduced 
the ERP, and increased the expression of α-SMA and col-
lagen I in mice, suggesting that the AF mouse model was 
successfully established. Moreover, Ang II infusion-elicited 
AF was remarkably improved in mice expressing LV-SHP-1 
compared to that in mice expressing LV-NC. These results 
indicate that SHP-1 overexpression can improve Ang 
II-induced AF.

SHP-1 ameliorates Ang II-induced ROS elevation, 
fibrosis, and ECM deposition in an AF mouse cell 
model

To confirm the role of SHP-1 in our AF mouse cell model, we 
transfected Ang II-treated mouse myocytes and fibroblasts 
with an SHP-1 overexpression vector. Both qPCR and WB 
showed that transfection of the SHP-1 overexpression vec-
tor led to upregulated SHP-1 levels in Ang II-induced cells 
(Figure 5[A] to [D]). In addition, STAT3 phosphorylation 
was reduced in SHP-1-overexpressing cells (Figure 5[C] and 
[D]), suggesting that STAT3 was deactivated by SHP-1 in 
Ang II-treated cells.

Previous studies have indicated that ROS generation 
and ECM deposition are accompanied by AF progression 
and are the major mechanisms leading to myocardial fibro-
sis.21,22 Therefore, we examined ROS generation using flow 
cytometry and measured the expression of transforming 
growth factor beta 1 (TGF-β1)/mothers against decapen-
taplegic homolog 2 (SMAD2), collagen I/III, and matrix 

metalloproteinase 1 and 2 (MMP1/2) using WB. Ang II 
treatment induced excessive ROS production (Figure 6[A] 
and [B]) and activation of the fibrotic TGF-β1/SMAD2 path-
way, as well as increased expression of collagen I/III and 
MMP1/2 in cells (Figure 6[C] and [D]). SHP-1 overexpres-
sion partially abolished these effects of Ang II, suggesting 
that SHP-1 ameliorates Ang II-induced ROS elevation, fibro-
sis, and ECM deposition in the AF mouse cell model.

STAT3 reactivation counteracts the effect of SHP-1 
overexpression on fibrosis development in an  
AF mouse cell model

To assess whether SHP-1 modulates STAT3 activation in an 
AF mouse cell model, Ang II-treated mouse myocytes and 
fibroblasts overexpressing SHP-1 were treated with 5 μM 
colivelin to reactivate STAT3. WB showed that colivelin 
administration elevated the protein levels of phosphorylated 
STAT3 in SHP-1-overexpressing AF mouse cells, whereas 
the expression of SHP-1 was not altered by colivelin (Figure 
7[A] and [B]).

ROS generation was evaluated using flow cytometry. The 
results indicated that STAT3 reactivation led to excessive 
generation of ROS in SHP-1-overexpressing AF myocytes 
and fibroblasts (Figure 7[C] and [D]). Furthermore, activa-
tion of the TGF-β1/SMAD2 pathway and expression of the 
ECM proteins collagen I/III and MMP1/2 in AF mouse cells 
were promoted by colivelin (Figure 7[E] and [F]). These 
results suggest that SHP-1 overexpression affects fibrosis 
development in a STAT3-dependent manner in AF mouse 
cells.

Discussion

Despite evidence that high levels of SHP-1 may repress car-
diac damage caused by various cardiovascular diseases, 
such as myocardial infarction, the mechanism of how SHP-1 
modulates atrial fibrosis in patients with AF is unclear. In 
this study, patients with AF exhibited lower SHP-1 levels 

Figure 3. Overexpression of SHP-1 in heart tissue of an Ang II-induced mouse model. The pericardial space of mice was injected with lentivirus carrying negative 
control (LV-NC) or LV-SHP-1, and a minipump containing Ang II was implanted into mice to elicit AF. (A) SHP-1 mRNA levels were determined using qPCR. (B and C) 
IHC and WB analyses of SHP-1, STAT3, and phosphorylated STAT3 protein expression. Scale bar, 200 μm.
**P < 0.01.



Zang et al.  SHP-1 alleviates atrial fibrillation  985

Figure 4. Overexpression of SHP-1 ameliorates Ang II-induced AF. (A) Effective refractory period (ERP). (B) Interatrial conduction time (IACT). (C) AF incidence. (D) 
AF duration at day 14. (E) WB analyses of α-SMA and collagen I protein expression. BCL: basic cycle length.
**P < 0.01, ***P < 0.001.
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and dramatically higher levels of fibrotic factors compared 
to patients with normal SR. In addition, Ang II adminis-
tration in mice and cell models led to low SHP-1 expres-
sion. Furthermore, SHP-1 overexpression ameliorated Ang 
II-induced AF in mice. In Ang II-treated mouse myocytes and 
fibroblasts, SHP-1 reduced ROS accumulation, deactivated 
the TGF-β1/SMAD2 pathway, and decreased the expression 
of collagen and matrix metalloproteinases (MMPs). We also 

found that activated STAT3 was negatively correlated with 
SHP-1 expression in AF mice and our cultured mouse AF 
cell model, and that STAT3 counteracted the SHP-1-induced 
inhibition of atrial fibrosis.

Atrial fibrosis is an obvious manifestation of the struc-
tural remodeling that occurs in patients with AF and forms 
the structural foundation for AF maintenance. Pathological 
alterations relevant to atrial fibrosis mostly result from 

Figure 5. Overexpression of SHP-1 in an Ang II-induced mouse cell model. Isolated mouse myocytes and fibroblasts were transfected with an SHP-1 overexpression 
vector and cultured with Ang II at the indicated concentrations for 12 h. (A, B) SHP-1 mRNA levels determined using qPCR. (C, D) WB analyses of SHP-1, STAT3, and 
phosphorylated STAT3 protein expression.
***P < 0.001.
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Figure 6. Overexpression of SHP-1 reduces reactive oxygen species (ROS) generation and extracellular matrix (ECM) deposition in an Ang II-induced mouse cell 
model. (A and B) Flow cytometry analysis of ROS levels in an Ang II-treated mouse cell model. (C and D) Expression of TGF-β1, phosphorylated SMAD2, collagen I/
III, and MMP1/2 as detected by WB.
*P < 0.05, **P < 0.01.
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Figure 7. Reactivation of STAT3 abolishes the effect of SHP-1 in an Ang II-induced mouse cell model. Isolated mouse myocytes and fibroblasts were transfected 
with an SHP-1 overexpression vector and cultured with Ang II and colivelin for 12 h. (A) WB analyses of SHP-1 and STAT3 protein expression and phosphorylation of 
STAT3. (C and D) Flow cytometry analysis of ROS levels in the Ang II-treated cell model. (E and F) Expression of TGF-β1, phosphorylated SMAD2, collagen I/III, and 
MMP1/2 as detected using WB.
*P < 0.05.
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aberrant collagen metabolism, an imbalance in collagen I/III 
levels, elevated collagen deposition, and fibrotic diseases.23,24 
Ryu et al.25 demonstrated that SHP-1 inhibits collagen release 
by inhibiting collagenases 1 and 3 and nitric oxide products 
modulated through nuclear factor kappa B (NF-κB)/p38 
kinase. Here, we demonstrated that upregulation of collagen 
I/III and MMP1/2 induced by Ang II in both mice hearts and 
cell models was reduced by SHP-1 overexpression, confirm-
ing that SHP-1 inhibited atrial fibrosis.

TGF-β is regarded as a major mediator of atrial fibrosis.2,5 
It activates atrial fibroblasts to differentiate into myofibro-
blasts and facilitates their proliferation, migration, and the 
production of ECM proteins.26 In transgenic mice overex-
pressing cardiac TGF-β1, the atria showed obvious atrial 
fibrosis and AF properties despite equivalent TGF-β1 expres-
sion in the atria and ventricles.27,28 In our Ang II-induced 
mouse cell model, TGF-β1 expression was increased in both 
mouse myocytes and fibroblasts, whereas SHP-1 overexpres-
sion inhibited TGF-β1 expression, thereby repressing phos-
phorylated SMAD2 levels. These data suggest that SHP-1 
inhibits the TGF-β1/SMAD2 pathway to suppress atrial 
fibrosis during AF progression.

Accumulating evidence strongly indicates that the Ang 
II-elicited STAT3 pathway is an essential component of AF 
pathogenesis.29–32 In addition, in the non-Ang II-elicited 
AF model, STAT3 was associated with AF progression. For 
instance, fibroblast growth factor 23 (FGF23) can mediate AF 
via the STAT3 and SMAD3 pathways.33 TGF-β has also been 
shown to contribute to AF through the STAT3 pathway.34 
MicroRNA-21 accelerates cardiac fibrosis progression via 
the STAT3 pathway; therefore, microRNA-21 suppression 
may improve cardiac fibrotic remodeling and AF because AF 
eventually develops into cardiac fibrosis.35 Liu et al. previ-
ously studied the effect of SHP-1 in AF using the mouse atrial 
myocyte line HL-1. Overexpression of SHP-1 suppressed the 
activation of its direct binding partner c-Src, thus enhancing 
the transcriptional activation of Cx43, which strengthens gap 
junctions, thereby inhibiting AF. Our results are consistent 
with those of previous studies showing that SHP-1 inhibits 
AF progression36 by directly influencing STAT3 downstream, 
which further deactivates the STAT3 pathway, MMPs, and 
accumulation of ECM components, such as collagen I and III.

In this study, we applied multiple complimentary meth-
ods to study the potential role of SHP-1 as a cardioprotective 
agent in preventing fibrosis and AF, using both human biop-
sies and mouse models to explore the underlying mechanis-
tic changes associated with SHP-1, STAT3, fibrosis, and AF. 
However, there were some limitations to this study. First, we 
used LV infection-driven SHP-1 overexpression to elucidate 
the importance of the role of SHP-1 in AF mice; however, 
transgenic SHP-1-overexpressing mice would be preferable 
for these experiments. An SHP-1 knockdown/knockout 
mouse would also be a valuable tool for further studies. In 
addition, the role of STAT3 in SHP-1-mediated AF was not 
elucidated in vivo. Furthermore, the results of our mouse 
cell-based experiments should be validated in myocytes/
fibrocytes of human origin.

In conclusion, SHP-1 is inversely related to AF severity, 
and its overexpression represses AF by dephosphorylating 
STAT3, leading to reduced atrial fibrosis, ROS generation, 

and ECM deposition. Therefore, overexpression of SHP-1 
may improve AF, highlighting the importance of this mol-
ecule and its related pathways as promising targets for AF 
treatment.

AuTHORS’ COnTRIBuTIOnS

All authors participated in the study design, analysis of the 
data, and review of the manuscript: XZ, ZZ, KC, WS, JM, HF, 
XW, and YZ conducted the experiments, and ZZ and YZ wrote 
the manuscript.

DEClARATIOn OF COnFlICTIng InTERESTS

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

FunDIng

The author(s) disclosed receipt of the following financial 
support for the research, authorship, and/or publication of 
this article: this work was supported by the Natural Science 
Foundation of China (grant no. U1504802), science and technol-
ogy project of Henan Province (grant no. 222102310065), Joint 
Construction Project of Henan Medical Science and Technology 
(grant no. LHGJ20210091), and Joint Construction Project of 
Henan Medical Science and Technology Research Plan (grant 
no. LHGJ20200080).

ORCID ID

Xiaobiao Zang  https://orcid.org/0000-0002-3748-5289

SuPPlEMEnTAl MATERIAl

Supplemental material for this article is available online.

REFEREnCES

 1. Nattel S, Maguy A, Le Bouter S, Yeh YH. Arrhythmogenic ion-channel 
remodeling in the heart: heart failure, myocardial infarction, and atrial 
fibrillation. Physiol Rev 2007;87:425–56

 2. Burstein B, Nattel S. Atrial fibrosis: mechanisms and clinical relevance 
in atrial fibrillation. J Am Coll Cardiol 2008;51:802–9

 3. Schotten U, Verheule S, Kirchhof P, Goette A. Pathophysiological 
mechanisms of atrial fibrillation: a translational appraisal. Physiol Rev 
2011;91:265–325

 4. Sun Z, Zhou D, Xie X, Wang S, Wang Z, Zhao W, Xu H, Zheng L. Cross-
talk between macrophages and atrial myocytes in atrial fibrillation. 
Basic Res Cardiol 2016;111:63–19

 5. Wang Q, Yu Y, Zhang P, Chen Y, Li C, Chen J, Wang Y, Li Y. The 
crucial role of activin A/ALK4 pathway in the pathogenesis of Ang-II-
induced atrial fibrosis and vulnerability to atrial fibrillation. Basic Res 
Cardiol 2017;112:47–17

 6. Wlodarski P, Zhang Q, Liu X, Kasprzycka M, Marzec M, Wasik MA. 
PU.1 activates transcription of SHP-1 gene in hematopoietic cells. J Biol 
Chem 2007;282:6316–23

 7. Daigle I, Yousefi S, Colonna M, Green DR, Simon HU. Death recep-
tors bind SHP-1 and block cytokine-induced anti-apoptotic signaling 
in neutrophils. Nat Med 2002;8:61–7

 8. Han Y, Amin HM, Franko B, Frantz C, Shi X, Lai R. Loss of SHP1 
enhances JAK3/STAT3 signaling and decreases proteosome degrada-
tion of JAK3 and NPM-ALK in ALK+ anaplastic large-cell lymphoma. 
Blood 2006;108:2796–803

 9. Chen KF, Su JC, Liu CY, Huang JW, Chen KC, Chen WL, Tai WT,  
Shiau CW. A novel obatoclax derivative, SC-2001, induces apoptosis in 
hepatocellular carcinoma cells through SHP-1-dependent STAT3 inac-
tivation. Cancer Lett 2012;321:27–35

https://orcid.org/0000-0002-3748-5289


990  Experimental Biology and Medicine  Volume 248  June 2023

 10. Cao X, Zhu N, Zhang Y, Chen Y, Zhang J, Li J, Hao P, Gao C, Li L. 
Y-box protein 1 promotes hypoxia/reoxygenation-or ischemia/reper-
fusion-induced cardiomyocyte apoptosis via SHP-1-dependent STAT3 
inactivation. J Cell Physiol 2020;235:8187–98

 11. Liu D, Luo H, Qiao C. SHP-1/STAT3 interaction is related to luteolin-
induced myocardial ischemia protection. Inflammation 2022;45:88–99

 12. Komal S, Yin JJ, Wang SH, Huang CZ, Tao HL, Dong JZ, Han SN, 
Zhang LR. MicroRNAs: emerging biomarkers for atrial fibrillation.  
J Cardiol 2019;74:475–82

 13. Wu Y, Can J, Hao S, Qiang X, Ning Z. LOXL2 inhibitor attenuates 
angiotensin II-induced atrial fibrosis and vulnerability to atrial fibrilla-
tion through inhibition of transforming growth factor beta-1 smad2/3 
pathway. Cerebrovasc Dis 2022;51:188–98

 14. Shen C, Kong B, Liu Y, Xiong L, Shuai W, Wang G, Quan D, Huang H. 
YY1-induced upregulation of lncRNA KCNQ1OT1 regulates angioten-
sin II-induced atrial fibrillation by modulating miR-384b/CACNA1C 
axis. Biochem Biophys Res Commun 2018;505:134–40

 15. Broekmans K, Giesen J, Menges L, Koesling D, Russwurm M. Angio-
tensin II-induced cardiovascular fibrosis is attenuated by no-sensitive 
guanylyl cyclase1. Cells 2020;9:2436

 16. Sil P, Sen S. Angiotensin II and myocyte growth: role of fibroblasts. 
Hypertension 1997;30:209–16

 17. Li C, Wang R, Zhang Y, Hu C, Ma Q. PIAS3 suppresses damage in 
an Alzheimer’s disease cell model by inducing the STAT3-associated 
STAT3/Nestin/Nrf2/HO-1 pathway. Mol Med 2021;27:1–13

 18. Florio R, De Lellis L, Veschi S, Verginelli F, di Giacomo V, Gallorini M, 
Perconti S, Sanna M, Mariani-Costantini R, Natale A. Effects of dichlo-
roacetate as single agent or in combination with GW6471 and metfor-
min in paraganglioma cells. Sci Rep 2018;8:1–14

 19. Li W, Qi N, Wang S, Jiang W, Liu T. miR-455-5p regulates atrial fibrilla-
tion by targeting suppressor of cytokines signaling 3. J Physiol Biochem 
2021;77:481–90

 20. Zhang M, Wang H, Bie M, Wang X, Lu K, Xiao H. Caveolin-1 deficiency 
induces atrial fibrosis and increases susceptibility to atrial fibrillation 
by the STAT3 signaling pathway. J Cardiovasc Pharmacol 2021;78:175–83

 21. Goudis CA, Kallergis EM, Vardas PE. Extracellular matrix alterations 
in the atria: insights into the mechanisms and perpetuation of atrial 
fibrillation. Europace 2012;14:623–30

 22. Youn JY, Zhang J, Zhang Y, Chen H, Liu D, Ping P, Weiss JN, Cai 
H. Oxidative stress in atrial fibrillation: an emerging role of NADPH 
oxidase. J Mol Cell Cardiol 2013;62:72–9

 23. Krenning G, Zeisberg EM, Kalluri R. The origin of fibroblasts and 
mechanism of cardiac fibrosis. J Cell Physiol 2010;225:631–7

 24. Lau DH, Schotten U, Mahajan R, Antic NA, Hatem SN, Pathak RK, 
Hendriks JM, Kalman JM, Sanders P. Novel mechanisms in the 
pathogenesis of atrial fibrillation: practical applications. Eur Heart J 
2016;37:1573–81

 25. Ryu B, Qian Z-J, Kim S-K. SHP-1, a novel peptide isolated from sea-
horse inhibits collagen release through the suppression of collagenases 
1 and 3, nitric oxide products regulated by NF-κB/p38 kinase. Peptides 
2010;31:79–87

 26. Liu X, Long X, Liu W, Zhao Y, Hayashi T, Yamato M, Mizuno K,  
Fujisaki H, Hattori S, Tashiro SI, Ogura T, Atsuzawa Y, Ikejima T. Type 
I collagen induces mesenchymal cell differentiation into myofibroblasts 
through YAP-induced TGF-β1 activation. Biochimie 2018;150:110–30

 27. Nakajima H, Nakajima HO, Salcher O, Dittiè AS, Dembowsky K, Jing 
S, Field LJ. Atrial but not ventricular fibrosis in mice expressing a 
mutant transforming growth factor-β1 transgene in the heart. Circ Res 
2000;86:571–9

 28. Verheule S, Sato T, Everett T IV, Engle SK, Otten D, Rubart-von der 
Lohe M, Nakajima HO, Nakajima H, Field LJ, Olgin JE. Increased vul-
nerability to atrial fibrillation in transgenic mice with selective atrial 
fibrosis caused by overexpression of TGF-β1. Circ Res 2004;94:1458–65

 29. Tsai CT, Lai LP, Kuo KT, Hwang JJ, Hsieh CS, Hsu KL, Tseng CD, 
Tseng YZ, Chiang FT, Lin JL. Angiotensin II activates signal transducer 
and activators of transcription 3 via Rac1 in atrial myocytes and fibro-
blasts: implication for the therapeutic effect of statin in atrial structural 
remodeling. Circulation 2008;117:344–55

 30. Xue XD, Huang JH, Wang HS. Angiotensin II activates signal trans-
ducers and activators of transcription 3 via Rac1 in the atrial tissue in 
permanent atrial fibrillation patients with rheumatic heart disease. Cell 
Biochem Biophys 2015;71:205–13

 31. Zheng L, Jia X, Zhang C, Wang D, Cao Z, Wang J, Du X. Angiotensin II 
in atrial structural remodeling: the role of Ang II/JAK/STAT3 signal-
ing pathway. Am J Transl Res 2015;7:1021–31

 32. Zheng LY, Zhang MH, Xue JH, Li Y, Nan Y, Li MJ, Wang J, Du XP. 
Effect of angiotensin II on STAT3 mediated atrial structural remodel-
ing. Eur Rev Med Pharmacol Sci 2014;18:2365–77

 33. Dong Q, Li S, Wang W, Han L, Xia Z, Wu Y, Tang Y, Li J, Cheng X. 
FGF23 regulates atrial fibrosis in atrial fibrillation by mediating the 
STAT3 and SMAD3 pathways. J Cell Physiol 2019;234:19502–10

 34. Chang S-H, Yeh Y-H, Lee J-L, Hsu Y-J, Kuo C-T, Chen W-J. Transform-
ing growth factor-β-mediated CD44/STAT3 signaling contributes to the 
development of atrial fibrosis and fibrillation. Basic Res Cardiol 2017; 
112:1–16

 35. Cao W, Shi P, Ge JJ. miR-21 enhances cardiac fibrotic remodeling and 
fibroblast proliferation via CADM1/STAT3 pathway. BMC Cardiovasc 
Disord 2017;17:1–11

 36. Liu Y, Dai M, Yang P, Cao L, Lu L. Src-homology domain 2 containing 
protein tyrosine phosphatase-1 (SHP-1) directly binds to proto-onco-
gene tyrosine-protein kinase Src (c-Src) and promotes the transcrip-
tional activation of connexin 43 (Cx43). Bioengineered 2022;13:13534–43

(Received September 16, 2022, Accepted February 4, 2023)


