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Downregulation of secreted frizzled-related protein 4 inhibits hypoxia/ 
reoxygenation injury in diabetic cardiomyocytes by protein tyrosine 
phosphatase nonreceptor type 12
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ABSTRACT
Myocardial ischemia-reperfusion injury in diabetic patients leads to an increased incidence of 
complications and mortality. Secreted frizzled-related protein 4 (SFRP4) plays a critical role in 
diabetic myocardial ischemia-reperfusion. This paper aims to uncover the underlying mechanisms 
of SFRP4 in hypoxia/reoxygenation (H/R) injury of diabetic myocardial cells. An in vitro ischemia/ 
reperfusion (I/R) injury model was established using high glucose-induced H9c2 cardiomyocytes. 
Expression of SFRP4 was detected by real-time reverse transcriptase-polymerase chain reaction 
and Western blotting. After transfection of SFRP4, the binding of SFRP4 to protein tyrosine 
phosphatase nonreceptor type 12 (PTPN12) was predicted by database and verified by co- 
immunoprecipitation assay. P13 K/AKT protein levels were examined by Western blotting. 
PTPN12 levels were tested by RT-qPCR and Western blotting, cell viability by Cell Counting Kit- 
8, lactose dehydrogenase kit, terminal dUTP nick-end labeling assay, and cell inflammation and 
oxidative stress by Western blotting and enzyme linked immunosorbent assay. After overexpres-
sion of PTPN12, the experiments for cell viability, inflammation and oxidative stress were repeated 
once more. SFRP4 expression was upregulated in a high-glucose-stimulated H/R cardiomyocyte 
model. The interference of SFRP4 promoted cell viability, inhibited the inflammatory and oxidative 
stress response of H/R cardiomyocytes induced by high glucose. SFRP4 interacted with PTPN12 
and inhibited the PI3K/AKT signaling pathway. PTPN12 overexpression reversed the inhibitory 
effect of sh-SFRP4 on H/R cardiomyocyte damage induced by high glucose. Downregulation of 
SFRP4 inhibited H/R cell damage in diabetic cardiomyocytes by binding to PTPN12.
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Introduction

The incidence of diabetes is increasing year by year. 
Cardiovascular diseases, mainly ischemic heart dis-
ease, are the leading cause of morbidity and mortal-
ity in diabetics [1]. Diabetic cardiomyopathy is 
a heart dysfunction that occurs in the absence of 
hypertensive heart disease, coronary artery disease 
and valvular heart disease [2], is also a diabetic- 
induced pathophysiological condition that can lead 
to heart failure. New evidence suggests that oxidative 
stress, inflammatory response, autophagy, apoptosis, 
and abnormal myocardial metabolism are involved 
in the development of diabetic cardiomyopathy [3]. 
Additionally, hyperglycemia can adversely affect 
myocardial tissue through a variety of mechanisms 
[4,5]. Diabetic cardiomyopathy is mainly treated by 
controlling blood glucose, lowering blood pressure, 
lowering blood lipid and anti-heart failure. However, 
the prognosis is poor. As a result, new strategies to 
protect diabetic hearts from increased myocardial 
ischemia/reperfusion injury are urgently needed.

Secreted frizzled-related protein 4 (SFRP4) is 
a protein coding gene belonging to the SFRP 
family. It binds extracellularly to Wnt ligands or 
Frizzled receptors, thereby regulating the Wnt cas-
cade [6]. There is a growing body of literature that 
recognizes the importance of SFRP4 in diabetes. 
For example, SFRP4 expression is up-regulated in 
diabetic patients [7] and in plasma from patients 
with coronary artery disease [8]. On the basis of 
bioinformatics analysis, SFRP4 is also up-regulated 
in diabetic cardiomyopathy [9]. Additionally, 
downregulation of SFRP4 improves cardiac func-
tion after ischemic injury [10]. Meanwhile, it has 
been observed that knockdown of SFRP4 in mice 
protected myocardium from ischemia-reperfusion 
injury [11]. Another research stated that SFRP4 
can elevate ROS levels to cause endothelial dys-
function in vascular endothelial cells [12]. These 
findings suggest that SFRP4 may be involved in 
diabetic myocardial ischemia-reperfusion injury. 
To identify the specific mechanism of SFRP4 in 
diabetic cardiomyopathy, the analysis of the MINT 
database (https://mint.bio.uniroma2.it/) and the 
BioGRID database (https://thebiogrid.org/) 
revealed its ability to bind to protein tyrosine 
phosphatase nonreceptor type 12 (PTPN12).

PTPN12 is a newly identified molecule 
involved in tumorigenesis and development 
[13]. Extensive research has shown that 
PTPN12 is also implicated in embryonic devel-
opment, apoptosis, cell cycle and metabolism 
[14]. And data from one study suggested that 
PTPN12 expression was upregulated after the 
myocardial ischemia/reperfusion (I/R) injury 
and exerted a role in promoting cell death 
under H/R stress [15]. Recent study noted that 
PTPN12 activated the PI3K/AKT signaling 
pathway after silencing [16]. There are numer-
ous studies showing that activation of PI3K/ 
AKT can reduce injury induced by I/R and 
diabetic cardiomyopathy injury [17]. 
According to the GEPIA database (http:// 
gepia.cancer-pku.cn/), the expressions of 
SFRP4 and PTPN12 were found to be positively 
correlated in the heart.

Therefore, in this study, we aimed to identify 
the role and mechanism of SFRP4 in diabetic 
cardiomyopathy. We made the conjecture that 
downregulation of SFRP4 inhibited diabetic cardi-
omyocyte H/R injury through activation of the 
PI3K/AKT signaling pathway by PTPN12.

Materials and methods

Cell culture and H/R model treatment

The rat embryonic ventricular cardiomyocytes 
H9c2 cell line was obtained from Sigma-Aldrich 
(St.Louis, MO, USA) and kept in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Gibco 
Laboratories, USA) containing 10% fetal bovine 
serum (FBS) (Thermo Fisher Scientific, Waltham, 
MA, USA), 100 U/mL penicillin and 100 lg/mL 
streptomycin at 37°C in 5% CO2.

H9c2 cells were placed in six-well plates up to 
50%-60% confluence. Then, these cells were cul-
tured in a serum-free medium overnight before 
treatment and stimulated with high glucose at 
a concentration of 30 mmol/L for 24 h. Afterward, 
cells were subjected to an incubator with a mixture 
of 95% N2, 5% CO2 and 1% O2 at 37°C for 12 h to 
simulate anoxia. Finally, cells were exposed in 
a normoxic chamber for 12 h reoxygenation [18].
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Cell transfection

Short hairpin RNAs (shRNAs) against SFRP4 
namely sh-SFRP4-1 (5ʹ-GGAAGTTAGTGATATA 
TAA-3ʹ) and sh-SFRP4-2 (5ʹ-GCAGAAGAATGA 
TACATAA-3ʹ), sh-NC (5ʹ-GGTACGCAATAGGA 
GTGTGTG-3ʹ), as well as PTPN12 overexpression 
vector and overexpression negative control were all 
purchased from Gene Pharma (Shanghai, China). 
Then, H9c2 cells were seeded into 6-well plates at 
a density of 4 × 105/well and grown to 70–80% 
confluence. The above shRNAs were transfected 
into H9c2 cells using 2.5 μl/ml Lipofectamine 2000 
reagent (Invitrogen, CA, USA) according to the 
manufacturer’s instructions.

Real-time reverse transcriptase-polymerase 
chain reaction (RT-qPCR) analysis

The extracted total RNA of H9c2 was carried out 
following the standard procedures of vendor’s instruc-
tions by TRIzol® reagent (Invitrogen, CA, USA). A 
NanoDrop 3000 spectrophotometer (Thermo- 
Scientific, Waltham, MA) was used to confirm the 
sufficient quality of total RNA according to the man-
ufacturer’s protocol. PrimeScript RT Master Mix 
(Takara,Tokyo, Japan) was used to reverse transcribe 
2 μg of RNA into cDNA. Quantitative real-time PCR 
analysis was implemented to determine the mRNA 
expression using SYBR Premix Ex Taq kit (Unibiotest, 
Wuhan, China) in line with the instructions of man-
ufacturer. The amplification conditions for this reac-
tion were as follows: 95°C for 10 minutes, followed by 
40 cycles of 95°C for 10 seconds and 60°C for 60 sec-
onds. The primer sequences for PCR are presented as 
below: SFRP4, 5ʹ-CACCTATCCCTCGAACGCAA 
-3ʹ (forward) and 5ʹ-TCCTGTAAGGGTGGCTTCA 
AC-3ʹ (reverse); PTPN12, 5ʹ-CTGCCATTTGATCA 
CAGCCG-3ʹ (forward) and 5ʹ-TGCTCTCGGCC 
CATATACAC-3ʹ (reverse); 5ʹ-CACCTATCCCTCG 
AACGCAA-3ʹ (forward) and 5ʹ-TCCTGTAAGGG 
TGGCTTCAAC −3ʹ (reverse); GAPDH, 5ʹ-GTC 
GTGGAGTCTACTGGCGTCTTCA-3ʹ (forward) 
and 5ʹ-TCGTGGTTCACACCCATCACAAACA-3ʹ 
(reverse). The relative expression of genes was nor-
malized to the expression of GAPDH (internal con-
trol) be means of 2−ΔΔCT method [19]. The experiment 
was repeated three times.

Western blot analysis

The proteins extraction was prepared from H9c2 
cells [20]. Then, proteins were lysed in the RIPA 
lysis buffer (Elabscience, Wuhan, China) on ice. 
The quantitation of proteins concentration was 
conducted with the aid of the BCA Protein Assay 
kit (Beyotime, Shanghai, China) in the light of the 
guidance of manufacturer. Subsequently, the pro-
tein samples were separated by SDS-PAGE gels, 
followed by the shifts onto polyvinylidene difluor-
ide membranes (Millipore, Billerica, MA, USA). 
After washing with PBS and blocking with 5% 
skimmed milk, primary antibodies (SFRP4, 
1:1000, ab154167; IL-1β, 1:1000, ab254360; TNF- 
α, 1:1000, ab215188; PTPN12, 1:1000, ab289859; 
PI3K, 1:1000, ab191606; AKT, 1:1000, ab179463; 
p-PI3K, 1:1000, ab182651; p-AKT, 1:1000, 
ab192623; GAPDH, 1:1000, ab8245) were put in 
the incubator and cultivated with these mem-
branes overnight at room temperature, followed 
by an incubation of secondary antibodies labeled 
by horseradish peroxidase at indoor temperature 
for 1 h. The detection of protein bands was imple-
mented through Image J software (National 
Institutes of Health, Bethesda, MD, USA).

Determination of cell viability

The 96-well plates were used to load H9c2 cells 
with a density of 1 × 104 cells/well. The plates 
were placed in an incubator at 37°C for 2 h after 
the addition of 10 μl CCK-8 solution (Dojindo 
Molecular Technologies, Gaithersburg, MD, 
USA). The measurement of the absorbance was 
carried out at 450 nm with a microplate reader 
(BioTek, Biotek Winooski, Vermont, USA) [21].

Lactate dehydrogenase (LDH) kit assay

LDH levels in the supernatant of H9c2 cells were 
examined with an LDH assay kit (Nanjing 
Jiancheng Institute of Biological Engineering) 
with reference to the manufacturer’s instructions 
[22]. Subsequently, the absorbance was measured 
with a microplate reader (Molecular Devices, San 
Jose, CA, USA).
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Cell apoptosis detection by TUNEL assay

H9c2 cells were first fixed with 1% formaldehyde 
for 1 h at 37°C in the dark and subsequently rinsed 
with PBS for three times. These cells were then 
mixed with 0.2% Triton X-100. The assay of cell 
apoptosis was performed with terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end 
labeling (TUNEL) (Abcam, Cambridge, MA, 
USA). The cells were observed with the aid of 
a fluorescence microscope (Sunnyoptical, Yuyao, 
China) [23].

Enzyme-linked immunosorbent assay

The content of MDA, SOD and GSH in H9c2 cells 
were tested by means of corresponding commer-
cial kits (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) in accordance with the 
directions of manufacturer. Briefly, RIPA lysis buf-
fer was applied to lyse these H9c2 cells and then 
the supernatant was taken. The levels of MDA, 
SOD and GSH were determined using 
a microplate reader (Bio-Rad, Hercules, CA, 
USA) by measuring absorbance at 532, 550 and 
412 nm, respectively.

Immunoprecipitation assay

H9c2 cells were collected in lysis buffer and placed 
on ice for 30 min. Then, these treated cells were 
centrifuged at 15, 000 rpm for 15 min at 4°C. The 
supernatant was gathered. Immunoprecipitation 
experiments were performed using 5 μg antibody 
and 500 μg protein. The collection, washing and 
elution of precipitated proteins were carried out. 
Finally, Western blotting was adopted to treat 
these protein blots [24].

Statistical analysis

The experimental data are analyzed by SPSS 
Vision 19.0 (SPSS, Chicago, IL, USA) and mainly 
presented in the means mean ± SD. Differences 
among multiple groups were analyzed using one- 
way ANOVA. When P was less than 0.05, it was 
regarded as statistically significant difference.

Results

In this study, we explored the biological functions 
of SFRP4 and the potential mechanism in high- 
glucose-stimulated H/R cardiomyocyte model. The 
data showed that the silencing of SFRP4 promoted 
the viability and suppressed high glucose-induced 
inflammation and oxidative stress under H/R con-
dition. In addition, SFRP4 was found to be bound 
with PTPN12 and inhibit PI3K/AKT signaling 
pathway. Moreover, PTPN12 overexpression 
reversed the effects of SFRP4 silencing on high- 
glucose-stimulated H/R cardiomyocyte injury.

SFRP4 expression was upregulated in a 
high-glucose-stimulated H/R cardiomyocyte 
model

H/R model in H9c2 cells was established under 
HG conditions. The experiment was divided into 
three groups: normal, HR, and HR+HG. 
Subsequently, SFRP4 expression in the cells was 
assayed by RT-qPCR and Western blotting. 
Figure 1a,b showed the same trend that the 
mRNA expression and protein level of SFRP4 
were lowest in the normal group, elevated in the 
H/R group, and reached the highest after the addi-
tion of HG. This result suggested that SFRP4 
expression was upregulated in the high glucose- 
stimulated H/R cardiomyocyte model.

Interference of SFRP4 promoted the viability of 
high glucose-stimulated H/R cardiomyocytes 
H9c2 cells

Cell viability at pre-transfection and post- 
transfection in H9c2 cells was determined by RT- 
qPCR, Western blotting, CCK-8, LDH kit and 
TUNEL. As shown in Figure 2a, both mRNA and 
protein level of SFRP9 were significantly dimin-
ished in the H/R cell model under high glucose 
stimulation after SFRP4 interference, compared 
with the NC group. Among them, sh-SFRP4-2 
was selected for the next experiments because of 
its higher interference efficiency. In addition, it 
was apparent from Figure 2b that the viability of 
high-glucose-induced H9c2 cells in H/R model 
was decreased sharply, but recovered slightly after 
SFRP4 interference. In the contrary, from 
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Figure 2c, it can be seen that LDH release was all 
gradually increasing, but dropped rapidly after sh- 
SFPR4 interference. Not only that, what can be 
clearly seen in Figure 2d was a steep fall in the 
level of apoptosis of high glucose induced H9c2 
cells in H/R model after interference of SFRP4, in 
comparison with the negative control. Overall, 
these results indicated that interfering with 
SFRP4 did have a more potent effect on promoting 
the viability of high glucose stimulated H/R cardi-
omyocytes H9c2 cells.

Interference with SFRP4 inhibits inflammation 
and oxidative stress in high glucose-induced H/R 
cardiomyocytes

To verify the effect of SFRP4 interference on cell 
damage, the protein levels of inflammatory factors 
and oxidative stress-related factors were detected 
by both Western blotting and ELISA kit. Figure 3a 
set up that there had been a gradual rise in the 
protein levels of inflammatory factors IL-β and 
TNF-α in the groups of normal, H/R, as well as 
H/R + HG but a marked decline in these inflam-
matory factors in the group of H/R model stimu-
lated with HG after SFPR4 interference. Figure 3b 
presented that MDA level had a trend identical to 
that of Figure 3a. Nevertheless, in Figure 3c,d, the 
levels of SOD and GSH were decreased rapidly in 
the groups of normal, H/R, and HG+H/R, but 
remarkably elevated in the group of HG induced 
H/R model after sh-SFRP4 interference. The find-
ings from these studies uncovered that inflamma-
tion and oxidative stress response of H/R 
cardiomyocytes induced by high glucose were 
affected by SFPR4 interference.

SFRP4 interacts with PTPN12 and inhibits PI3K/ 
AKT signaling pathway

To confirm the correlation between SFPR4 and 
PTPN12 and their influence on PI3K/ Akt signal-
ing pathway, we demonstrated the relationship 
between SFPR4 and PTPN12 with the help of 
two databases MINT and the BioGRID as well 
as immunoprecipitation assay, and confirmed 
their effect on P13 K and AKT through the assays 
of RT-qPCR and Western blotting. As seen from 
Figure 4a, there was an intimately association 
between SFPR4 and PTPN12. Additionally, 
SFRP4 was positively related to PTPN12 in the 
heart in Figure 4b. It can be easily observed in 
Figure 4c that SFRP4 directly interacted with 
PTPN12. Subsequently, we examined PTPN12 
expression in HG induced H/R model and 
found that PTPN12 expression was moved gra-
dually higher, but rapidly declined along with the 
transfection of sh-SFRP4 (Figure 4d). The trans-
fection of PTPN12 overexpression contributed to 
the increase in the level of PTPN12 in HG 
induced H9c2 cells (Figure 4e). Not only that, 
we also performed the Western blotting assay to 
examine the protein level of PI3K/AKT signaling 
pathway-related proteins p-PI3K and p-AKT, 
which were dramatically declined in H/R model 
group compared with normal control, and then 
decreased again in HG induced H/R model. After 
transfection with sh-SFRP4, protein levels were 
significant rebound but minor declined when 
PTPN12 was overexpression in the HG induced 
H/R model (figure 4f). Taken together, these 
results revealed that SFRP4 interacted with 
PTPN12 and inhibited PI3K/AKT signaling 
pathway.

Figure 1. SFRP4 expression is upregulated in a high-glucose-stimulated H/R cardiomyocyte model. (a-b). Detection of SFRP4 
expression was performed using RT-qPCR and Western blotting. Results are the mean ± SD. **P < 0.01, ***P < 0.001 versus 
Normal. ###P < 0.001 versus H/R.
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PTPN12 overexpression reverses the inhibitory 
effect of sh-SFRP4 on high-glucose-stimulated H/ 
R cardiomyocyte injury

To demonstrate whether PTPN12 overexpression 
can affect high-glucose-stimulated H/R cardio-
myocyte injury, we examined cell viability and 
expressions of inflammatory factors, oxidative 
stress factors. Figure 5a shows a decreased cell 

viability of H9c2 cells after the overexpression of 
PTPN12 compared with the negative control. 
Details shown in Figure 5b, PTPN12 overexpres-
sion promoted the release of LDH. Moreover, as 
shown in Figure 5c, PTPN12 overexpression had 
a certain effect on apoptosis of HG induced H/R 
model with the transfection of sh-SFRP4. What 
can be clearly seen in Figure 5d was the elevation 
of the levels of IL-1β and TNF-α caused by 

Figure 2. Interference with SFRP4 promotes cell viability of high glucose-stimulated H/R cardiomyocytes cells. (a). Detection of cell 
interference efficiency after transfection was conducted using RT-qPCR and Western blotting. (b). Cell viability was tested by means 
of CCK-8 kit. (c). The LDH kit was adopted to detect the release of LDH. (d). Determination of apoptosis levels was implemented with 
the help of TUNEL. Results are the mean ± SD. ***P < 0.001 versus Normal. #P < 0.05, ##P < 0.01, ###P < 0.001 versus H/R. 
ΔΔΔP < 0.001 versus HG-H/R + sh-NC.
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overexpression of PTPN12 and the transfection of 
sh-SFRP4. Furthermore, we can see in Figures 5e-g 
that MDA showed an elevated trend similar to that 
of Figure 5d, while SOD and GSH expressions 
were declined compared with the negative control. 
The evidence from this study indicated that 
PTPN12 overexpression reversed the inhibitory 
effect of sh-SFRP4 on high-glucose-stimulated H/ 
R cardiomyocyte injury.

Discussion

Diabetic cardiomyopathy is one of the leading 
causes of death in diabetic patients. As mentioned 
previously, SFRP4 may pose potential implications 
on diabetic myocardial ischemia-reperfusion. The 
database search revealed that SFRP4 can bind to 
PTPN12 and was highly positively correlated. And 
PTPN12 can activate the P13 K/APK signaling 
pathway. Therefore, we made a speculation that 
downregulation of SFRP4 inhibits H/R injury in 
diabetic cardiomyocytes through activation of 

PI3K/AKT signaling pathway by PTPN12. To 
simulate the diabetic environment, cells were sti-
mulated with high glucose at a concentration of 
30 mmol/L for 24 h. In addition, to establish an H/ 
R cell model, these cells were cultured in a serum- 
free medium overnight and were subjected to an 
incubator with a mixture of 95% N2, 5% CO2 and 
1% O2 at 37°C for 12 h to simulate anoxia. Finally, 
cells were exposed in a normoxic chamber for 12 h 
reoxygenation. In the present study, the experi-
mental data showed that SFRP4 expression was 
elevated in the H/R model. SFRP4 interference 
promoted the cell viability of high glucose- 
stimulated H/R cardiomyocytes and inhibited 
inflammatory and oxidative stress responses. In 
addition, SFRP4 could interacte with PTPN12 to 
inhibit the P13/APK signaling pathway. However, 
PTPN12 overexpression reversed the inhibitory 
effect of sh-SFRP4 on high-glucose-stimulated H/ 
R cardiomyocyte injury.

SFRP4 is the largest member of the SFRP family 
[25] and is associated with many diseases, including 

Figure 3. Interference with SFRP4 inhibits inflammation and oxidative stress in high glucose-induced H/R cardiomyocytes cells. (a). 
Western blot was applied to identify the expression level of inflammatory factors. (b-d). The levels of oxidative stress-related factors 
MDA, SOD and GSH were determined using the ELSIA kit. Results are the mean ± SD. **P < 0.01, ***P < 0.001 versus Normal. 
##P < 0.01, ###P < 0.001 versus H/R. ΔΔΔP < 0.001 versus HG-H/R + sh-NC.
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obesity, cancer and type 2 diabetes (T2D). SFRP4 is 
useful as a biomarker of T2D in the clinical diag-
nosis of the disease. As mentioned in the introduc-
tion, bioinformatics analysis found that SFRP4 was 

upregulated in diabetic cardiomyopathy. In our 
study, we established an in vitro H/R injury model 
using HG-induced H9c2 cardiomyocytes. Accord- 
ing to our study, it was found that SFRP4 

Figure 4. SFRP4 interacts with PTPN12 and inhibits PI3K/AKT signaling pathway. (a). Correlation of SFRP4 with PTPN12 was verified 
by MINT database. (b). The association between SFRP4 and PTPN12 in the heart was analyzed by GEPIA database. (c). Western 
blotting assay was used to detect the protein expression level after IP experiment in HG-H/R model. (d). Western blotting was 
utilized to investigate the expression level of PTPN12. (e). Assessment of PTPN12 overexpression efficiency was conducted by RT- 
qPCR and Western blotting. (f). Expression levels of PI3K/AKT signaling pathway-related proteins were identified by Western blotting. 
Results are the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus Normal. ##P < 0.01, ###P < 0.001 versus H/R. ΔΔΔP < 0.001 
versus HG-H/R + sh-NC.
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expression was upregulated in a high-glucose- 
stimulated H/R cardiomyocyte model, which was 
in accordance with the previous description. On the 
other hand, SFRP4 is normally expressed in most 
human organs and has been reported to have a pro- 
apoptosis role in many tissues [26]. For example, 

SFRP4 suppresses glioma stem-like cells through 
reversing epithelial-to-mesenchymal transition, 
triggering apoptosis and diminishing cancer stem 
cell properties [27]. SFRP4 induces epithelial cell 
apoptosis at the onset of breast degeneration [28]. 
In this study, we constructed the SFRP4 

Figure 5. PTPN12 overexpression reverses the inhibitory effect of sh-SFRP4 on high-glucose-stimulated H/R cardiomyocyte injury. (a). 
CCK-8 assay was in detection of cell viability. (b). LDH kit was used for the detection of LDH release. (c). TUENL (fluorogram) was 
adopted to examine the level of apoptosis. (d). Expression levels of inflammatory factors were investigated by Western blotting. 
(e-g). Expression levels of oxidative stress-related factors MDA, SOD and GSH was identified using the ELSIA kit. Results are the mean 
± SD. ***P < 0.001 versus HG-H/R + sh-NC. #P < 0.05, ##P < 0.01, ###P < 0.001 versus HG-H/R + sh-SFRP4 + Oe-NC.
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interference plasmid. The experimental results 
showed that interfering with SFRP4 promoted the 
viability of high glucose-stimulated H/R cardio-
myocytes. In addition, SFRP4 can regulate the 
Wnt/ Ca2 + signal pathway [29] which mediates 
the inflammatory response [30]. An increase in the 
pro-inflammatory factor TNF-α, IL-6 and IL-1β can 
lead to inflammation. Also, an increase in oxidative 
stress provokes the production of various inflam-
matory mediators, including TNF-α, IL-6 and IL-1β 
[31]. Among them, IL-1β mediates overexpression 
of SFRP4 by reducing Ca2 + channel expression in 
pancreatic islet cells, leading to inhibition of insu-
lin-containing granules extravasation [32]. Our 
experimental results showed that pro- 
inflammatory factors IL-1β, TNF-α were elevated 
in the H/R cardiomyocyte model under high glu-
cose induction, but significantly reduced by SFRP4 
interference. A similar trend was observed for the 
expression of oxidative stress-related factor MDA, 
but the opposite trend was noticed for the expres-
sion of SOD and GSH. All of this suggested that 
SFRP4 interference inhibited the inflammatory and 
oxidative stress in high glucose-induced H/R 
cardiomyocytes.

Numerous articles related to PTPN12 have 
focused on its intrinsic association with tumors. 
PTPN12 is a tumor suppressor gene that is 
involves in tumorigenesis and development [33]. 
For instance, PTPN12 can effectively inhibit the 
tumorigenicity and metastasis of breast cancer 
cells [34]. Luo et al. noted that reduced PTPN12 
expression is closely associated with recurrence of 
hepatocellular carcinoma [35]. Reduced PTPN12 
expression may serve an important part in 
increased aggressiveness of nasopharyngeal carci-
noma [36]. As mentioned earlier, silencing 
PTPN12 activates the PI3K/ Akt signaling path-
way. Many studies have shown that activation of 
PI3K/ Akt can reduce I/ R-induced damage. For 
instance, TSLP protects against hepatic I/R injury 
by activating PI3K/Akt pathway [37]. VINP pro-
tects against brain I/R injury by activating the 
PI3K/ Akt pathway to phosphorylate CX43 [38]. 
In addition, activation of PI3K/AKT also attenu-
ates diabetic cardiomyopathy injury. A case in 
point is that Cavalol alleviates diabetic cardiomyo-
pathy by regulating the PI3K/ Akt /GLUT4 path-
way in diabetic mice [39]. According to the 

database, SFRP4 can bind to PTPN12 and there 
is a positive correlation between them, which was 
confirmed in our study by immunoprecipitation 
experiment. We subsequently examined the 
expression of PTPN12 and found that it was 
increased in the H/R cardiomyocyte model under 
high glucose induction but was suppressed by 
interference with SFRP4. Next, we constructed an 
overexpression plasmid of PTPN12 and found that 
PTPN12 expression was increased rapidly. 
However, the expression of P13 K/AKT-related 
proteins was decreased, indicating that the upre-
gulation of PTPN12 can suppress the level of 
P13 K/AKT. Cell viability, expressions of inflam-
matory factors and oxidative stress-related factors 
were reduced in the H/R cardiomyocyte model 
under conditions of SFRP4 interference and 
PTPN12 overexpression, which also confirmed 
that PTPN12 overexpression reversed the inhibi-
tory effect of sh-SFRP4 on high-glucose-stimulated 
H/R cardiomyocyte injury. Although we observed 
changing expression levels of p-Akt and p-PI3K, it 
is not necessary to directly connect these mole-
cules to the SFRP4/PTPN12 axis. It is necessary to 
perform additional experiments to prove that 
SFRN4/PTPN12 axis directly connects with Akt 
and PI3K. Moreover, SFRP4 is engaged in glucose 
and lipid metabolism by interacting with Wnt 
ligands [40]. SFRP4 is released from WATs in 
the period of obesity, leading to elevated produc-
tion of adiponectin [29]. Since adiponectin may be 
a factor that influences the results of our experi-
ments, this factor was not considered in the estab-
lishment of the H/R cardiomyocyte model in this 
study. Therefore, identifying the role of SFRP4 in 
obesity and its molecular mechanism of how it 
leads to obesity and eventually to diabetes may 
help to design new therapeutic approaches to 
treat obese patients suffering from diabetes.

Conclusion

Overall, our study elucidated that downregulation 
of SFRP4 attenuated cardiomyocyte injury in H/R 
models and regulated the activation of the P13 K/ 
AKT signaling pathway through PTPN12, which 
possibly provides a novel therapeutic target for 
patients with diabetic cardiomyopathy.

7706 Z. BAI AND X. HAO



Authors’ contributions

ZB and XH designed the research, performed the experi-
ments, drafted and revised the manuscript. ZB searched the 
literature and analyzed the data. XH guided the experiments. 
All authors read and approved the final manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with 
the work featured in this article.

References

[1] Dillmann WH. Diabetic cardiomyopathy. Circ Res. 
2019. 124(8):1160–1162.

[2] Rubler S, Dlugash J, Yuceoglu YZ, et al. New type of 
cardiomyopathy associated with diabetic 
glomerulosclerosis. Am J Cardiol. 1972;30(6):595–602.

[3] Jia G, Hill MA, Sowers JR. Diabetic cardiomyopathy: 
an update of mechanisms contributing to this clinical 
entity. Circ Res. 2018;122(4):624–638.

[4] Zhang W, Xu W, Feng Y, et al. Non-coding RNA 
involvement in the pathogenesis of diabetic 
cardiomyopathy. J Cell Mol Med. 2019;23(9):5859–5867.

[5] Chen W, Wang J, Wang X, et al. Knockdown of hypoxia- 
inducible factor 1-alpha (HIF1α) interferes with angio-
poietin-like protein 2 (ANGPTL2) to attenuate high glu-
cose-triggered hypoxia/reoxygenation injury in 
cardiomyocytes. Bioengineered. 2022;13(1):1476–1490.

[6] Zhang Y, Guan H, Fu Y, et al. Effects of SFRP4 over-
expression on the production of adipokines in trans-
genic mice. Adipocyte. 2020;9(1):374–383.

[7] Brix JM, Krzizek EC, Hoebaus C, et al. Secreted 
frizzled-related protein 4 (SFRP4) is elevated in 
patients with diabetes mellitus. Horm Metab Res 
2016. 48(5):345–348.

[8] Ji Q, Zhang J, Du Y, et al. Human epicardial adipose 
tissue-derived and circulating secreted frizzled-related 
protein 4 (SFRP4) levels are increased in patients with 
coronary artery disease. Cardiovasc Diabetol. 2017;16 
(1):133.

[9] Li N, Wu H, Geng R, et al. Identification of core gene 
biomarkers in patients with diabetic cardiomyopathy. 
Dis Markers. 2018;2018:6025061.

[10] Matsushima K, Suyama T, Takenaka C, et al. Secreted 
frizzled related protein 4 reduces fibrosis scar size and 
ameliorates cardiac function after ischemic injury. 
Tissue Eng Part A. 11;16(11):3329–3341.

[11] Zeng W, Cao Y, Jiang W, et al. Knockdown of Sfrp4 
attenuates apoptosis to protect against myocardial 

ischemia/reperfusion injury. J Pharmacol Sci. 
2019;140(1):14–19.

[12] Saran U, Mani KP, Balaguru UM, et al. Chatterjee, 
sFRP4 signalling of apoptosis and angiostasis uses 
nitric oxide-cGMP-permeability axis of endothelium. 
Nitric Oxide. 2017;66(2017):30–42.

[13] Lin Q, Wang H, Lin X, et al. PTPN12 affects nasophar-
yngeal carcinoma cell proliferation and migration 
through regulating EGFR. Cancer Biother Radiopharm. 
2018;33(2):60–64.

[14] de Voer RM, Hahn MM, Weren RD, et al. Identification 
of novel candidate genes for early-onset colorectal can-
cer susceptibility. PLoS Genet. 2016. 12(2):e1005880.

[15] Yang CF, Chen YY, Singh JP, et al. Targeting protein 
tyrosine phosphatase PTP-PEST (PTPN12) for thera-
peutic intervention in acute myocardial infarction. 
Cardiovasc Res. 2020. 116(5):1032–1046.

[16] Villa-Moruzzi E. PTPN12 controls PTEN and the AKT 
signalling to FAK and HER2 in migrating ovarian can-
cer cells. Mol Cell Biochem. 2013. 375(1–2):151–157.

[17] Wang X, Pan J, Liu D, et al. Nicorandil alleviates 
apoptosis in diabetic cardiomyopathy through PI3K/ 
Akt pathway. J Cell Mol Med. 2019;23(8):5349–5359.

[18] Li W, Li W, Leng Y, et al. Ferroptosis is involved in 
diabetes myocardial ischemia/reperfusion injury 
through endoplasmic reticulum stress. DNA Cell Biol. 
2020;39(2):210–225.

[19] Livak KJ, Schmittgen TD. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-delta 
delta C(T)) method. Methods. 2001;25(4):402–408.

[20] Ren Q, Zhao S, Ren C, et al. Astragalus polysaccharide 
alleviates LPS-induced inflammation injury by regulating 
miR-127 in H9c2 cardiomyoblasts. Int J Immunopathol 
Pharmacol. 2018. 32:2058738418759180.

[21] Li Y, Xia J, Jiang N, et al. Corin protects H(2)O(2)- 
induced apoptosis through PI3K/AKT and NF-κB 
pathway in cardiomyocytes. Biomed Pharmacother. 
2018;97:594–599.

[22] Qiu Z, He Y, Ming H, et al. Lipopolysaccharide (LPS) 
aggravates high glucose- and hypoxia/reoxygenatio-
n-induced injury through activating ROS-dependent 
NLRP3 inflammasome-mediated pyroptosis in H9C2 
cardiomyocytes. J Diabetes Res. 2019;2019:8151836.

[23] Li Y, Ren S, Xia J, et al. EIF4A3-induced circ-BNIP3 
aggravated hypoxia-induced injury of H9c2 cells by 
targeting miR-27a-3p/BNIP3. Mol Ther Nucleic 
Acids. 2020;19(2020):533–545.

[24] Bai YT, Xiao FJ, Wang H, et al. Hypoxia protects H9c2 
cells against ferroptosis through SENP1-mediated pro-
tein DeSUMOylation. Int J Med Sci. 2021;18 
(7):1618–1627.

[25] Jones SE, Jomary C. Secreted frizzled-related proteins: 
searching for relationships and patterns. Bioessays. 
2002;24(9):811–820.

[26] Drake JM, Friis RR, Dharmarajan AM. The role of 
sFRP4, a secreted frizzled-related protein, in 
ovulation. Apoptosis. 2003;8(4):389–397.

BIOENGINEERED 7707



[27] Bhuvanalakshmi G, Arfuso F, Millward M, et al. 
Secreted frizzled-related protein 4 inhibits glioma 
stem-like cells by reversing epithelial to mesenchy-
mal transition, inducing apoptosis and decreasing 
cancer stem cell properties. PLoS One. 2015. 10(6): 
e0127517.

[28] Lacher MD, Siegenthaler A, Jager R, et al. Role of 
DDC-4/sFRP-4, a secreted frizzled-related protein, at 
the onset of apoptosis in mammary involution. Cell 
Death Differ. 2003;10(5):528–538.

[29] Bukhari SA, Yasmin A, Zahoor MA, et al. Secreted 
frizzled-related protein 4 and its implication in obesity 
and type-2 diabetes. IUBMB Life. 2019;71(11):1701–1710.

[30] De A. Wnt/Ca2+ signaling pathway: a brief overview. 
Acta Biochim Biophys Sin (Shanghai). 2011;43 
(10):745–756.

[31] Evans JL, Goldfine ID, Maddux BA, et al. Are oxidative 
stress-activated signaling pathways mediators of insulin 
resistance and beta-cell dysfunction? Diabetes. 2003;52 
(1):1–8.

[32] Mahdi T, Hanzelmann S, Salehi A, et al. Secreted 
frizzled-related protein 4 reduces insulin secretion 
and is overexpressed in type 2 diabetes. Cell Metab. 
2012. 16(5):625–633.

[33] Huo YH, Wang YN, Meng LB, et al. Progress in the 
correlation between PTPN12 gene expression and human 
tumors. Medicine (Baltimore). 2020;99(24):e20445.

[34] Sun T, Aceto N, Meerbrey KL, et al. Activation of 
multiple proto-oncogenic tyrosine kinases in breast 
cancer via loss of the PTPN12 phosphatase. Cell. 
2011;144(5):703–718.

[35] Luo RZ, Cai PQ, Li M, et al. Decreased expression of 
PTPN12 correlates with tumor recurrence and poor 
survival of patients with hepatocellular carcinoma. 
PLoS One. 2014;9(1):e85592.

[36] Zhang XK, Xu M, Chen JW, et al. The prognostic 
significance of tyrosine-protein phosphatase nonrecep-
tor type 12 expression in nasopharyngeal carcinoma. 
Tumour Biol. 2015;36(1):5201–5208.

[37] Li S, Yi Z, Deng M, et al. TSLP protects against liver I/ 
R injury via activation of the PI3K/Akt pathway. JCI 
Insight. 2019. 4(22):e129013 .

[38] Zhao M, Hou S, Feng L, et al. Vinpocetine protects 
against cerebral ischemia-reperfusion injury by target-
ing astrocytic connexin43 via the PI3K/AKT signaling 
pathway. Front Neurosci. 2020;14:223.

[39] Hou N, Mai Y, Qiu X, et al. Carvacrol attenuates 
diabetic cardiomyopathy by modulating the PI3K/ 
AKT/GLUT4 pathway in diabetic mice. Front 
Pharmacol. 2019;10():998.

[40] Guan H, Zhang Y, Gao S, et al. DIFFERENTIAL pat-
terns of secreted frizzled-related protein 4 (SFRP4) in 
adipocyte differentiation: adipose depot specificity. Cell 
Physiol Biochem. 2018;46(5):2149–2164.

7708 Z. BAI AND X. HAO


	Abstract
	Introduction
	Materials and methods
	Cell culture and H/R model treatment
	Cell transfection
	Real-time reverse transcriptase-polymerase chain reaction (RT-qPCR) analysis
	Western blot analysis
	Determination of cell viability
	Lactate dehydrogenase (LDH) kit assay
	Cell apoptosis detection by TUNEL assay
	Enzyme-linked immunosorbent assay
	Immunoprecipitation assay
	Statistical analysis

	Results
	SFRP4 expression was upregulated in a high-glucose-stimulated H/R cardiomyocyte model
	Interference of SFRP4 promoted the viability of high glucose-stimulated H/R cardiomyocytes H9c2 cells
	Interference with SFRP4 inhibits inflammation and oxidative stress in high glucose-induced H/R cardiomyocytes
	SFRP4 interacts with PTPN12 and inhibits PI3K/AKT signaling pathway
	PTPN12 overexpression reverses the inhibitory effect of sh-SFRP4 on high-glucose-stimulated H/R cardiomyocyte injury

	Discussion
	Conclusion
	Authors’ contributions
	Disclosure statement
	Funding
	References

