
O R I G I N A L  R E S E A R C H

Alprostadil Injection Attenuates Coronary 
Microembolization-Induced Myocardial Injury 
Through GSK-3β/Nrf2/HO-1 Signaling-Mediated 
Apoptosis Inhibition

This article was published in the following Dove Press journal: 
Drug Design, Development and Therapy

Zhenbai Qin 
Binghui Kong 
Jing Zheng 
Xiantao Wang 
Lang Li

Department of Cardiology, The First 
Affiliated Hospital of Guangxi Medical 
University, Nanning, Guangxi, China 

Objective: Coronary microembolization (CME) results in progressive contractile dysfunc-
tion associated with cardiomyocyte apoptosis. Alprostadil injection improves microcircula-
tion, which is effective in treating various cardiovascular disorders. However, the therapeutic 
effects of alprostadil in CME-induced myocardia injury remain unknown. Therefore, we 
evaluated the effects of alprostadil injection on cardiac protection in a rat model of CME and 
explored the underlying mechanisms.
Methods: A rat model of CME was established by injecting polyethylene microspheres into 
the left ventricle. After injection of microspheres, rats in the alprostadil group received 
alprostadil via tail vein within 2 minutes. Cardiac function, histological alterations in 
myocardium, serum c-troponin I (cTnI) levels, myocardium adenosine triphosphate (ATP) 
concentrations, the activity of superoxide dismutase (SOD) and malondialdehyde (MDA) 
content in myocardium, and myocardial apoptosis-related proteins were detected 12 hours 
after CME modeling.
Results: Compared with the Sham group, ATP concentrations, SOD activity in the myo-
cardium, and cardiac function were significantly decreased in a rat model of CME. In 
addition, serum cTnI levels, MDA content, expression levels of pro-apoptotic proteins, and 
the number of TUNEL-positive nuclei were remarkably higher in CME group than those in 
the Sham group. However, alprostadil treatment notably reduced serum cTnI levels and 
expression levels of pro-apoptotic proteins, while noticeably improved cardiac function, and 
accelerated SOD activity in the myocardium following CME. Additionally, it was unveiled 
that the protective effects of alprostadil injection inhibit CME-induced myocardial apoptosis 
in the myocardium potentially through regulation of the GSK-3β/Nrf2/HO-1 signaling 
pathway.
Conclusion: Alprostadil injection seems to significantly suppress oxidative stress, alleviate 
myocardial apoptosis in the myocardium, and improve cardiac systolic and diastolic func-
tions following CME by regulating the GSK-3β/Nrf2/HO-1 signaling pathway.
Keywords: coronary microembolization, alprostadil injection, apoptosis, GSK-3β/Nrf2/HO- 
1 signaling pathway

Introduction
Coronary microembolization (CME) is closely associated with periprocedural myo-
cardial injury and no-reflow phenomenon after percutaneous coronary interventions 
(PCI).1,2 CME may occur during thrombolytic therapy and coronary interventions, 
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resulting in serious clinical issues including contractile 
dysfunction, malignant arrhythmias, and even sudden car-
diac death.3–5 Clinically, it is a great challenge for inter-
ventionists to prevent and treat CME. Studies have 
reported that myocardial apoptosis was involved in the 
progression of CME.6,7 Thus, regulating myocardial apop-
tosis during CME can be a promising method to reduce 
myocardial injury. Glycogen synthase kinase 3β (GSK-3β) 
is a serine-threonine kinase of the glycogen synthase 
kinase subfamily, which is ubiquitously expressed in 
a variety of organs and regulates multiple signaling 
pathways.8,9 Nuclear factor erythroid 2-related factor 2 
(Nrf2) is an important factor in maintaining cellular 
redox homeostasis regulating antioxidant response ele-
ments (ARE) expression, including heme oxygenase-1 
(HO-1), NAD(P)H quinone oxidoreductase-1 (NQO1), 
and glutathione S-transferase (GST).10,11 Studies have 
revealed that GSK-3β can inhibit Nrf2 transcriptional 
activity through phosphorylation, which leads to Nrf2 
degradation and weakens its antioxidant ability.12,13

Alprostadil, also known as liposome prostaglandin E1 
(Lipo-PGE1), is a drug approved by FDA, which displays 
a variety of pharmacologic actions, such as vasodilation, 
inhibiting platelet aggregation, and improving deformation 
of erythrocytes.14 Accumulating evidence has demon-
strated that alprostadil protects different organs from 
ischemia and reperfusion injury, including lungs, liver, 
kidneys, and heart.15–18 Moreover, a recent clinical study 
showed that intracoronary infusion of alprostadil can 
effectively improve coronary perfusion and ameliorate 
coronary slow-flow phenomenon following myocardial 
infarction.19 Therefore, we hypothesized that alprostadil 
treatment can reduce CME-induced myocardial injury. In 
the current study, we aimed to assess the protective effects 
of alprostadil on CME and the possible role of the GSK- 
3β/Nrf2/HO-1 pathway in the cardioprotection of alpros-
tadil in rats. Our findings demonstrated that alprostadil 
injection significantly attenuated myocardial injury post- 
CME through inhibiting GSK-3β activity and repressing 
cardiomyocyte apoptosis in the myocardium.

Materials and Methods
Animal Grouping and Modeling
Herein, 24 healthy adult male Sprague-Dawley (SD) rats 
(weight, 250–300g) were obtained from the Experimental 
Animal Center of Guangxi Medical University (License num-
ber: SYXK-GUI- 2020–0001) and adapted to the facility 1 

week before the experiment. According to the random number 
table method, rats were randomly divided into four groups 
(n=6 per group): Sham, CME, CME plus alprostadil (2 μg/ 
kg, low-dose), and CME plus alprostadil (4 μg/kg, high-dose). 
The doses used in our study were based on Zhang et al’s20,21 

study and our preliminary experiment result (data were not 
published), and the concentrations of alprostadil were compar-
able to those for human use, which were converted for rats by 
using the intraspecies dose conversion formula. The animals 
received normal rat chow and water under a 12-hour light/dark 
cycle at 23±2°C. The study protocol was approved by the 
Ethics Committee of Guangxi Medical University 
(Application number: 201901010) and in compliance with 
the ARRIVE Guidelines for the Use of Laboratory Animals. 
A CME model of rats was established as described 
previously.22 In brief, rats received an anesthetic dose of pen-
tobarbitone sodium (30–40 mg/kg) intraperitoneally, and then 
an animal ventilator was connected to assist respiration. 
Afterwards, the skin on the left chest was sheared and sterilized 
with 75% alcohol, followed by cutting open along the left edge 
of the sternum between the second to fourth intercostal spaces 
until clearly exposing the heart. Subsequently, the ascending 
aorta was separated and the pericardium was removed, and, 
then, a total of 4,500 polyethylene microspheres per rat (dia-
meter, 42 μm; Biosphere Medical Inc., Rockland, MA, USA) 
dissolved in 0.15 mL normal saline were injected into the left 
ventricle together with a proper animal hemostatic clip clamp-
ing the ascending aorta for 12 seconds. Rats in the Sham group 
also underwent similar procedures and received 0.15 mL nor-
mal saline. Furthermore, the CME plus alprostadil (Chongqing 
Yaoyou Pharmaceutical Co., Ltd., Chongqing, China) group 
was established by injection of alprostadil at doses of 2 and 4 
μg/kg within 2 minutes following CME modeling, and rats in 
the Sham and CME groups both received the same volume of 
normal saline.

Echocardiography
Our previous experiments found that cardiac function of rats 
reached the lowest level after 12 hours of CME.23 Hence, at 12 
hours after operation, rats received an anesthetic dose of pen-
tobarbitone sodium (30–40 mg/kg) intraperitoneally. After 
that, cardiac function-based indices of rats, including left ven-
tricular end-diastolic diameter (LVDd), left ventricular frac-
tional shortening (LVFS), left ventricular end-systolic 
diameter (LVDs), cardiac output (CO), heart rate (HR), and 
left ventricular ejection fraction (LVEF) were assessed by 
using an animal specific ultrasound instrument (Phillips, 
Andover, MA, USA) according to the manufacturer’s 
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instruction. The cardiac function examination was performed 
by an ultrasound specialist who was blinded to the study 
design, and the values were averaged from three cardiac 
cycles.

Tissue Sampling and Treatment
After 12 hours of CME modeling and cardiac function 
measurement, all rats received an anesthetic overdose of 
pentobarbitone sodium (60 mg/kg) intraperitoneally. 
Before being sacrificed, blood was gained from each rat 
for enzyme-linked immunosorbent assay (ELISA) through 
the abdominal aorta. Upon the cardiac arrest, it was 
quickly extracted and each heart tissue was segmented 
into three parts: the apex, middle, and bottom parallel to 
the atrioventricular sulcus. After that, the apex and middle 
parts were immediately stored at −80°C for quantitative 
reverse transcription polymerase chain reaction (RT- 
qPCR) and Western blot assays, respectively. Finally, the 
heart bottom was fixed in 4% paraformaldehyde, 
embedded into paraffin, and serially sliced into 4 μm 
sections for hematoxylin and eosin (H&E) staining, term-
inal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) staining, and hematoxylin-basic fuchsin-picric 
acid (HBFP) staining.

ELISA
Blood samples (2 mL) obtained from the abdominal aorta 
at 12 hours after operation were centrifuged at 5,000 g for 
5 minutes at room temperature, and then the serum was 
collected for ELISA detection. Serum cTnI concentrations 
were determined by using a cTnI-specific ELISA kit 
(Roche, Inc., Basel, Switzerland) according to the manu-
facturer’s instructions.

Measurement of SOD Activity and MDA 
Content in Myocardium
The activity of SOD and MDA content in the myocardium 
were determined using SOD assay kit (A001-3; Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) and 
MDA assay kit (A003-1-2; Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China) according to the 
manufacturer's manual. The levels of SOD and MDA were 
measured by a micro-plate reader and the OD value was 
measured at a wavelength of 450 nm and 532 nm, separately. 
Finally, SOD activity and MDA content were calculated 
according to the formula given in the instructions.

ATP Assay
The level of ATP in heart tissues was examined with 
a commercial ATP detection kit (S0026; Beyotime 
Institute of Biotechnology, Shanghai, China) following 
the manufacturer’s instructions. Briefly, 30 mg tissues 
from the middle of the heart were minced and homoge-
nized with 400 μL ATP lysis buffer. After that, samples 
were centrifuged at 4°C for 5 minutes at 12,000 g, and the 
supernatants were collected for further detection. Next, 
100 μL ATP working solution and 20 μL supernatant 
from each rat were added to a 96-well plate, and then 
a luminometer was applied to determine the relative light 
unit value. Finally, a standard curve was plotted and the 
ATP concentration in the heart samples was calculated 
according to the standard curve.

Evaluation of Apoptosis in Tissue 
Sections by TUNEL Assay
Myocardial apoptosis was determined by using TUNEL 
assay with a commercial TUNEL assay kit (Roche, Inc., 
Basel, Switzerland) according to the manufacturer’s 
instruction. Under a light microscope, the numbers of 
TUNEL-positive nuclei were counted in five random non- 
overlapping microscopic fields. TUNEL index was calcu-
lated as the percentage of TUNEL-positive nuclei in the 
total number of 200 counted nuclei.24

Measurement of Myocardial Microinfarct 
Size
In this study, myocardial microinfarct regions were 
detected by HBFP staining. The cytoplasm of normal 
myocardiocytes was stained yellow and their nuclei were 
stained blue, while the ischemic myocardium and erythro-
cytes were stained red. Five non-overlapping fields were 
randomly selected from each section to calculate the 
infarction area by using a DMR-Q550 pathological 
image analyzer (Leica, Germany). The percentage of 
infarction size was calculated as the percentage of infarc-
tion area over the total observed area.

Double Immunofluorescence Staining
After 12 hours of CME modeling, rats were sacrificed. 
Sections with a thickness of 4 μm were prepared for immu-
nofluorescence staining. Double immunofluorescence stain-
ing was carried out according to the manufacturer's manual. 
Briefly, the sections were washed three times with phos-
phate-buffered saline (PBS) (pH 7.4) and blocked in 3% 
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bovine serum albumin (BSA) for 30 minutes at room tem-
perature. After blocking, sections were incubated at 4°C 
overnight with rabbit monoclonal anti-HO-1 antibody 
(ab189491; 1:250; Abcam, Cambridge, UK) and rabbit 
monoclonal anti-Nrf2 antibody (ab137550; 1:500; Abcam). 
After incubation with primary antibody, sections were rinsed 
with PBS five times, and then, incubated with fluorescent 
secondary antibodies for 50 minutes at room temperature. 
Nuclei were then counterstained with 4′,6-diamidino-2-phe-
nylindole (DAPI) for 7 minutes. The images were acquired 
using a fluorescence microscope (Olympus, Tokyo, Japan).

Electron Microscopy of Heart Tissues
Rats were sacrificed at 12 hours after operation. Myocardial 
tissue samples were cut into about 1 mm3 pieces and fixed with 
3% glutaraldehyde overnight at 4°C. After that, the pieces 
were washed three times with 0.1 mol/L PBS (pH=7.4) and 
post-fixed in 1% osmium tetroxide for 2 hours. Next, the 
samples were rinsed again with PBS several times and dehy-
drated with a series of graded ethanol (50~100%). 
Subsequently, specimens were embedded into resin, continu-
ally sliced into ultrathin sections (50 nm), stained with uranyl 
acetate and lead citrate, and finally examined and photo-
graphed with a Hitachi H-7650 electron microscope (Hitachi, 
Tokyo, Japan).

Gene Expression Analysis
Total RNA was extracted from the apex of the heart by using 
TRIzol reagent (TaKaRa, Shiga, Japan) according to the man-
ufacturer's manual. The concentration and purity of RNA were 
identified by using a NanoDrop2000 spectrophotometer 
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and 
reversely transcribed into cDNA using a PrimeScript RT 
Reagent kit (TaKaRa). Gene expression levels were detected 
by RT-qPCR using a TB Green Premix Ex Taq Ⅱ kit on 
StepOnePlus system (Applied Biosystems, Foster City, CA, 
USA), and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) served as an internal control. The primer sequences 
are summarized in Table 1. The relative expression of mRNA 
was calculated using 2-ΔΔCt method.

Isolation of Mitochondria and Cytosol 
Fractions
To detect the cytochrome c (Cyt-c) expression level in the 
myocardium cytoplasm, mitochondria and cytoplasm of 
the heart were separated by using a commercial cytoplas-
mic and mitochondrial protein extraction kit (C500051; 

Sangon Biotechnology Inc., Shanghai, China) according 
to the manufacturer's manual.

Western Blotting
Total protein was extracted from heart tissues and the concen-
tration of protein was determined by using a bicinchoninic acid 
(BCA) assay kit (P0012S; Beyotime Institute of 
Biotechnology, Shanghai, China) according to the manufac-
turer's manual. Subsequently, 25 μg of protein was separated 
by 10~12% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE), and then transferred onto polyviny-
lidene difluoride (PVDF) membranes. Afterwards, PVDF 
membranes were washed three times with 1×TBST buffer, 
then blocked with 5% skim milk at room temperature for 1 
hour, and finally incubated at 4°C overnight with primary 
antibodies as follows: cleaved-caspase-9 (9504T; 1:1000; 
Cell Signaling Technology, Inc., Danvers, MA, USA); 
cleaved-caspase-3 (ab49822; 1:500; Abcam); Bax (ab32503; 
1:1000; Abcam); Bcl-2 (ab59348; 1:500; Abcam); Nrf2 
(ab137550; 1:1000; Abcam); HO-1 (ab189491; 1:2000; 
Abcam); GSK-3β (9315S; 1:1000; Cell Signaling 
Technology, Inc.); p-GSK-3β (Ser-9) (9322S; 1:1000; Cell 
Signaling Technology, Inc.); Cyt-c (ab13575; 1:2000; 
Abcam); and GAPDH (ab8245; 1:10000; Abcam). After an 
overnight incubation, membranes were washed and incubated 
with corresponding secondary antibodies conjugated with 
horseradish peroxidase (HRP) (ab6721; 1:10000; Abcam) for 
2 hours at room temperature. Finally, immunoreactive bands 
were detected by enhanced chemiluminescence reagents 
(Pierce, Rockford, IL, USA). The Image J software was 
adopted to analyze the gray value of protein bands, and 
GAPDH served as an internal control.

Statistical Analysis
SPSS 26.0 software (IBM, Armonk, NY, USA) was used for 
data analysis. Data were expressed as mean±standard 

Table 1 Primer Used for qPCR

Gene Primer Sequence(5ʹ 3ʹ)

HO-1 Forward: CAGACAGAGTTTCTTCGCCAGAGG
Reverse: TGTGAGGACCCATCGCAGGAG

Nrf2 Forward: GCCTTCCTCTGCTGCCATTAGTC

GAPDH Reverse: TGCCTTCAGTGTGCTTCTGGTTG 
Forward: TGCACCACCAACTGCTTAG 

Reverse: GATGCAGGGATGATGTTC

Note: All primers were designed by TaKaRa, Japan. 
Abbreviations: HO-1, heme oxygenase-1; Nrf2, nuclear factor erythroid 2-related 
factor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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deviation. One-way analysis of variance (ANOVA) followed 
by post hoc test was employed to examine the differences 
among four groups. P<0.05 was considered statistically 
significant.

Results
Alprostadil Injection Ameliorates 
CME-Induced Myocardial Morphological 
Aberrant
H&E staining showed that myocardial fibers in the Sham 
group were uniformly aligned, with clear staining and com-
plete morphology. In the CME group, after embolizing micro-
spheres, the cytoplasm was deeply stained by eosin; and there 
was loosening or edema, enlargement, degeneration, dissol-
ving or necrosis of myocardial cells, and inflammatory cell 
infiltration. In the CME plus alprostadil (2 μg/kg) group, the 
conditions of myocardial degeneration and edema were ame-
liorated, with fewer histomorphological abnormalities and 
relatively uniform alignment. Additionally, there was no myo-
cardial degeneration and necrosis in the CME plus alprostadil 
(4 μg/kg) group (Figure 1).

Alprostadil Injection Improved Cardiac 
Function Following CME
Twelve hours after CME modeling, the results of echo-
cardiography were as shown in Table 2 and Figure 2. 
Compared with the Sham group, the cardiac systolic 
function of rats in the CME group was negatively influ-
enced, as LVEF, FS, CO, and HR were remarkably 
attenuated, while LVDd and LVDs were elevated. 
Importantly, LVEF, FS, CO, and HR were remarkably 
increased after treatment with alprostadil at doses of 2 
and 4 μg/kg, while LVDd and LVDs were significantly 
decreased. No significant difference was found between 
the Sham group and the CME plus alprostadil (4 μg/kg) 
group.

Alprostadil Injection Ameliorated 
Myocardial Injury Following CME
Compared with the Sham group, the serum cTnI level was 
markedly elevated in the CME group. However, treatment 
with alprostadil significantly decreased serum cTnI levels 
compared with the CME group (Table 3).

Figure 1 Alprostadil injection ameliorated myocardial morphological alterations of CME rats (magnification ×200, scale bar=50 μm) (n=6, per group). The black arrow 
indicates microspheres, red arrow represents inflammatory cell infiltration, and white arrow shows microinfarction focus. 
Abbreviations: H&E, hematoxylin and eosin; CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/ 
kg).
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Alprostadil Injection Increased Myocardial 
Antioxidative Ability Following CME
SOD activity and MDA content were measured to assess 
the effect of alprostadil on myocardium oxidative stress. 
As shown in Table 4, compared with the Sham group, 
SOD activity was significantly decreased together with 
increased MDA content in the CME group. However, 
treatment with alprostadil (2 or 4 μg/kg) obviously 
reduced MDA content and improved SOD activity com-
pared with the CME group. This result demonstrated 
that alprostadil injection treatment promoted myocardial 
antioxidant activity post-CME.

Alprostadil Injection Attenuated 
CME-Induced Mitochondrial Injury
Mitochondria possess >30% cellular volume densities in car-
diomyocytes of rats and play a significant role in regulating 
cardiac ATP production.25,26 As mitochondrial metabolism is 
an important source for ATP generation, we tested ATP con-
centrations to reflect the integrity of mitochondrial function. It 
was found that ATP concentrations were remarkably reduced 
after CME, which could be reversed by alprostadil injection at 
2 μg/kg and 4 μg/kg (Table 5). Besides, transmission electron 
microscopy examination of heart tissues showed that myocar-
dial mitochondria had markedly vacuolated degeneration and 

Table 2 Cardiac Function Measured by Echocardiography

Group n LVEF (%) LVDs (mm) LVDd (mm) CO (L/min) HR (bpm) LVFS (%)

Sham 6 90.00±1.41 2.43±0.15 5.57±0.16 1.52±0.18 485±47 55.67±1.86
CME 6 57.50±4.97* 5.48±0.22* 7.43±0.19* 0.84±0.16* 430±49* 26.50±3.0*

Low 6 73.83±2.48*#a 3.90±0.11*#a 6.30±0.19*#a 1.04±0.08*#a 432±19 37.67±1.86*#a

High 6 85.67±3.14# 3.07±0.28*# 6.07±0.14*# 1.36±0.18# 454±53 49.50±4.09#

Notes: Alprostadil injection improved cardiac function following CME. The results are presented as the mean±standard deviation (SD), the values were averaged from three 
cardiac cycles. *P<0.05, compared with Sham group; #P<0.05, compared with CME group; aP<0.05, compared with High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg); LVEF, left ventricular 
ejection fraction; LVDd, left ventricular end-diastolic diameter; LVFS, left ventricular fraction shortening; LVDs, left ventricular systolic diameter; CO, cardiac output; HR, 
heart rate.

Figure 2 Cardiac function-based indices of rats were measured by echocardiography (n=6 per group). 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg).
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swelling in the CME group. However, after alprostadil treat-
ment, the ultrastructural changes observed in the CME group 
were remarkably ameliorated along with mitochondrial integ-
rity preserved (Figure 3). This result indicated that alprostadil 
injection can restore mitochondrial function and ameliorate 
mitochondrial damages.

Alprostadil Injection Suppressed 
CME-Induced Myocardial Apoptosis
Cardiomyocyte apoptosis contributes to the progression 
of myocardial injury following CME. Thus, we evalu-
ated whether administration of alprostadil might have 
anti-apoptotic effects following CME. As illustrated in 
Figure 4, a great number of TUNEL-positive nuclei were 
observed in the CME group. On the contrary, few apop-
totic cells were seen in the alprostadil treatment groups. 
In addition, CME significantly increased the protein 
expressions of Bax, Cytosol-Cyt-c, cleaved-caspase-3, 
and cleaved-caspase-9, while decreased Bcl-2 protein 
expression compared with the Sham group. 
Furthermore, alprostadil treatment markedly suppressed 
CME-induced elevation in pro-apoptotic proteins, while 
increased Bcl-2 protein expression (Figure 5). The 

above-mentioned results indicated that alprostadil treat-
ment repressed myocardial apoptosis.

Alprostadil Injection Reduced 
Microinfarction Area Following CME
HBFP staining revealed that there was no microinfarct 
observed in the Sham group, while it was significantly evident 
in the CME group. However, alprostadil injection significantly 
reduced the microinfarct area compared with the CME group 
(Figure 6). The above-mentioned results indicated that alpros-
tadil injection reduced microinfarction area following CME.

Alprostadil Injection Improved Nrf2 and 
HO-1 mRNA Levels Following CME
As shown in Figure 7A, compared with the Sham group, 
the Nrf2 mRNA level significantly declined in the CME 
group. Moreover, treatment with alprostadil (2 µg/kg) 
remarkably increased the Nrf2 mRNA level, which was 
further upregulated in the alprostadil injection (4 µg/kg) 
group. In comparison with the Sham group, the HO-1 
mRNA level was increased moderately in the CME 
group, while it was markedly increased in the alprostadil 
injection treatment groups (Figure 7B).

Alprostadil Injection Attenuated CME- 
Induced Myocardial Apoptosis in the 
Myocardium by Regulating GSK-3β/Nrf2/ 
HO-1 Signaling Pathway
Activation of the GSK-3β/Nrf2/ARE signaling pathway has 
been demonstrated to attenuate cardiomyocyte apoptosis and 
improve cell viability.27 Recently, one study revealed that 
PGE1 inhibited coronary microcirculation dysfunction 
through activation of the GSK-3β-mitochondrial permeabil-
ity transition pore (GSK-3β-mPTP) pathway.28 In view of 

Table 3 Serum cTnI Concentrations of Each Group

Group n cTnI (ng/mL)

Sham 6 1.32±0.95
CME 6 26.74±4.90*

Low 6 9.87±2.94*#a

High 6 4.45±1.20*#

Notes: Alprostadil injection ameliorated myocardial injury following CME. The 
results are presented as the mean±standard deviation (SD) of at least three 
independent experiments. *P<0.05, compared with Sham group, #P<0.05, compared 
with CME group, aP<0.05, compared with High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil 
injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg); cTnI, c-troponin I.

Table 4 SOD Activity and MDA Content of Each Group

Group n MDA (nmol/mg) SOD (U/mg)

Sham 6 1.17±0.26 100.53±6.47

CME 6 3.21±0.36* 62.71±5.31*

low 6 2.36±0.43*#a 78.90±2.38*#a

High 6 1.75±0.10*# 85.12±2.70*#

Notes: Alprostadil injection improved myocardial antioxidant ability following 
CME. The results are presented as the mean±standard deviation (SD) of at least 
three independent experiments. *P<0.05, compared with Sham group; #P<0.05, 
compared with CME group; aP<0.05, compared with High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil 
injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg); MDA, malondial-
dehyde; SOD, superoxide dismutase.

Table 5 ATP Concentrations of Each Group

Group n ATP (nmol/mg)

Sham 6 31.08±5.14
CME 6 12.42±2.83*

low 6 20.39±2.25*#a

High 6 24.59±1.19*#

Notes: Alprostadil injection improved ATP production following CME. The results 
are presented as the mean±standard deviation (SD) of at least three independent 
experiments. *P<0.05, compared with Sham group; #P<0.05, compared with CME 
group; aP<0.05, compared with High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil 
injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg); ATP, adenosine 
triphosphate.
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the above findings, alprostadil protected the myocardia from 
CME-induced myocardial apoptosis. However, the specific 
pathway in alprostadil-mediated cardioprotection remains 
elusive. We hypothesized that the GSK-3β/Nrf2/HO-1 sig-
naling pathway is involved in these protective effects. As 
expected, it was unveiled that the protein expression levels 
of p-GSK-3β (Ser-9) and Nrf2 were noticeably decreased in 
the CME group compared with the Sham group. In contrast, 
alprostadil injection significantly increased protein expres-
sions levels of p-GSK-3β (Ser-9)/GSK-3β, Nrf2, and HO-1 
(Figure 8A–D). Moreover, results of double immunofluor-
escence staining demonstrated that Nrf2 and HO-1 were 
highly expressed in the alprostadil injection groups com-
pared with the CME group (Figure 9). Taken together, it 
can be concluded that the protective effects of alprostadil 

injection inhibit CME-induced myocardial apoptosis in the 
myocardium, potentially through regulation of the GSK-3β/ 
Nrf2/HO-1 signaling pathway.

Discussion
The present study uncovered that alprostadil injection 
improved cardiac function, inhibited myocardial apoptosis, 
and enhanced myocardial antioxidant ability in a rat model 
of CME. In addition, alprostadil injection significantly 
increased ATP production and suppressed serum cTnI 
levels following CME. Furthermore, alprostadil signifi-
cantly suppressed GSK-3β activity and activated the 
GSK-3β/Nrf2/HO-1 signaling pathway. Our findings indi-
cated a potential mechanism for the therapeutic effects of 
alprostadil injection on CME.

Figure 3 Myocardial mitochondrial morphology observed by transmission electron microscopy (magnification ×20,000, scale bar=500 nm). The black arrow represents the 
typical vacuolated degeneration and enlarged mitochondria, and white arrow indicates the normal mitochondrial morphology (n=3 per group). 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg).
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CME is a common complication of percutaneous 
coronary interventions (PCI) and its incidence ranges 
from 0–70%, depending on detection methods.29 In 
recent years, numerous devices were designed to pre-
vent CME during elective PCI and primary PCI. 
However, neither routine protective devices nor throm-
bolysis indicated satisfactory outcomes.30,31 Therefore, 
the development of effective therapeutic strategies is 
urgently needed. Alprostadil has multiple pharmacolo-
gic effects, including inhibiting platelet aggregation, 
improving microcirculation perfusion, and vasodilation. 
Injection of alprostadil is used clinically to improve 

cardiovascular microcirculation disorders caused by 
myocardial ischemia. Previous studies have found that 
intravenous administration of alprostadil in patients 
with ST elevation myocardial infarction undergoing 
primary PCI could improve myocardial microcircula-
tion, reduce myocardium non-flow area, and decrease 
major adverse cardiac events (MACE).32 Interestingly, 
alprostadil injection also provides cardioprotection 
effects on elective PCI patients with unstable angina, 
which reduces the incidence rates of periprocedural 
myocardial injury, and decreases pro-inflammatory fac-
tor secretion.33 In human chronic ischemia heart 

Figure 4 Alprostadil injection suppressed CME-induced myocardial apoptosis. (A) Representative images of TUNEL staining, in which apoptotic nuclei were yellow-brown 
stained, while normal nuclei were blue stained (magnification ×400, scale bar=20 μm). The black arrow indicates apoptotic cells. (B) Relative TUNEL-positive nuclei in each 
group (n=6 per group). *P<0.05, compared with Sham group, #P<0.05, compared with CME group, aP<0.05, compared with High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg).
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disease, alprostadil effectively stimulates neoangiogen-
esis in infarct areas adjacent to the viable 
myocardium.34 In a canine thrombolysis model, alpros-
tadil treatment accelerates the thrombolysis time, low-
ers the incidence rats of reocclusion, noticeably 
improves coronary blood flow, and reduces the myo-
cardial infarct size.35 However, the role of alprostadil 
in CME-induced myocardial injury remains unclear. In 
the current study, it was found that administration of 
alprostadil injection through the tail vein after CME 
noticeably attenuated myonecrosis, preserved myocar-
dial morphology, reduced serum markers of myocardial 
injury, and improved cardiac function in rats.

It is reported that mitochondrial pro-apoptosis pro-
tein Cytochrome c (Cyt-c) is released into the cyto-
plasm in response to apoptotic stimuli, which is 
associated with formation of apoptosomes induced by 
pro-caspase-9, triggering the activation of caspase-3 
and apoptosis.36 However, the release of Cyt-c can be 
reversed by anti-apoptosis protein Bcl-2, and its 
sequester Bax or other pro-apoptosis factors are inte-
grated into the mitochondrial outer membrane.37,38 

There are also trustable indicators in oxidative stress, 
such as MDA contents and SOD activity, which are 
usually used to evaluate lipid peroxidation and inner 
antioxidant ability, respectively. During CME, the 

Figure 5 Alprostadil injection reduced expressions of pro-apoptotic proteins and improved anti-apoptotic protein expression levels. (A) The bands of Bax, Bcl-2, cytosol- 
Cyt-c, cleaved-caspase-9, and cleaved-caspase-3. (B–F) Quantification of expression levels of Bax, Bcl-2, cytosol-Cyt-c, cleaved-caspase-3, and cleaved-caspase-9. GAPDH 
served as an internal control (n=4 or 6, per group). *P<0.05, compared with Sham group; #P<0.05, compared with CME group; aP<0.05, compared with High group. 
Abbreviations: Cytosol-Cyt-c, cytoplasmic cytochrome c; CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil 
injection (4 μg/kg).
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Figure 6 Alprostadil injection reduced myocardium micro-infarct size following CME (magnification ×200, scale bar=50 μm). (A) Representative images of HBFP staining; 
(B) The percentage of micro-infarct area in each group. The black arrow indicates micro-infarct focus. (n=6 per group). *P<0.05, compared with Sham group, #P<0.05, 
compared with CME group, aP<0.05, compared with High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg).

Figure 7 Alprostadil injection increased mRNA levels of Nrf2 and HO-1. (A) Nrf2; (B) HO-1 (n=6, per group). The results are presented as the mean±standard deviation 
(SD) of three independent experiments. *P<0.05, compared with the Sham group; #P<0.05, compared with CME group; aP<0.05, compared with High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg); HO-1, heme oxygenase 1; 
Nrf2, nuclear factor erythroid 2-related factor 2.

Drug Design, Development and Therapy 2020:14                                                                       submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
4417

Dovepress                                                                                                                                                              Qin et al

http://www.dovepress.com
http://www.dovepress.com


myocardium generates oxidants, which inhibit antiox-
idant defense enzymes, cause oxidative stress, and lead 
to damage in lipids.39 Besides, oxidants can increase 
mitochondrial depolarization and induce mitochondrial 
release of Cyt-c into the cytosol, leading to 
apoptosis.40 Therefore, in the current study, we 
assessed the effects of alprostadil injection on myocar-
dial apoptosis and oxidative stress through detecting 
the expression levels of these molecules. It was found 
that myocardial apoptosis and MDA contents were 
increased post-CME but reversed by alprostadil treat-
ment. Additionally, transmission electron microscopy 
showed that the myocardium mitochondria of CME 
rats were swollen and fractured, and mitochondria cris-
tae were dissolved and disappeared. However, after 
alprostadil treatment, mitochondrial damage was 

alleviated and the integrity of the mitochondria was 
largely preserved. The potential mechanisms may be 
that CME-induced myocardium oxidative stress causes 
damage to the mitochondria and release of pro- 
apoptosis factor Cyt-c into the cytoplasm, which 
sequentially activates caspase-3 and caspase-9, result-
ing in myocardial apoptosis. Collectively, the above- 
mentioned findings suggested that alprostadil injection 
exerted antioxidant and anti-apoptosis effects on a rat 
model of CME.

The activity of GSK-3β is negatively regulated by 
N-terminal phosphorylation of serine-9 (Ser-9) residues of 
the enzyme.41 GSK-3β mediated phosphorylation of substrates 
usually leads to inhibition of those substrates, and the end- 
result of stimulus-induced inhibition of GSK-3β is typically 
activation of its downstream targets.42 Nrf2 is one of the key 

Figure 8 Effects of alprostadil injection on GSK-3β/Nrf2/HO-1 signaling pathway in CME-induced myocardial injury. (A) The expressions of GSK-3β, p-GSK-3β (Ser9), Nrf2, and 
HO-1 determined by Western blot. (B) Alprostadil injection increased the ratio of p-GSK-3β (Ser-9)/GSK-3β. (C) Quantification of Nrf2 expression levels. (D) Quantification of 
HO-1 expression levels (n=4 or 6, per group). *P<0.05, compared with the Sham group; #P<0.05, compared with the CME group; aP<0.05, compared with the High group. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg); HO-1, heme oxygenase 1; 
Nrf2, nuclear factor erythroid 2-related factor 2.
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protein substrates of GSK-3β, and GSK-3β can accelerate Nrf2 
degradation, while inhibition of GSK-3β activity through Ser-9 
residue phosphorylation leads to a substantial reduction in Nrf2 
phosphorylation.43 Jin et al44 reported that inactivating GSK- 
3β alleviated hypoxia-induced cardiomyocyte apoptosis via an 
enhancing Nrf2/ARE signaling pathway. Besides, a recent 
study showed that alprostadil protects coronary microvascular 
function via the GSK-3β/m-PTP pathway in rat hearts sub-
jected to sodium laurate-induced CME.28 In this study, they 
focused on the relation between GSK-3β and mPTP. However, 
in addition to the mPTP opening and inflammation, 

mitochondrial apoptosis and oxidative stress are also important 
in the progression of CME. In the current research, we pro-
posed another role of alprostadil, the inhibition of mitochon-
drial apoptosis, which was confirmed by the decreased Cyt-c 
release into the cytoplasm, down-regulation of cleaved- 
caspase-3, cleaved-caspase-9, and Bax, as well as up- 
regulation of Bcl-2. Additionally, we further evaluated the 
possible role of GSK-3β/Nrf2/HO-1 in the protective effect 
of alprostadil. In our research, GSK-3β activity was deter-
mined by detecting the ratio of p-GSK-3β (Ser-9)/GSK-3β, 
and the increased value indicated inhibition of GSK-3β 

Figure 9 Double immunofluorescence staining of Nrf2 and HO-1 in the heart sections (magnification ×400, scale bar=25 μm) (n=6, per group). The red color indicates 
Nrf2, green color represents HO-1, and blue color shows nuclear. 
Abbreviations: CME, coronary microembolization; Low, CME plus alprostadil injection (2 μg/kg); High, CME plus alprostadil injection (4 μg/kg); HO-1, heme oxygenase 1; 
Nrf2, nuclear factor erythroid 2-related factor 2.
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activity. Consistently, we found that the expression levels of 
p-GSK-3β (Ser-9) and Nrf2 were notably reduced in the CME 
group, while treatment with alprostadil injection greatly 
reversed those changes. In addition, Nrf2 and HO-1 mRNA 
and protein expression levels were markedly elevated in 
alprostadil treatment groups. Moreover, double immunofluor-
escence staining also indicated that Nrf2 and HO-1 were highly 
expressed after alprostadil treatment. Accumulating literature 
demonstrated that Nrf2 plays an important role in maintaining 
mitochondria integrity and improving the synthesis of ATP, 
especially under conditions of oxidative stress.45–48 Our results 
showed that myocardium ATP concentrations were remark-
ably decreased following CME, while alprostadil treatment 
significantly elevated ATP production. Taken together, these 
findings indicated that alprostadil injection results in significant 
cardio-protective effects on a rat model of CME, which may be 
achieved by activating the GSK-3β/Nrf2/HO-1 signaling 
pathway.

The present study has several limitations. Firstly, we estab-
lished a rat model of CME by injecting plastic microspheres 
into the left ventricle together with clamping the ascending 
aorta. Therefore, potential differences between clinical and 
animal models should be acknowledged. Secondly, GSK-3β 
regulated the expression levels of multiple genes, and apopto-
sis may be regulated by complex mechanisms. It is necessary 
to conduct GSK-3β or Nrf2 knock-out rat experiments for 
further verification of our findings in the future. Finally, we 
only evaluated cardiac function at 12 hours after CME and the 
long-term effects of alprostadil on CME-mediated myocardial 
injury were not assessed. Hence, further studies are required to 
follow-up rats for at least 1 month and assess the cardiac 
function.

Conclusions
In conclusion, it was demonstrated that alprostadil injec-
tion attenuated cardiomyocyte apoptosis and improved 
myocardial antioxidant stress ability in CME-induced 
myocardial injury in vivo via modulation of the GSK- 
3β/Nrf2/HO-1 signaling pathway. Our findings revealed 
that alprostadil injection may be a promising medication 
for cardioprotection towards CME in clinical practice, 
while further study is required to further elucidate the 
effects of alprostadil injection on cardioprotection. Our 
findings may also provide a theoretical basis to investi-
gate the effects of alprostadil injection on patients 
with CME.

Abbreviations
CME, coronary microembolization; cTnI, serum c-tropo-
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coronary interventions; GSK-3β, glycogen synthase kinase 
3β; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, 
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9), phosphorylation of serine-9 residues of GSK-3β.
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