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Abstract. Though alprostadil has been reported to improve the
impaired microcirculation of patients with pulmonary arterial
hypertension, its effectiveness as a treatment for coronary
microvasculature dysfunction (CMD) following ST‑segment
elevation myocardial infarction (STEMI) is unknown. A total
of 18 miniature pigs with CMD following STEMI were
randomized into three groups that received an intracoronary
injection of 5 ml of normal saline, 2 mg of nicorandil or 10 µg
of alprostadil immediately after measurement of the index of
microcirculatory resistance (IMR) and then an intravenous
drip containing 5 ml of normal saline, 2 mg of nicorandil or
10 µg of alprostadil once a day for 6 days. The IMR, cardiac
function using ultrasound, infarct areas and heparanase levels
in infarct areas were measured and compared between the
three groups. The IMR decreased markedly 10 min after
alprostadil or nicorandil intracoronary injection (both P<0.05)
but not following saline injection (P>0.05). After 7 days, the
IMR was substantially lower in the alprostadil and nicorandil
groups compared with the saline group (both P<0.05) and the
ejection fraction was considerably higher in the alprostadil
and nicorandil groups compared with the saline group (both
P<0.05). Differences in infarct areas and the relative hepa‑
ranase expression levels among the 3 groups were similar
to the differences in the ejection fraction. No significant
differences in the above assessment indexes were identified
in the alprostadil and nicorandil groups. Alprostadil infusion
improved coronary microcirculation function, reduced the
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infarct area and limited left ventricular dilatation in a pig coro‑
nary microvasculature dysfunction model following STEMI.
Introduction
Coronary microvasculature dysfunction (CMD) exists in
patients with ST‑segment elevation myocardial infarc‑
tion (STEMI) undergoing percutaneous transluminal
coronary angioplasty or stent implantation, with a prevalence
of 5‑50% (1). Current trials have revealed that CMD has a strong
impact on prognosis and outcomes, including persistent chest
pain following primary percutaneous coronary intervention
(PPCI) and reinfarction and is associated with a lower rate of
ST‑segment resolution of <50‑70%, a higher rate of late‑onset
heart failure and increased mortality (2‑5). Therefore, CMD
has important clinical significance in investigating an optimal
treatment strategy for patients with CMD following STEMI.
Nicorandil, a coronary vasodilator that acts on both
macro‑ and microvascular systems, has been demonstrated to
possess cardioprotective properties, including anti‑arrhythmic
effects, and to facilitate ischemic preconditioning, prevention
of reperfusion injury and treatment of the no‑reflow/slow‑flow
phenomenon during coronary interventions for acute myocar‑
dial infarction (6‑9). Thus, nicorandil has been recognized as
one of the most important drugs for the treatment of CMD
following STEMI (10).
Alprostadil is a prostacyclin that has been investigated
for the treatment of pulmonary arterial hypertension, chronic
renal failure and diabetic microangiopathy and may improve
impaired microcirculation (11‑13), but the effectiveness of
alprostadil for CMD following STEMI has not been reported,
to the best of the authors' knowledge.
The index of coronary microcirculatory resistance (IMR)
is a pressure‑temperature sensor guidewire‑based measure‑
ment performed during cardiac catherization (14). The IMR
is a specific quantitative measurement and the standard used
to assess coronary microvasculature function; it shows a high
predictive capacity for the extent and severity of myocardial
infarction in patients with STEMI (15,16).
Due to the difficulty of studying CMD in patients with
STEMI immediately following PPCI, the present study, using
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normal saline as the negative control group and nicorandil as
the positive control group, investigated the therapeutic effect
of alprostadil on coronary microcirculation function via the
IMR of the left anterior descending artery (LAD) of pigs.
Materials and methods
Experimental protocol. The Institutional Animal Care and
Use Committee of General Hospital of Southern Theater
Command approved the protocol of the present study and
accounted for the level of mortality observed during it
(ethical approval reference no. K2016012). All studies were
performed in accordance with the ARRIVE (animal research
reporting in vivo experiments) guidelines on the reporting
of animal experiments (17). A total of 22 wuzhishan minia‑
ture pigs (21 males and 1 female; weight, 22.4±2.7 kg; age,
9.6±0.7 months) were provided by Guangzhou Feed Research
Institute [production license no. SCXK (Guangdong)
2015‑0036] and were used for model establishment. The
animal experiment center of General Hospital of Southern
Theater Command kept the animals in a clean environment
at a temperature of 16‑29˚C, on a 12 h light/dark cycle and
at a humidity of 40‑80%. Each miniature pig was fed in a
single house with its own trough and drinking point, feeding
was twice per day (each feed was 3% of body weight) and 1 l
water was supplied 5 times per day [use license no. SYXK
(Guangdong) 2014‑0100; health and epidemic prevention
detection qualified batch no. 44614000000085; quality quali‑
fied no. 00131138]. Eventually, a model of CMD following
STEMI was established successfully in 18 pigs, which were
then and randomized to three groups of 6 pigs that received
an intracoronary (IC) injection of either normal saline, nicor‑
andil or alprostadil immediately following IMR measurement
and then an intravenous drip of 5 ml of normal saline, 2 mg
of nicorandil or 10 µg of alprostadil, dependent on the group,
once per day for 6 days. The IMR, cardiac function using
ultrasound, infarct areas and heparanase levels in infarct
areas were measured and compared between the three groups.
Details of the experimental protocol are summarized in Fig. 1.
After establishing the CMD model, 18 pigs survived and
the other 4 pigs died from intractable ventricular fibrillation
(2 pigs), reperfusion arrhythmia (1 pig) and cardiogenic shock
(1 pigs). The pig with cardiogenic shock was euthanized after
showing signs of distress.
CMD model establishment. For the 5 days prior to the
experiment, the pigs received aspirin (5 mg/kg, nightly),
clopidogrel (5 mg/kg, daily), perindopril (0.2 mg/kg, daily)
and atorvastatin calcium (1 mg/kg, nightly). General anes‑
thesia was induced via intramuscular injection of a mixture
of ketamine (10 mg/kg), xylazine (0.075 ml/kg, a mixture
of haloperidol, xylidinothiazole and dihydroetorphine)
and midazolam (0.5 mg/kg) and then maintained with a
mixture of 0.9% sodium chloride (0.4 ml/kg), ketamine
(5 mg/kg) and propofol (2 ml/kg) delivered continuously
with a medical syringe pump through a marginal ear vein
(8‑18 ml per h) (18,19). No pig was intubated and oxygen was
supplied at 2 l/min. Penicillin was injected 30 min before the
experiment. Following a local injection of 10 ml of lidocaine
in the inguinal area, the right femoral artery was exposed

and isolated after skin incision and the separation of subcu‑
taneous tissue, and a 6‑French (6‑F) guiding catheter sheath
(Cordis Corporation) was placed into the artery. A 6‑F JR3.5
guiding catheter (Cordis Corporation) was inserted into the
left coronary artery through the arterial sheath. The animals
were heparinized (100 U/kg IC, with another 2,500 units
added every hour). Baseline angiography was performed.
Following calibration, a 0.014‑inch‑diameter coronary
pressure wire (St. Jude Medical, Inc.) was advanced into
the distal LAD. The mean aortic pressure (Pa), mean distal
pressure of the LAD (Pd) and mean transit time (Tmn, in
sec) of a 3x3‑ml bolus of room temperature saline injected
into the coronary artery were recorded at baseline and at
different time points of reperfusion through the 6‑F JR3.5
guide catheter and the pressure wire. A maximal hyper‑
emic condition was induced by an IC bolus of papaverine
(18 mg) and an IC bolus of nitroglycerine (200 µg) was
administered before each IMR measurement. After baseline
measurements, a balloon angioplasty catheter (Maverick,
2.0x20 mm, Boston Scientific) was advanced to a location
between the first and second diagonal branches of the LAD
through the 6‑F guiding catheter. Coronary blood flow was
completely interrupted by balloon inflation and documented
via contrast angiography. Balloon deflation was performed
under the same protocol in all animals. In all cases, a 12‑lead
real‑time electrocardiogram (ECG) monitoring system (IVT
Technology Corporation) recorded the total ECG waveform,
including premature ventricular contractions, ventricular
tachycardia, ventricular fibrillation and ECG ST and T wave
changes.
To reduce the incidence of ventricular tachycardia/ventric‑
ular fibrillation following coronary blood flow disruption,
ischemic preconditioning was performed continuously, with
ischemia for 1, 2, 3 and 5 min before balloon inflation and 1‑,
2‑, 3‑ and 5‑min intervals between occlusion and reperfusion.
All animals received 0.15 g of amiodarone via intravenous
(IV) administration, followed by continuous infusions of
amiodarone at 60 mg/h delivered using a medical syringe
pump immediately following balloon inflation. The pump
was not stopped until balloon deflation and 30 min of reperfu‑
sion. If frequent premature ventricular contractions or brief
ventricular tachycardia was observed, then lidocaine 50 mg
IV was administered at once. If ventricular tachycardia or
fibrillation occurred, then electrical defibrillation at 200 J was
performed at once. If heart failure occurred, then cedilanid
(0.2 mg) or furosemide (20 mg) was administered at once.
Dopamine (3 mg) was injected to treat low blood pressure.
To treat unstable vital signs, epinephrine (1 mg) or atropine
(1 mg) were injected.
Interventions during and following the operation. During the
procedure, alprostadil was injected IC slowly over 2 min. The
other solutions were given as an IC bolus and 10 min later,
the IMR of the LAD was measured. After their wounds were
sutured and bandaged, the pigs were returned to the animal
laboratory. Within 3 days after the operation, 4.8 million units
of penicillin was intramuscularly injected. During the next six
days, under anesthesia, the pigs received the three indicated
solutions once a day at the same dose that they originally
received as IC infusions injected into the jugular vein. A
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Figure 1. Outline of the therapeutic schedule for studying coronary microcirculation dysfunction in pigs. IMR, index of microcirculatory resistance; Echo,
echocardiography; IC, intracoronary; IV, intravenous; Cath lab, catheterization laboratory; HE, haematoxylin and eosin.

6‑F JR3.5 guide catheter was placed into the right coronary
artery through an arterial sheath to measure the IMR of the
LAD on the 7th day.

Jiancheng Biological Engineering Research Center. All
measurements were performed in duplicate and the values
were averaged.

IMR assessment. The IMR was measured at baseline, balloon
occlusion 90 min, after 1, 2 h of reperfusion, 10 min following
the interventions during the operation and on the 7th day after
the operation.

Ultrasound cardiogram. The left ventricular ejection fraction
(EF), left ventricular anterior wall thickness (LVAWT), left
ventricular end‑systolic dimension (LVDs) and left ventricular
end‑diastolic dimension (LVDd) were measured at baseline,
after 2 h of reperfusion and on the 7th day following the
operation (GE Vivid E9, GE Healthcare).

Biochemical assessment. Serum levels of cardiac troponin I
(cTnI), brain natriuretic peptide (BNP) and endothelin‑1 (ET‑1)
were measured using test kits (cTnI cat. no. N28016833, BNP
cat. no. M25016835 and ET‑1 cat. no. M25016837, respec‑
tively) from the Wuhan Huamei Biological Engineering
Research Center. The serum level of nitric oxide (NO) was
measured using a test kit (cat. no. 20171018) from the Nanjing

Myocardial tissue sample staining and western blotting. On
the 7th day following the operation, the heart was removed,
and the infarct area and non‑ischemic area of the left ventricle
were accurately cut (<1 cm3), then fixed in 10% formaldehyde
fixative solution for 24 h at 25˚C, dehydrated with ethanol,
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Table Ⅰ. Baseline characteristics of the three groups.
Characteristic
Body weight, kg
Male, %
Age, months
Diameter of LAD, mm
Ventricular tachycardia or fibrillation, times
Electrical Defibrillation, times
Baseline Pa, mmHg
Baseline Pd, mmHg
Baseline HR, beats/min
Baseline IMR
Baseline CFR
Baseline FFR

SHAM (n=6)

NCR (n=6)

ALP (n=6)

P‑value

22.2 (20.0‑24.3)
100
9.6 (9.1-9.9)
2.1 (1.7‑2.5)
2.5 (0.9‑4.1)
4.0 (1.6‑6.4)
114 (107‑121)
112 (106‑118)
83 (74‑92)
11.5 (9.6‑13.3)
4.1 (3.6‑4.6)
0.94 (0.86‑0.99)

24.6 (22.2‑27.0)
83.3
9.6 (9.2-10.0)
2.0 (1.7‑2.2)
1.7 (0.4‑2.9)
2.4 (0.6‑4.4)
104 (94‑114)
102 (93‑109)
84 (78‑91)
12.7 (9.4‑15.9)
3.9 (2.8‑4.5)
0.92 (0.86‑0.97)

20.5 (17.9‑23.3)
100
9.6 (9.3-9.9)
2.0 (1.8‑2.2)
1.5 (0.4‑2.6)
3.3 (0.5‑7.6)
108 (97‑121)
106 (95‑118)
77 (69‑85)
11.4 (8.7‑14.2)
3.7 (3.3‑4.1)
0.94 (0.92‑0.98)

0.230
0.358
0.988
0.654
0.370
0.668
0.244
0.126
0.211
0.658
0.395
0.571

Values are presented as median (interquartile range, 5th‑95th) or rate. P<0.05 indicates a statistically significant difference among the three
groups. LAD, left anterior descending coronary artery; Pa, mean aortic pressure; Pd, mean distal pressure of LAD; HR, heart rate; IMR, index
of microcirculatory resistance; FFR, fractional flow reserve; CFR, coronary flow reserve; SHAM, pigs treated with saline solution; ALP, pigs
treated with alprostadil; NCR, pigs treated with nicorandil.

embedded in paraffin, and paraffin sections were cut into
4‑µm slices for H&E staining (20) (Beijing Solarbio Science
& Technology Co., Ltd.,), TTC‑Evans blue staining (20)
(Sigma‑Aldrich, Merck KGaA) and lanthanum nitrate
staining (21) (Electron Microscopy, China), as previously
reported.
Heparanase protein levels in infarct areas were detected
by western blotting. Myocardial tissues from infarct areas of
pig hearts were fully lysed with RIPA Lysis buffer (Thermo
Fisher Scientific, Inc.) and the mixture was centrifuged
at 300 x g for 15 min at 4˚C. The supernatant was collected
for western blotting. Protein concentrations were determined
using a BCA quantitative test kit (cat. no. BL8890; Bioworld
Technology, Inc.). A 30 µg protein sample from each group
each sample was loaded for 10% SDS‑PAGE electrophoresis
and transferred on to nitrocellulose membranes. Membranes
were blocked in 5% BSA solution (cat. no. BS2304; Bioworld
Technology, Inc.) for ≥60 min at room temperature and
then incubated overnight at 4˚C with rabbit polyclonal
anti‑heparanase antibody (1:2,000; cat. no. bs‑1541R; BIOSS)
and rabbit monolonal anti‑GAPDH antibody (1:2,000;
cat. no. bs‑2188R; BIOSS) with agitation. The next morning,
the membranes were washed and incubated with the appro‑
priate horseradish peroxidase‑conjugated goat anti‑rabbit IgG
(1:2,000; cat. no. ab6721; Abcam) for 1 h at room temperature.
The membranes were then washed three times with TBS
‑0.05% Tween‑20 and protein bands were visualized using
the Western Bright ECL kit (cat. no. K‑12045‑D50; Advansta).
The relative expression of the protein bands was quantified on
images obtained with a digital camera (Nikon D7100; Nikon
Corporation) using ImageJ (version 6; National Institutes of
Health).
Statistical analyses. All statistical analyses were performed
using SPSS, version 22.0 (IBM Corp.). Categorical data are

presented as a frequency or a percentage and differences
among groups were analyzed by χ2 tests. Continuous data are
presented as the median with standard deviation. Differences
in data measured at different time points were analyzed by
repeated‑measures ANOVA. If the overall difference was
statistically significant, a pairwise comparison was carried out
and a Tukey post hoc test was applied. P<0.05 was considered
to indicate a statistically significant difference.
Results
No significant differences were observed among the three
groups in the mean body weight, age, diameter of the LAD
and baseline Pa, Pd, HR, IMR, coronary flow reserve (CFR)
and fractional flow reserve (all P>0.05). The baseline charac‑
teristics of the three groups of animals are presented in Table I
and detailed information is provided in Table SI.
No significant difference in the IMR was observed after
2 h of reperfusion among the three groups (P>0.05). Following
alprostadil or nicorandil injection, the IMR decreased mark‑
edly 10 min later (both P<0.05), but not after normal saline
injections (P>0.05). After 7 days, the IMRs in the alprostadil
and nicorandil groups were notably lower compared with the
normal saline group (both P<0.05). Moreover, no difference
in the IMR was observed between the alprostadil and nicor‑
andil groups. Furthermore, an equivalence test was performed
between the IMRs of the two experimental groups and only
one IMR value was beyond the 95% conformance scope, with
a mean difference of 1.63 and a standard deviation of 3.47
(Fig. 2).
Throughout the course of myocardial infarction, the serum
concentration of cTnI was lowest at baseline, peaked at 24 h
and dropped sharply at 7 days in all three groups. At 7 days,
no significant difference in the serum cTnI was observed
among the three groups (P>0.05). The lowest concentration
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Figure 2. (A) Comparison of the IMR at different time points in the three groups and (B) Bland‑Altman plots of the IMR induced by nicorandil and alprostadil.
*
P<0.05 vs. Saline. IMR, index of microcirculatory resistance; Saline group, pigs treated with saline solution; SD, standard deviation.

Figure 3. Comparison of the serum concentrations of (A) cTnI, (B) BNP, (C) NO and (D) ET‑1 at different time points in the three groups. *P<0.05 vs. SHAM. cTnI,
cardiac troponin I; BNP, brain natriuretic peptide; NO, nitric oxide; ET‑1, endothelin‑1; SHAM, pigs treated with saline solution; NCR, nicorandil; ALP, alprostadil.

of serum BNP was identified at baseline, while the highest
level was observed after 2 h of reperfusion. Compared with

the concentration in the normal saline group, a significant
difference in the serum BNP concentration was noted in the
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Figure 4. Comparison of the (A) EF, (B) LVAWT, (C) LVDs and (D) LVDd at different time points in the three groups. *P<0.05 vs. SHAM. EF, left ventricular
ejection fraction; LVAWT, left ventricular anterior wall thickness; LVDs, left ventricular end‑systolic dimension; LVDd, left ventricular end‑diastolic dimen‑
sion; SHAM, pigs treated with saline solution; NCR, nicorandil; ALP, alprostadil.

alprostadil and nicorandil groups (both P<0.05). The serum
NO concentration decreased gradually from baseline to the
lowest value at 2 h after reperfusion and had nearly recovered
to the baseline level at 7 days. Similar to cTnI, no significant
difference in the serum NO or ET‑1 concentration was identi‑
fied among the three groups (Fig. 3).
No significant difference was identified among the three
groups for the EF at baseline or after 2 h of reperfusion
(P>0.05 for both time points). However, after 7 days, the EF
in the alprostadil and nicorandil groups was substantially
higher compared with the normal saline group (both P<0.05).
Regional anterior wall motion abnormalities were observed in
the left ventricle after 2 h of reperfusion in all three groups and
the LVAWT was increased. After 7 days, anterior wall edema
was reduced and the LVAWT decreased. The differences in
the LVDd and LVDs among all three groups were similar to
those for the EF (Fig. 4).
Post‑mortem analyses confirmed the presence of patho‑
logical infarction by H&E staining. The TTC‑Evans blue
staining results showed that the infarct areas in the alprostadil
and nicorandil groups were evidently smaller compared with
those in the normal saline group (both P<0.05; Fig. 5). After
7 days, the vascular endothelial glycocalyx was observed to
be degraded and reduced or had even disappeared in some
cases. Myocyte necrosis and heparanase protein levels in the
alprostadil group and nicorandil groups were much lower than
those in the normal saline group (P<0.05; Fig. 6).

Discussion
The goal of timely reperfusion therapy with fibrinolytic drugs
or PPCI in patients with STEMI is to restore blood flow to
ischemic areas and reduce mortality (22). With improvements
in PPCI technology and progress in the standardized treat‑
ment process for STEMI, a considerably higher proportion
of patients can achieve successful restoration of epicardial
coronary artery patency following prolonged occlusion.
However, many of these patients do not experience adequate
reperfusion at the microvascular level, resulting in high rates
of in‑hospital mortality and heart failure (23). Therefore,
treatment strategies for STEMI should shift from opening the
epicardial artery only downstream of the occlusion to opening
the microcirculatory system. The phenomenon of CMD is
observed not only in animal models but also in clinical prac‑
tice (24,25). In clinical practice, the mechanism of CMD is not
fully understood; possible mechanisms include existing micro‑
vasculature dysfunction, ischemic injury, reperfusion injury,
distal atherothrombotic embolization and injury‑susceptible
coronary microcirculation (26,27). As a result, many treat‑
ment strategies to prevent or overcome the above mechanisms
have been adopted to reduce the occurrence of CMD or
to improve the prognosis of patients with STEMI. Several
drugs and methods have been reported to be effective for the
prevention or treatment of CMD patients and to reduce the
incidence of major adverse clinical events, such as metoprolol,
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Figure 5. Variation in (A) normal myocardial tissue and (B) infarction tissue 7 days after surgery via lanthanum nitrate staining under an electron microscope
and (C and D) differentiation of infarct areas and areas at risk in the three groups by TTC‑Evans blue staining. *P<0.05 vs. SHAM. SHAM, pigs treated with
saline solution; NCR, nicorandil; ALP, alprostadil; Black arrow, Z line of sarcomere.

adenosine, nitroprusside, verapamil, nicorandil and deferred
stenting (22,28‑34).
Nicorandil has a relaxing effect on coronary arteries of
different diameters, especially small coronary arteries, and
has little influence on blood pressure and heart rate (35). These
effects result from the nitrate moiety effect and the ability of
nicorandil to open ATP‑sensitive potassium channels in coro‑
nary arterioles with high resistance, which is associated with

increased cellular potassium efflux and decreased extracellular
influx (36). In a study testing 12 mg of nicorandil injected into
the culprit vessel of patients with STEMI immediately following
PPCI, Kostic et al (34) reported that IC nicorandil significantly
decreases the IMR and improves the CFR and left ventricular
EF in these patients. In a study of 368 patients with STEMI
randomly assigned to receive 12 mg of nicorandil or a placebo
intravenously immediately before PPCI, Ishii (37) reported that
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Figure 6. Variations in (A) the glycocalyx of endothelial cells (white arrows) and (B and C) HPA protein levels in infarct areas in the three groups. *P<0.05 vs.
SHAM. SHAM, pigs treated with saline solution; NCR, nicorandil; ALP, alprostadil; HPA, heparinase.

the rate of ST‑segment resolution >50% accompanied by lower
corrected TIMI frame counts was higher in a nicorandil group
compared with the placebo group. After a mean follow‑up of
2.4 years, patients treated with nicorandil had a lower incidence
of cardiovascular death or rehospitalization for congestive heart
failure following PCI (37). Therefore, nicorandil has cardiovas‑
cular protective effects and improves coronary microcirculation
function. Based on the above evidence, nicorandil was employed
as a positive control in this study.
Alprostadil, as a coronary vasodilator that acts on the
microvascular system, is reported to be safe and useful in
patients with pulmonary hypertension or chronic heart failure
and diabetic microangiopathy (11‑13). A previous study

reported that alprostadil can improve myocardial perfusion in
dogs with STEMI. Using a conditioned open‑chest dog infarc‑
tion model, Feld et al (38) reported the effect of alprostadil on
coronary blood flow. Alprostadil administered intravenously
following copper coil‑induced coronary thrombosis in the dog
model results in significant acceleration of the thrombolysis
time, a significant improvement in coronary blood flow during
reperfusion and reduction of the infarct area. After four weeks
of IV alprostadil infusion, myocardial perfusion in patients
with ischemic heart disease is improved significantly as
assessed by positron emission tomography (PET) (39).
The following is an explanation for the dose selection of
the three drugs used in the three groups in the present study.
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The animals in the nicorandil group were given 2 mg of
nicorandil via IC injection followed by a 2‑mg IV injection
based on a previous study (8). That is, 2 mg of nicorandil was
injected before coronary angiography and 2 mg of nicorandil
was injected following stent implantation. Some studies have
reported high similarities between pigs and humans for the
coronary arterial system with respect to morphology and size
and even capillary diameter (40,41). The heart weight of the
miniature pigs used in the present study was ~100 g, which
is 40‑50% of the heart weight of an adult human; therefore,
2 mg of nicorandil was selected as the positive control.
Nicorandil (2 mg) was diluted with normal saline to 5 ml
for the IC injection before the IV injection. Therefore, 5 ml
of normal saline IC was used for the negative control group.
No study has reported IC injection of alprostadil in animal
experiments or clinical research, to the best of the authors'
knowledge. Hülsmann et al (11) reported that patients with
dilated cardiomyopathy and end‑stage right ventricular func‑
tion may be able to tolerate different doses of alprostadil and
the continuous IV injection doses were 2.5, 5, 10, 15, 20, 25,
30, 35 and 40 ng/kg/min until side effects presented, such as
headache, nausea and hypotension. Therefore, in the animal
experiment, a large IC injection dose was selected and 10 µg of
alprostadil diluted in 5 ml of normal saline. The 5‑ml mixture
was injected over 2 min. Meanwhile, the heart rate and
blood pressure fluctuations in the miniature pigs was closely
monitored.
The present study demonstrated the effect of ischemia
and reperfusion on coronary microvasculature function in a
closed‑chest animal model of pigs with STEMI induced by
balloon occlusion of the LAD. Coronary microvasculature
function before and following normal saline, nicorandil or
alprostadil injections was measured using the gold standard
angiographic and IMR criteria for the diagnosis of CMD
in clinical practice. The main findings of this study can be
summarized as follows: i) In an animal CMD model with
STEMI, the IMR decreased 10 min after IC infusions of
alprostadil or nicorandil; ii) After 7 days, compared with the
negative control group, the IMRs were lower in the alprostadil
and nicorandil groups, which also showed a higher EF, smaller
LVDs and LVDd values, lower heparanase protein levels and
smaller infarct areas. Meanwhile, no significant difference
was observed between the nicorandil group and the alprostadil
group; and iii) Alprostadil can improve coronary microcircula‑
tion function, reduce the infarct area and limit left ventricular
dilatation in a pig model of CMD following STEMI.
The IMR is a reliable measurement to assess coronary
microvascular dysfunction and changes in the IMR reflect fluc‑
tuations of the microcirculation at the different time points in
the same vessel (42). Therefore, the changes in the IMR in the
present study suggested that IC administration of alprostadil
can effectively improve microcirculation conditions, including
immediate and short‑term effects. The IMR of the miniature
pigs in the alprostadil group after 1 h of reperfusion was higher
compared with the normal saline group and nicorandil group,
but the difference between the three groups was not statistically
significant. It was hypothesized that two reasons may account
for this phenomenon. First, a balloon angioplasty catheter was
advanced to a location between the first and second diagonal
branches of the LAD through a 6‑F guiding catheter for model
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establishment. Coronary blood flow was completely interrupted
by balloon inflation as documented by contrast angiography.
However, differences were noted in the coronary branches and
patterns of each miniature pig. The first diagonal branch of the
miniature pigs in the alprostadil group was close to the proximal
LAD, which resulted in a relatively large range of myocardial
infarction and the IMR of the anterior descending branch
was higher compared with the other two groups following
reperfusion. Second, the average weight of the miniature pigs
in the alprostadil group was approximately 1.7‑4.1 kg lower
compared with the other two groups. Therefore, it was hypoth‑
esized that the slight difference in the weights of the miniature
pigs may have affected the IMR of the LAD following acute
myocardial infarction. After 7 days, no significant difference
was observed in the IMR between the nicorandil group and the
alprostadil group, indicating that the effect of alprostadil was
equal to that of nicorandil. The change in the IMR following
alprostadil injection can be attributed to its pharmacological
effect. The known effects of alprostadil include inhibition of
vasoconstriction and increased vasodilatation through several
regulatory mechanisms, such as inhibition of noradrenaline
release from nerve terminals, activation of cAMP, reduction of
the concentration of ET‑1 and regulation of the NO and ET‑1
ratio (43). During balloon inflation, myocardial cell necrosis,
endothelial cell debris, microthrombi and some markers
of endothelial injury caused distal coronary microvascular
spasm or microcirculation obstruction. Following alprostadil
injection, microvascular spasm was improved and the micro‑
circulation system was inflated. However, the vasodilation and
increase in blood flow following alprostadil administration
were small and the vasodilating effect appears to be short
term (44). Thus, no significant difference was observed in the
changes in serum NO, ET‑1 and BNP concentrations among
the three groups. The IMR is a real‑time indicator of the condi‑
tion of the coronary microcirculation system (42,45) and the
IMR was significantly reduced 10 min following alprostadil
administration.
According to previous studies, the main benefit of
alprostadil is an endothelial protective effect, including inhi‑
bition of the release of thromboxane A2, which changes the
ratio of prostacyclin 2 and thromboxane A2, the interaction
between leucocytes and platelets and the inhibition of platelet
aggregation, although NO bioavailability is increased (44,46).
The endothelial protective effect may develop over a period
of at least several days. Thus, 7 days following the procedure,
compared with the negative control group, a significant differ‑
ence in the IMR was identified in the alprostadil group and
similar results were observed for the EF, LVDs, LVDd, hepa‑
ranase protein levels and infarct areas.
In addition, 7 days following surgery, the vascular endo‑
thelial glycocalyx was identified to be degraded and reduced
or had even disappeared in some cases and myocyte necrosis
and heparanase protein levels among the three groups also
demonstrated varying degrees of change. Heparan sulfate
is a major component of the glycocalyx, which is a coating
composed of linear proteoglycan compounds that lines the
luminal surface of vascular endothelial cells (47). Heparanase
serves a key role in regulating the arterial structure, vascular
permeability and the vessel barrier system. Heparanase is the
only β‑endo‑glucuronidase that specifically cleaves heparan
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sulfate in mammals (48,49). When the level of heparanase
increases, more heparan sulfate is cleaved and the barrier
function of endothelial cells is impaired (50). Furthermore,
loss of function in heparan sulfate elongation genes EXT1 and
EXT 2 results in improved NO bioavailability and endothelial
function (51). Kawamura et al (52) reported that alprostadil
suppresses the production of IL‑6 and IL‑8 and the change
in the balance between pro‑and anti‑inflammatory cytokines
may be one of the most important cytoprotective mechanisms
of alprostadil during cardiac surgery. Notably, heparanase
activates macrophages, resulting in the marked induction of
cytokine expression associated with endothelial function (53).
In the present study, heparanase protein levels in the infarct
areas of pigs treated with alprostadil or nicorandil were much
lower compared with the pigs that received normal saline.
Therefore, it is hypothesized that heparanase may serve a vital
role in the pathogenesis of CMD following STEMI in pigs.
As it acts on both the macro‑ and microvascular systems,
nicorandil is one of the most useful drugs for improving coro‑
nary microcirculation function. In the present study, compared
with the positive control group, no significant difference was
identified in the IMR 10 min after IC alprostadil infusion and the
IMR 7 days later, indicating that alprostadil can improve imme‑
diate and short‑term myocardial blood flow in pigs. Meanwhile,
similar changes in the EF, LVDs, LVDd, heparanase protein
levels and infarct areas showed that alprostadil improved the
immediate and short‑term coronary microcirculation and has
protective effects on the myocardium of pigs with STEMI.
Several limitations existed in the present study. First, the
number of pigs used to investigate the effects of the interventions
on CMD was small, which may bias the results. Second, due to
shortages of research funding and equipment, TTC‑Evans blue
staining was used to assess differences in infarct areas and isch‑
emic areas in pigs receiving various treatments rather than PET,
which is the gold standard for assessing infarct areas. Lastly, the
effect of only one dose of alprostadil was studied and whether
this dose is optimal for treating microcirculation dysfunction
and whether the cardiac protective effect of alprostadil is
dose‑dependent remains to be elucidated. Additional studies
are needed to determine the effects of other treatment doses on
improving microcirculation function. In addition, the present
study did not identify a clear signaling pathway for the cardio‑
protective effects of alprostadil, thus rendering it less innovative.
Further experiments in pigs are impractical to perform at
present, but the signaling pathways affected by alprostadil will
be investigated in subsequent studies.
In conclusion, alprostadil infusion improved coronary
circulation function, reduced infarct areas and limited left
ventricular dilatation in a pig model of CMD following STEMI.
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