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Background: Heparanase (HPSE) is an endo-beta-D-glucuronidase, and its upregulation is associated with many inflammatory
diseases, such as atherosclerosis, fibrosis, and cancer. However, the role of HPSE in myocardial infarction remains unclear.
Methods: Cell Counting Kit-8 (CCK8) assay was used to detect the development of the oxygen-glucose deprivation/reoxygenation
(OGD/R) model and the effect of HPSE inhibitor OGT2115. Real-time quantitative PCR (RT-qPCR) and western blotting were
used to detect HSPE expression in OGD/Rmodel, the effect of HPSE inhibitor OGT2115, and the expression of cell proliferation-
related protein, apoptosis-related protein, and fibrosis-related protein. The immunofluorescence assay was used to detect the ex-
pression of 5-Ethynyl-2′-Deoxyuridine (EdU) and TdT-mediated dUTP nick-end labeling (TUNEL). Enzyme-linked immunosor-
bent assay (ELISA) assay was used to detect the secretion of cytokines associated with the OGD/R model.
Results: HPSE was highly expressed in the OGD/R model, and its inhibitor OGT2115 significantly promoted the proliferation
and inhibited the apoptosis and fibrosis of H9C2 cells in the OGD/R model. Simultaneously, OGT2115 inhibited the secretion of
inflammatory factors—tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and IL-8—in the OGD/R model. Further mecha-
nistic studies demonstrated that OGT2115 could inhibit the phosphorylation of mitogen-activated protein kinases (MAPK) and
extracellular signal-regulated kinase (ERK).
Conclusion: HPSE inhibitor OGT2115 alleviates myocardial IR injury in H9c2 cells and inhibits the MAPK/ERK pathway,
indicating that HPSE is crucial in regulating myocardial infarction, and its inhibitor OGT2115 may be a potential drug for the
treatment of myocardial infarction.
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Introduction

Cardiovascular disease kills more people annually
than any other cause of death, making it the leading global
cause [1]. Myocardial infarction (MI) is a cardiovascu-
lar and cerebrovascular disease that seriously endangers
human health [2]. Myocardial infarction refers to the is-
chemic necrosis of the myocardium. As coronary artery
disease severely reduces or interrupts coronary blood flow,
the associated myocardium experiences chronic acute is-
chemia, leading to ischemic myocardial necrosis [3]. As
the population ages, the incidence of myocardial infarction
increases. Even though improved medicine and MI reper-
fusion treatments can alleviate clinical symptoms and save
lives [4], these treatments cannot fundamentally stop or halt
the spread of heart failure following MI.

The best treatment for MI is currently myocardial
reperfusion with thrombolysis or percutaneous coronary in-
tervention [5]. Reperfusion, however, results in a further

injury—known as myocardial ischemia/reperfusion (MI/R)
injury. MI/R damage influences the final myocardial infarct
size—a key predictor of prognosis in MI patients [6]. MI/R
injuries can be difficult to treat clinically. It is believed that
cardiomyocyte necrosis and apoptosis play essential roles
in developing MI/R damage [7]. Following MI/R, numer-
ous pathophysiological variables, including inflammation,
oxidative stress, and fibrosis, are responsible for cardiomy-
ocyte apoptosis [8]. Therefore, it is essential to develop
innovative methods for reducing heart failure and post-MI
remodeling.

Heparan sulfate (HS) is broken down by a single func-
tional heparanase (HPSE) inmammalian cells, which facili-
tates the degradation of the extracellular matrix and releases
effector molecules bound to HS [9]. HPSE can regulate var-
ious biological responses of cells, including cell prolifera-
tion, apoptosis, inflammation, angiogenesis, and cell mi-
gration [10]. Its dysregulation can lead to diabetes [11],
tumors [12], and fibrotic diseases [13]. However, the func-
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tion of HPSE in MI and its underlying mechanism remain
unknown. OGT2115 is a potent, cell-permeable, orally ac-
tive HPSE inhibitor [14]. OGT2115 was evaluated using a
modified HS/bFGF 96-well plate assay for high-throughput
screening of a library of 50,000 compounds with moderate
cell-based anti-angiogenic activity. Therefore, the role of
OGT2115 in MI was tested.

The present study investigated the role of HPSE in
MI/R injury and its specific mechanism. We demon-
strated for the first time that the inhibition of HPSE
with OGT2115 could inhibit oxygen-glucose depriva-
tion/reoxygenation (OGD/R)-induced mitogen-activated
protein kinases (MAPK)/extracellular signal-regulated ki-
nase (ERK) pathway activation, promote cell proliferation,
and inhibit OGD/R-induced apoptosis, fibrosis, and inflam-
matory responses to attenuate MI/R injury. Our study sug-
gests that inhibiting HPSE may be a therapeutic approach
for treating heart failure.

Materials and Methods

Establishment of a Model for OGD/R Injury in H9c2
Cells

H9c2 cells (4201RAT-CCTCC00606) were obtained
from the Institute of Biochemistry and Cell Biology of the
Chinese Academy of Sciences. The cells were grown in
a 37 °C incubator with 10% FBS, 100% air, 5% CO2,
100 mg/mL streptomycin, and 100 U/mL penicillin. The
medium was changed every two to three days. PCR was
frequently used to check cells for mycoplasma.

To construct the OGD/R model [15], we transferred
the cells to an anoxic incubator: 1% O2, 94% N2, and 5%
CO2 (sugar-free medium), cultured for 2 h, and then imme-
diately replaced with the normal medium and reoxygenated
for 12 h.

Cell-Proliferation Assays
The cells (3× 103) were grown for 48 h in the DMEM

medium with 10% FBS and the corresponding agonists or
inhibitors. OGT2115 (HY-100898, MCE, Shanghai, China)
was configured to a storage concentration of 10 mM dis-
solved in DMSO. The desired concentration was diluted
with the culture medium before each use. The Cell Count-
ing Kit-8 (CCK8) test (A311, Vazyme, Nanjing, China) was
used according to the manufacturer’s instructions to mea-
sure the absorbance of each well at 450 nm (A450) using
a multifunctional enzyme label (Infinite® 200 PRO, Tecan,
Männedorf, Switzerland).

Western Blot Assay
The cells were lysed with RIPA buffer and protease in-

hibitor (A32963, Thermo Scientific, San Jose, CA, USA),
and the cells were then centrifuged at 13,000 g for 20 min.
Protein lysates were separated using SDS/PAGE, blotted
onto a PVDF membrane, and probed overnight at 4 °C

with the following antibodies: mouse anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (1:5000; sc-32233,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
anti-HPSE (1:1000, ab85543, Abcam, Boston, MA, USA),
mouse anti-CDK1 (1:500, 9116, CST, Boston, MA, USA),
mouse anti-PCNA (1:1000, sc-56, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), rabbit anti-cleaved caspase-3
(1:1000, ab2302, Abcam, Boston, MA, USA), rabbit anti-
LC3 (1:1000, 12741, CST, Boston, MA, USA), mouse
anti-transforming growth factor β1 (TGF-β1) (1:1000,
ab64715, Abcam, Boston, MA, USA), mouse anti-Col4
(1:500, ab6311, Abcam, Boston, MA, USA), rabbit anti-
fibronectin (FN) (1:1000, ab2413, Abcam, Boston, MA,
USA), rabbit anti-p38 MAPK (1:1000, 9212, CST, Boston,
MA, USA), rabbit anti-p-p38 MAPK (1:1000, 9211,
CST, Boston, MA, USA), rabbit anti-ERK1/2 (1:1000,
9102, CST, Boston, MA, USA), and rabbit anti-p-ERK1/2
(1:1000, 9101, CST, Boston, MA, USA). Thermo Fisher’s
goat anti-mouse or anti-rabbit IgG was used as the sec-
ondary antibody to probe stripped membranes, which were
then detected using enhanced chemiluminescence with a
Bio-Rad ChemiDoc™ exposure machine (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA). Each protein band was
quantified using Image J1 (Image J 150b, NIH, Bethesda,
MD, USA), and the grayscale values were normalized to
its corresponding internal reference protein, GAPDH, and
labeled under the strips.

Real-Time Quantitative PCR (RT-qPCR) Assay
Trizol and the cDNA Synthesis Kit were used to ex-

tract and reverse-transcribe total RNA (R312, Vazyme,
Nanjing, China). SYBR Green PCR Master Mix (Q311,
Vazyme, Nanjing, China) was used in qPCR experi-
ments with Roche LC480, and relative mRNA expres-
sion was adjusted to GAPDH. The 2−(∆∆Ct) technique
was used to analyze the results. The primers for HPSE
were 5′-GCACAAACACTGACAATCCAAG-3′ and 5′-
AAAAGGATAGGGTAACCGCAA-3′. The primers for
GAPDH were 5′-GTGGTCTCCTCTGACTTCAACA-3′
and 5′-CCACCACCCTGTTGCTGTAG-3′.

Enzyme-Linked Immunosorbent Assay (ELISA)
Human tumor necrosis factor-α (TNF-α), interleukin-

6 (IL-6), and IL-8 ELISA kits (ab181421, ab178013,
ab214030, Abcam, Boston, MA, USA) were used to mea-
sure the levels of TNF-α, IL-6, and IL-8 in the cell culture
supernatant. All steps were performed following the manu-
facturer’s instructions. The absorbance of every well was
detected using a multifunctional enzyme label (Infinite®
200 PRO, Tecan, Männedorf, Switzerland).

5-Ethynyl-2′-Deoxyuridine (EdU) Assay
The EdU kits (C10337, Thermo Scientific, San Jose,

CA, USA) were used to perform EdU assays. The cells
were co-cultured with EdU working solution (1:1000) for
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2–4 h at 37 °C in a humidified 5% CO2 environment. The
cells were treated for 30 min with 0.3% Triton X-100 after
being fixed for 30 min with 4% paraformaldehyde at room
temperature. The cells were treated with the click response
solution for 30 min at room temperature and in the dark,
per themanufacturer’s instructions, before being exposed to
Hoechst solution for 10 min. Images were captured using
a fluorescent microscope with a 200× magnification, and
cell counts were performed using ImageJ1 software (Image
J 150b, NIH, Bethesda, MD, USA).

TUNEL Assay
TdT-mediated dUTP nick-end labeling (TUNEL) As-

say Kit - FITC was obtained from Abcam (ab66108). Fol-
lowing a 15 min fixative treatment with 1% paraformalde-
hyde, the cells were washed in PBS. Following the appli-
cation of 70% ethanol, the cells were rinsed with buffer,
incubated on ice for 30 min, and then added 50 µL of DNA
labeling solution. The cells were then incubated for an ad-
ditional hour at 37 °C. The cells were cultured for 30 min at
low light before being suspended in propidium iodide (PI)
solution and washed with buffer. The cells were then ex-
amined using a fluorescence microscope (BX53, Olympus,
Tokyo, Japan).

Statistics
In this study, GraphPad 9.0 (GraphPad, Bethesda,

MD, USA) was used for data analysis. All of the data in-
cluded in this investigation represented at least three sep-
arate studies. The results are shown as means ± SD. The
one- or two-way ANOVA and the two-tailed Student’s t-
test were evaluated for independent samples. The symbols
*, **, ***, and **** indicate p values below 0.05, 0.01,
0.001, and 0.0001, respectively. p values < 0.05 were con-
sidered statistically different.

Results

HPSE was Highly Expressed in the OGD/R Model
First, we established an OGD/R injury model of H9c2

cells and tested the cell viability using the CCK8 assay to
verify whether the cell model was established successfully.
The CCK8 assay results demonstrated that the cell viabil-
ity of H9c2 cells in the OGD/R injury model was signifi-
cantly decreased compared with that in the normal group
(Fig. 1A). Subsequently, we examined the mRNA and pro-
tein levels of HPSE in the OGD/R injury model. The RT-
qPCR experiments revealed that the HPSE mRNA level of
H9c2 cells in the OGD/R injurymodel was significantly up-
regulated compared with that in the normal group (Fig. 1B).
The WB experiments demonstrated that the HPSE protein
level of H9c2 cells in the OGD/R injury model was signifi-
cantly up-regulated compared with that in the normal group
(Fig. 1C,D). The aforementioned experiments revealed that
HPSE was highly expressed in the OGD/R injury model.

The HPSE Inhibitor OGT2115 Significantly
Promoted the Proliferation of H9c2 Cells in the
OGD/R Model

Subsequently, we applied different concentrations of
HPSE inhibitor OGT2115 to examine the effect of HPSE
on cell proliferation in the OGD/R injury model. First, the
inhibition of HPSE expression in the cells by OGT2115was
detected using WB and RT-qPCR experiments (Fig. 2A–
C). The inhibitory effect of OGT2115 on HPSE in H9c2
cells was concentration-dependent. The CCK8 assay re-
sults demonstrated that OGT2115 attenuated the inhibitory
effect of the OGD/R injury model on cell viability, and the
higher the concentration, the stronger the effect (Fig. 2D).
We also detected the protein levels of pro-proliferative pro-
teins CDK1 and PCNA. We found that the OGD/R in-
jury model drastically reduced the expression of PCNA and
CDK1. After the administration of OGT2115, their expres-
sion levels were significantly increased in a concentration-
dependent manner (Fig. 2E–G). Finally, we examined the
effect of OGT2115 on cell proliferation using immunofluo-
rescence staining experiments with the proliferation marker
EdU. OGD/R injury model significantly inhibited cell pro-
liferation, whereas OGT2115 significantly promoted cell
proliferation in the OGD/R injury model in a concentration-
dependent manner (Fig. 2H,I). In conclusion, the HPSE in-
hibitor OGT2115 significantly promoted cell proliferation
in the OGD/R injury model.

The HPSE Inhibitor OGT2115 Significantly Inhibited
the Apoptosis and Fibrosis of H9c2 Cells in the
OGD/R Model

We then examined the effect of OGT2115 on apop-
tosis and fibrosis in the OGD/R injury model. The WB
results revealed that the expressions of pro-apoptotic pro-
teins Caspase 3 and LC3 were significantly increased in the
OGD/R injury model. After administration of OGT2115,
their expression levels were significantly decreased in a
concentration-dependent manner (Fig. 3A–C). The apopto-
sis marker TUNEL immunofluorescence staining demon-
strated that the OGD/R injury model significantly promoted
cell apoptosis. Simultaneously, OGT2115 significantly in-
hibited cell apoptosis in the OGD/R injury model in a
concentration-dependent manner (Fig. 3C,D). The OGD/R
injury model often causes cellular fibrosis. Therefore,
we detected the expression of cellular fibrosis-related pro-
teins collagen IV (Col-4), fibronectin (FN), and TGF-β1.
The WB experiments revealed that the expression of col-
lagen IV, fibronectin, and TGF-β1 were significantly in-
creased in the OGD/R injury model. After administration
of OGT2115, their expression levels were significantly de-
creased in a concentration-dependent manner (Fig. 3E,F).
In conclusion, the HPSE inhibitor OGT2115 significantly
inhibited apoptosis and fibrosis in the OGD/R injury model.
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Fig. 1. HPSEwas highly expressed in the OGD/Rmodel. (A) H9c2 cells were incubated in an anaerobic chamber for 2 h, reoxygenated
for 12 h, and then collected for Cell Counting Kit-8 (CCK8) assay. The relative mRNA expression levels (B) and protein levels (C) of
HPSE in H9c2 cells in the OGD/R injury model were determined using qRT-PCR and western blot analysis. (D) Light density assessment
of proteins detected in (C). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. N = 3. * indicates p
< 0.05, *** indicates p < 0.001, **** indicates p < 0.0001. HPSE, heparanase; OGD/R, oxygen-glucose deprivation/reoxygenation.

OGT2115 Inhibited the Expression of Inflammatory
Factors TNF-α, IL-6, and IL-8 in the OGD/R Model

The secretion of inflammatory factors plays an im-
portant role in the OGD/R injury model. We detected the
secretion of TNF-α, IL-6, and IL-8 using ELISA experi-
ments. The ELISA experiments revealed that the OGD/R
injury model significantly promoted the secretion of TNF-
α, IL-6, and IL-8. However, OGT2115 significantly and
concentration-dependently reduced the release of TNF-α,
IL-6, and IL-8 from the cells in the OGD/R injury model
(Fig. 4).

OGT2115 Inhibited the Phosphorylation of MAPK
and ERK

The research has demonstrated that activation of the
MAPK/ERK pathway can enhance the fibrosis of car-
diomyocytes, and HPSE can induce activation of the
MAPK/ERK pathway. We hypothesized that OGT2115

could mitigate myocardial infarction by inhibiting the
MAPK pathway. The WB experiments revealed that the
OGD/R injury model did not affect the expression of P38
MAPK and ERK1/2 but significantly promoted the phos-
phorylation of P38MAPK and ERK1/2 in the cells. Admin-
istration of OGT2115 did not affect the expression of P38
MAPK and ERK1/2 but significantly inhibited the phos-
phorylation of P38 MAPK and ERK1/2 in the cells in the
OGD/R injury model in a concentration-dependent manner
(Fig. 5). Taken together, OGT2115 ameliorated myocardial
infarction by inhibiting the activation of the MAPK/ERK
pathway.

Discussion

The leading cause of disability and mortality globally
is acute myocardial infarction brought on by coronary oc-
clusion [16]. Heart failure (HF) and ventricular remod-
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Fig. 2. The HPSE inhibitor OGT2115 significantly promoted the proliferation of H9c2 cells in the OGD/R model. The protein
levels (A) and relative mRNA expression levels (C) of HPSE in H9c2 cells in OGD/R injury model in the presence of various OGT2115
concentrations (0, 1, 5, 10 µM) were determined by western blot and qRT-PCR analysis. (B) Light density assessment of proteins
detected in (A). GAPDH was used as a loading control. (D) The cell viability of H9c2 cells in the OGD/R injury model at various
OGT2115 concentrations (0, 1, 5, and 10 µM) for 48 h were detected using the CCK8 assay. (E) The relative protein levels of CDK1,
PCNA, and GAPDH in H9c2 cells in the OGD/R injury model at various OGT2115 concentrations (0, 1, 5, and 10 µM) for 48 h were
determined using western blot analysis. (G) Light density assessment of proteins detected in (E). GAPDH was used as a loading control.
(H) Quantification of the 5-Ethynyl-2′-Deoxyuridine (EdU)-positive cells of (F). (I) The cell proliferation of H9c2 cells in the OGD/R
injury model at various OGT2115 concentrations (0, 1, 5, and 10 µM) for 48 h were detected using the EdU staining assay. N = 3. *
indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001.

eling are caused by the massive death of cardiomyocytes
brought on by MI, which is replaced by fibrous scar tissue
[17]. Reperfusion therapy is the primary line of treatment
forMI patients to save the ischemicmyocardium and reduce
the infarct size. However, doing so causes additional dam-
age known as ischemia/reperfusion (I/R) injury [18]. HPSE
is associated with physiological processes such as apopto-
sis, fibrosis, and inflammation [19]. In the present study,
we explored the potential role of HPSE in acute cardiac
OGD/R injury and further investigated the cardioprotec-

tive mechanism of HPSE inhibitor OGT2115. Our findings
demonstrate that OGT2115 significantly reverses OGD/R-
induced cytotoxicity and prevents acute cardiac OGD/R
injury, thereby providing potential strategies for treating
MI/R injury.

Notably, HPSE’s role in developing heart-related dis-
eases has not been investigated. In this study, we first
demonstrated that HPSE was highly expressed in the
OGD/R model and that the HPSE inhibitor OGT2115 was
protective against acute cardiac MI/R. The experimental re-
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Fig. 3. The HPSE inhibitor OGT2115 significantly inhibited the apoptosis and fibrosis of H9c2 cells in the OGD/Rmodel. (A) The
relative protein levels of Caspase 3, LC3 I/II, and GAPDH in H9c2 cells in the OGD/R injury model at various OGT2115 concentrations
(0, 1, 5, and 10 µM) for 48 h were determined using western blotting. (B) Light density assessment of proteins detected in (A). GAPDH
was used as a loading control. (C) The cell apoptosis of H9c2 cells in the OGD/R injury model at various OGT2115 concentrations (0,
1, 5, and 10 µM) for 48 h were detected using the TdT-mediated dUTP nick-end labeling (TUNEL) staining assay. (D) Quantification
of the TUNEL positive cells of (C). (E) The relative protein levels of transforming growth factor β1 (TGF-β1), collagen IV (Col-4),
fibronectin (FN), and GAPDH in H9c2 cells in the OGD/R injury model at various OGT2115 concentrations (0, 1, 5, and 10 µM) for
48 h were determined using western blotting. (F) Light density assessment of proteins detected in (A). GAPDH was used as a loading
control. N = 3. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001.
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Fig. 4. OGT2115 inhibited the expression of inflammatory factors tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and
IL-8 in the OGD/R model. The concentration of TNF-α (A), IL-6 (B), and IL-8 (C) in H9c2 cells in the OGD/R injury model at various
OGT2115 concentrations (0, 1, 5, and 10 µM) for 48 h were determined using the enzyme-linked immunosorbent assay (ELISA). N = 3.
**** indicates p < 0.0001.

Fig. 5. OGT2115 inhibited the phosphorylation of mitogen-activated protein kinases (MAPK) and extracellular signal-regulated
kinase (ERK). (A) The protein levels of p-p38MAPK, p38MAPK, p-ERK1/2, ERK1/2, and GAPDH in H9c2 cells in the OGD/R injury
model at various OGT2115 concentrations (0, 1, 5, and 10 µM) for 48 h were determined using western blotting. (B) The ratio of p-p38
MAPK to p38 MAPK of (A). (C) The ratio of p-ERK1/2 to ERK1/2 of (A). N = 3. * indicates p < 0.05, *** indicates p < 0.001, ****
indicates p < 0.0001.
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sults indicated that OGT2115 could attenuate the decrease
in cell viability and apoptosis induced by OGD/R. We fur-
ther revealed that OGT2115 attenuated OGD/R-induced
cardiomyocyte fibrosis and inflammation. These findings
suggest that HPSE may be a therapeutic target for ischemic
heart disease after reperfusion injury and deserves further
study.

Study has revealed that p38 suppression improves car-
diac function after MI/R by diminishing cardiomyocyte
apoptosis [20]. Apoptotic mechanisms dependent on mito-
chondria are thought to be proximal effectors of keyMAPK
signaling pathway members [21]. A large body of evidence
indicates that the MAPK signal transduction pathway is in-
volved in cardiomyocyte apoptosis [22–24]. In cells un-
der oxidative stress, the p38-MAPK pathway is activated,
leading to the upregulation of BH3-only proteins, such as
Bim and Bid, triggering mitochondria-dependent apopto-
sis pathways [25]. The ERK signaling pathway is the most
studied MAPK-related pathway that regulates various bio-
logical processes, such as the survival, growth, and death of
various cells and immune responses associated with inflam-
mation [26]. Studies have demonstrated that inhibition of
the ERK pathway enhances cardiomyocyte reoxygenation
and inhibits apoptosis and inflammatory responses. The
p-ERK/ERK ratio was increased in a rat model of AMI
[27]. Meanwhile, Astragaloside IV can effectively inhibit
the hyperphosphorylation of ERK, which protects the my-
ocardium to some extent from secondary damage caused
by ischemia-reperfusion [28]. This result is also consistent
with our experimental results. The MAPK/ERK signaling
pathway is inhibited by OGT2115, which substantially in-
hibits the phosphorylation of p38-MAPK and ERK.OGD/R
significantly increases the phosphorylation of p38-MAPK
and ERK.

This study had some limitations. In vivo tests are still
required to confirm OGT2115’s protective influence on the
heart. More clinical trials are necessary to determine how
OGT2115 can treat cardiovascular-related diseases.

Conclusion

In conclusion, our findings suggest that the HPSE
inhibitor OGT2115 can protect myocardial tissue from
OGD/R-induced cardiotoxicity by inhibiting the activation
of the MAPK/ERK signaling pathway. This research may
expand current techniques for preventing cardiomyocyte
I/R damage in the early stages of reperfusion and offer fresh
approaches for treating ischemic heart disease. These find-
ings may broaden existing techniques for preventing car-
diomyocyte I/R damage during the early stages of reper-
fusion and provide novel approaches for treating ischemic
heart diseases.
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