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Abstract. Icariside II (ICAII) is a bioflavonoid compound 
which has demonstrated anti‑oxidative, anti‑inflammatory 
and anti‑apoptotic biological activities. However, to the best 
of our knowledge, whether ICAII can alleviate myocardial 
ischemia and reperfusion injury (MIRI) remains unknown. 
The aim of the present study was to determine whether ICAII 
exerted a protective effect on MIRI and to investigate the 
potential underlying mechanism of action. A rat MIRI model 
was established by ligation of the left anterior descending 
coronary artery for 30 min, followed by a 24 h reperfusion. 
Pretreatment with ICAII with or without a PI3K/AKT 
inhibitor was administered at the beginning of reperfusion. 
Morphological and histological analyses were detected 
using hematoxylin and eosin staining; the infarct size was 
measured using Evans blue and 2,3,5‑triphenyltetrazolium 
chloride staining; and plasma levels of lactate dehydrogenase 

(LDH) and creatine kinase‑myocardial band (CK‑MB) were 
analyzed using commercialized assay kits. In addition, the 
cardiac function was evaluated by echocardiography and the 
levels of cardiomyocyte apoptosis were determined using a 
TUNEL staining. The protein expression levels of Bax, Bcl‑2, 
cleaved caspase‑3, interleukin‑6, tumor necrosis factor‑α, 
PI3K, phosphorylated (p)‑PI3K, AKT and p‑AKT were 
analyzed using western blotting analysis. ICAII significantly 
reduced the infarct size, decreased the release of LDH and 
CK‑MB and improved the cardiac function induced by IR 
injury. Moreover, ICAII pretreatment significantly inhibited 
myocardial apoptosis and the inflammatory response. ICAII 
also upregulated the expression levels of p‑PI3K and p‑AKT. 
However, the protective effects of ICAII were abolished by an 
inhibitor (LY294002) of the PI3K/AKT signaling pathway. 
In conclusion, the findings of the present study suggested 
that ICAII may mitigate MIRI by activating the PI3K/AKT 
signaling pathway.

Introduction

Acute myocardial infarction (AMI) is the leading cause of 
mortality and disability worldwide (1). Epidemiological studies 
have identified risk factors for AMI, including dyslipidemia, 
diabetes, obesity, hypertension, smoking, sex and genetic 
variation (1,2). Early prevention and the strict control of related 
risk factors have become the standard therapies used to prevent 
AMI (3). AMI results from the abrupt occlusion of coronary 
arteries, which leads to prolonged myocardial ischemia and 
irreversible cardiomyocyte death  (4). Currently, the most 
effective way to save apoptotic cardiomyocytes is timely 
and successful revascularization; however, re‑establishing 
blood flow to the ischemic area has been demonstrated to 
promote additional myocardial damage, a process referred 
to as myocardial ischemia and reperfusion injury (MIRI) (5). 
Moreover, although strategies such as percutaneous coronary 
intervention, intravenous thrombolysis and coronary artery 
bypass grafting have markedly limited infarct expansion and 
decreased in‑hospital mortality, the incidence of subsequent 
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chronic heart failure has increased gradually (6). Thus, the 
identification of new drugs that can attenuate MIRI through 
the aforementioned mechanisms is urgently required.

MIRI involves a complex pathophysiological process, in 
which inflammation and apoptosis have been recognized as the 
two characteristics underlying the pathological mechanisms (7). 
Reperfusion was discovered to trigger a strong inflammatory 
response, thus recruiting inflammatory cells and releasing inflam-
matory factors, leading to serious cardiomyocyte damage (8). 
In addition, several apoptosis‑related genes, including Bax and 
cleaved caspase‑3 were identified to be involved in MIRI (9). A 
previous study suggested that cardiomyocyte apoptosis occurred 
during the early phase of ischemia and that reperfusion could 
exacerbate the severity (10). Thus, it is hypothesized that the 
regulation of the inflammatory response and the concurrent 
inhibition of cardiomyocyte apoptosis, which are of great clinical 
significance to the treatment of AMI, may mitigate MIRI.

Icariside II (ICAII) is a ubiquitous bioflavonoid compound 
derived from Herba epimedii (11) and used in traditional Chinese 
medicine. ICAII has demonstrated multiple biological benefits, 
such as anti‑oxidative, anti‑inf﻿lammatory and anti‑apoptotic 
properties (12). To date, previous studies have predominately 
focused on the antitumor efficacy of ICAII in different 
types of cancer, such as lung carcinoma, prostate cancer, 
melanoma and breast cancer (12), although previous studies 
have demonstrated that ICAII also exerted a positive effect 
in the pathological progression of cardiovascular disease. For 
example, ICAII administration attenuated cardiac remodeling 
and ameliorated diabetic cardiomyopathy, thereby inhibiting 
myocardial hypertrophy and myocardial fibrosis  (13,14). 
However, to the best of our knowledge, whether ICAII can 
alleviate MIRI remains unknown. Interestingly, it has been 
reported that multiple flavonoid drugs exerted myocardial 
protective efficiency in MIRI (10,15). Furthermore, a previous 
study demonstrated that ICAII exerted an anti‑inflammatory 
effect and protected neurons from cerebral IR injury (16). 
Therefore, the aim of the present study was to determine 
whether the pretreatment with ICAII mitigated MIRI and to 
investigate the underlying mechanisms of action.

Materials and methods

Construction of MIRI model rats. A total of 70 wild‑type 
male Sprague-Dawley rats (specific pathogen‑free; weight, 
200‑250 g; age, 6‑7 weeks) were purchased from The Hubei 
Provincial Center for Disease Control and Prevention. Rats 
were provided with free access to standard rat chow and 
water until the time of the experiment, and were housed at 
24˚C and 55% humidity, with a 12 h‑light/dark cycle. Animal 
health and behaviour were monitored every two days for 
unexpected pain, poor appetite, weight loss and weakness; 
no rat died unexpectedly during the experiment (3 weeks). 
The maximum body weight observed in the study was 
241.6 g. After the intervention and reperfusion procedures 
were completed, the rats were anesthetized with 60 mg/kg 
pentobarbital sodium intraperitoneally, then sacrificed by air 
embolization with 0.03% CO2. Euthanasia was confirmed 
by loss of vital signs using an electrocardiogram (ECG). All 
experimental procedures were approved by The Animal Care 
and Use Committee of Hubei University (Wuhan, China) and 

performed in accordance with the Institutional Guidelines 
and the Guide for the Care and Use of Laboratory Animals 
(National Institutes of Health publication no. 85‑23, revised 
1996 edition) (17).

The MIRI model rats were established by exerting 
myocardial ischemia for 30 min and reperfusion for 24 h. Briefly, 
animals were fasted 12 h before surgery, then anesthetized with 
60 mg/kg pentobarbital sodium intraperitoneally and placed 
in the supine position. A standard lead‑II ECG was used to 
monitor continuously throughout the operation. A median 
incision in the neck was made to expose the trachea and the 
rats were artificially ventilated with a small animal respirator 
at 70 strokes/min. A left thoracotomy was performed and the 
left arterial descending (LAD) coronary artery was located. 
A small curved needle with a 6‑0 silk suture was then passed 
through the myocardium beneath the LAD artery and a ligation 
was performed to block the blood flow. MIRI establishment 
was considered successful when the ST segment in the lead II 
was elevated and the regional myocardial surface became 
pale. Following 30 min of ischemia, the suture was untied 
to reperfuse the myocardium for 24 h. After reperfusion, 
the animals were sacrificed as described and the myocardial 
specimens were harvested for further analysis.

Experimental design. ICAII (Shanghai Aladdin Biochemical 
Technology Co., Ltd.) was administered in varying 
concentrations to determine the optimal drug dose for MIRI 
improvement. ICAII was dissolved in normal saline containing 
0.05% Tween‑80 (Sigma‑Aldrich; Merck KGaA) and injected 
through the tail vein (300 µl) at the beginning of the myocardial 
reperfusion period. Briefly, 30 rats were randomly divided into 
five groups (6 rats/group): i) A sham‑operated (SO) group, in 
which thoracotomy surgery was performed without ligating 
the LAD artery; ii) an IR group, in which rats were subjected to 
LAD artery occlusion for 30 min, followed by reperfusion for 
24 h; iii) a 10 mg/kg ICAII and IR group (ICAII 10 + IR group); 
iv) a 20 mg/kg ICAII and IR group (ICAII 20 + IR group); and 
v) a 30 mg/kg ICAII and IR group (ICAII 30 + IR group). Rats 
in the last three groups were subjected to LAD artery ligation 
for 30 min and then administered the indicated doses of ICAII, 
followed by a 24 h myocardial reperfusion.

To investigate the specific underlying protective 
mechanism of ICAII in MIRI, another experiment was 
performed, in which rats were randomly divided into four 
groups (n=10 in each group): i) An SO group; ii) an IR group; 
iii) an ICAII 20 + IR group, in which the rat MIRI model was 
established and 20 mg/kg ICAII was administered through 
the tail vein at the beginning of reperfusion; and iv) an ICAII 
20 + IR + LY294002 group, treated like the ICAII 20 + IR group, 
with the addition of 0.3 mg/kg LY294002 (Sigma‑Aldrich; 
Merck KGaA), a specific inhibitor of the PI3K/AKT signaling 
pathway. LY294002 was intraperitoneally injected into the 
abdomen after the LAD artery was untied. An equal volume 
of DMSO (0.3  mg/ml; Shanghai Aladdin Biotechnology 
Technology Co., Ltd.) was similarly administered to the rats 
in the three groups which did not receive LY294002 treatment.

Histological examination. At the end of the experiment, the 
left ventricle from each rat was harvested and immersed in a 
4% paraformaldehyde solution for 24 h at room temperature. 



Molecular Medicine REPORTS  22:  3151-3160,  2020 3153

After fixation, the specimens were embedded in paraffin and 
the samples were cut into 5‑µm thick sections on glass slides. 
Hematoxylin and eosin (H&E) staining was then performed; 
sections were stained with hematoxylin for 15 min at 25˚C 
and eosin for 5 min at 25˚C. The morphology and structure of 
the myocardial tissue were observed under a light microscope 
(magnification, x200).

To quantify the severity of the myocardial injury, five 
randomly selected fields from each group were chosen and 
scored (damage score) according to the standards described in 
a previous study (10): i) No injury, 0; ii) interstitial edema and 
focal necrosis (mild injury), 1; iii) cardiomyocyte swelling and 
necrosis (moderate injury), 2; iv) formation of necrotic contrac-
tion bands and inflammatory cell enrichment (severe injury), 3; 
and v) expanded necrosis of contraction bands, inflammatory 
cell infiltration and hemorrhage (highly severe injury), 4.

Infarct size assessment. The size of the myocardial infarct 
was determined by Evans blue and 2,3,5‑triphenyltetrazolium 
chloride (TTC) staining, as previously described (10) (both 
from Sigma‑Aldrich; Merck KGaA). Masson's trichrome 
staining was not used in the present study as the experimental 
design did not allow for the formation of collagen fibers in the 
myocardial tissue (18). At the end of the experiment (after 24 h 
reperfusion and prior to euthanasia), 5 rats were anaesthetized 
with 60 mg/kg pentobarbital sodium intraperitoneally. The 
LAD was re‑ligated at the same location and 1 ml Evans 
blue solution (2%) was rapidly injected into the jugular vein. 
The rats were subsequently euthanized as described above and 
the heart was then removed, rinsed with an ice‑cold saline 
solution and incubated at ‑80˚C for 8 min. The frozen heart 
was cut into ~2‑mm longitudinal sections and incubated with 
1% TTC solution at 37˚C for 30 min, followed by fixation 
with 4% paraformaldehyde for 24 h at room temperature. The 
white infarct area and total left ventricular area at the papillary 
muscle plane of the heart were measured using a digital camera 
(Nikon Corporation) and Photoshop CS6 software (Adobe 
Systems, Inc.). The relative myocardial infarct size (%) was 
calculated using the following equation: (Infarct area/the total 
left ventricular area) x100.

Measurement of myocardial injury markers. Myocardial 
enzymes are released when cardiomyocytes are seriously 
damaged, with their levels representing the severity of the 
myocardial injury  (7). Before the injection of Evans blue 
solution, 2 ml blood samples were collected from the jugular 
vein and centrifuged at 1,006 x g for 10 min at 4˚C to obtain 
plasma. Subsequently, commercially available biochemical 
kits (Nanjing Jiancheng Bioengineering Institute) were used 
according to the manufacturers' instructions to detect the 
levels of lactate dehydrogenase (LDH; cat. no. A020‑1‑2) and 
creatine kinase‑myocardial band (CK‑MB; cat. no. H197).

Examination of cardiac function. Ultrasonic cardiograms 
were performed to determine the systolic function of the 
heart following IR injury using the MyLab 30CV ultrasound 
system (Esaote SpA). Briefly, following the 24 h myocardium 
reperfusion, 5 rats were anesthetized by 1.5‑2% isoflurane 
inhalation (induction 2‑3%), then placed in the supine position. 
Ultrasound images were observed from the parasternal short 

axis at the level of the mid‑papillary muscle from ≥3 sepa-
rate cardiac cycles. Left ventricular ejection fraction (LVEF) 
was measured to determine cardiac function. Following the 
ultrasound, the rats were anesthetized with 60 mg/kg sodium 
pentobarbital, and blood was collected as described above, 
prior to euthanasia by air embolization as previously described.

Assessment of myocardial apoptosis. IR‑induced apoptosis was 
evaluated using TUNEL staining. Briefly, paraffin‑embedded 
myocardial specimens were cut into 5‑µm‑thick sections in the 
direction of the perpendicular myocardial fibers. The samples 
were then fixed with 4% paraformaldehyde for 24 h at 25˚C. 
After deparaffinization with dimethylbenzene at 60˚C and 
rehydration with a descending alcohol series, TUNEL staining 
was performed according to the manufacturer's protocol using 
an In Situ Cell Death Detection kit (cat. no. 11684817910; Roche 
Diagnostics). Briefly, the sections were stained with TUNEL 
reagent for 1 h at 37˚C and cell nuclei were counterstained at 
25˚C for 10 sec with 3% ethyl green, then mounted in 50‑100 µl 
Permountä mounting medium. Subsequently, ≥5 randomly 
selected high‑power fields of view of each slice were selected 
to count the number of apoptotic cardiomyocytes using a 
fluorescent microscope (magnification, x400). The nuclei of 
the apoptotic TUNEL‑positive cells and normal cells were 
stained brown and blue, respectively. The apoptotic index 
(AI; %) was calculated using the following equation: Ratio of 
TUNEL‑positive cells to total cardiomyocytes.

Western blotting. Total protein was extracted from myocar-
dial samples using RIPA lysis buffer (Beyotime Institute of 
Biotechnology), supplemented with 50 mM Tris, 150 mM NaCl, 
1% Triton X‑100, 1% sodium deoxycholate, 0.1% SDS, 2 mM 
sodium pyrophosphate, 1 mM EDTA and 100 mM PMSF. Total 
protein was quantified using a bicinchoninic acid protein assay 
(Beyotime Institute of Biotechnology) and 36 µg protein was 
separated via 10% SDS‑PAGE. The separated proteins were subse-
quently electrotransferred onto PVDF membranes and blocked 
with 5% non‑fat dried milk at room temperature for 2 h to prevent 
nonspecific binding to the membranes. Then, the membranes 
were incubated with the following primary antibodies overnight 
at 4˚C (all diluted 1:1,000): Anti‑Bax (Abcam; cat. no. ab32503), 
anti‑Bcl‑2 (Abcam; cat. no. ab196495), anti‑cleaved caspase‑3 
(Abcam; cat. no.  ab49822), anti‑interleukin (IL)‑6 (Abcam; 
cat. no. ab9324), anti‑tumor necrosis factor (TNF)‑α (Abcam; 
cat.  no.  ab6671), anti‑PI3K (Cell Signaling Technology, 
Inc.; cat.  no.  4249S), anti‑phosphorylated (p)‑PI3K (Cell 
Signaling Technology, Inc. cat. no. 17366), anti‑AKT (Abcam; 
cat. no. ab179463), anti‑p‑AKT (Abcam; cat. no. ab182651) and 
anti‑GAPDH (Abcam; cat. no. ab181602). Following the primary 
antibody incubation, the membranes were incubated with either 
a horseradish peroxidase (HRP)‑conjugated anti‑rabbit IgG 
(Boster Biological Technology; cat. no. BA1054; 1:10,000) or 
an HRP‑conjugated anti‑mouse IgG (Abcam; cat. no. ab6789; 
1:10,000) secondary antibody for 2 h at 25˚C. The protein bands 
were visualized using an enhanced chemiluminescence reagent 
(Thermo Fisher Scientific, Inc.) and analyzed using ImageJ 1.52q 
software (National Institutes of Health).

Statistical analysis. All statistical analyses were performed 
using SPSS 19.0 software (IBM Corp.) and data are presented 
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as the mean ± SD of 5 independent repeats. A one‑way ANOVA 
followed by a Tukey's post hoc test was used for multiple 
comparisons. P<0.05 was considered to indicate a statistically 
significant difference.

Results

ICAII attenuates the morphological damage and mitigates 
MIRI. Myocardial fibres were intact and arranged regularly 
in the SO group, and no necrosis was observed (Fig. 1A). 
However, compared with the SO group, the myocardial fibres 
were disordered and partially ruptured in the IR group, and 
interstitial edema and inflammatory cell infiltration were 
observed. By contrast, myocardial damage was less severe 
following ICAII pretreatment at all doses, and the damage 
score was significantly decreased in the ICAII 20 + IR and 
ICAII 30 + IR groups compared with the IR group. Notably, 

the cardiomyocyte structure and morphology remained normal 
in the ICAII 20 +  IR and ICAII 30 +  IR groups, with no 
significant differences identified in the damage score between 
these two groups (Fig. 1B).

The levels of myocardial enzymes were also analyzed in 
the different groups. Serum levels of LDH and CK‑MB were 
significantly increased in the IR group compared with the SO 
group (Fig. 1C and D). However, only the groups pretreated 
with 20 and 30 mg/kg ICAII exhibited significantly decreased 
enzyme levels compared with the IR group. No significant 
differences were identified in the levels of the myocardial 
enzymes between the ICAII 20 + IR and ICAII 30 + IR groups. 
As a result, 20 mg/kg was considered as the optimal dose to 
alleviate myocardial damage.

ICAII pretreatment decreases infarct size and improves 
cardiac function. Sections of the papillary muscle plane of the 

Figure 1. ICAII pretreatment attenuates MIRI. (A) Representative images of hematoxylin and eosin staining in MIRI model rats following the treatment with 
various doses of ICAII (10, 20 or 30 mg/kg). Magnification, x200; scale bar, 25‑µm. Arrows indicate lesions and myocardial fiber rupture. (B) Damage scores 
of the severity of myocardial injury from part (A). Serum levels of (C) CK‑MB and (D) LDH in each group. n=6. Data are presented as the mean ± SD. *P<0.05 
vs. SO group; #P<0.05 vs. IR group. MIRI, myocardial ischemia and reperfusion injury; ICAII 10/20/30, 10/20/30 mg/kg icariside II; SO, sham‑operated; 
CK‑MB, creatine kinase‑myocardial band; LDH, lactate dehydrogenase.



Molecular Medicine REPORTS  22:  3151-3160,  2020 3155

heart from each group were selected to compare the myocar-
dial infarct size; ICAII pretreatment notably decreased the 
IR‑related infarct size (Fig. 2A and B). Notably, the cotreat-
ment with ICAII and LY294002 signif﻿﻿﻿﻿icantly counteracted 
the beneficial effect of ICAII pretreatment. Echocardiography 
data revealed similar results (Fig.  2C and  D); IR injury 
resulted in the significant degeneration of cardiac function 
compared with the SO group. However, compared with the 
IR group, ICAII administration improved LVEF by 19.4%. 
Notably, the cotreatment with ICAII and LY294002 abolished 
the improvement in cardiac function observed with ICAII 
treatment alone.

ICAII pretreatment alleviates IR‑induced inflammatory 
responses. The expression levels of IL‑6 and TNF‑α in the 
myocardial tissue were analyzed using western blotting. 
The expression levels of IL‑6 and TNF‑α were significantly 

upregulated following IR injury compared with the SO group 
(Fig. 3A and B). However, the pretreatment with ICAII signifi-
cantly downregulated the protein expression levels of IL‑6 
and TNF‑α in the ICAII 20 + IR group compared with the IR 
group. By contrast, the anti‑inflammatory effect of ICAII was 
partially suppressed when LY294002 was also administered 
at the same time.

ICAII pretreatment ameliorates IR‑induced myocardial 
apoptosis. Few TUNEL‑positive cells were identified in the 
SO group, whereas the apoptotic rate of cardiomyocytes was 
significantly increased following IR injury (Fig. 4A and B). 
ICAII pretreatment significantly decreased the AI compared 
with the IR group. However, LY294002 treatment significantly 
inhibited the effect of ICAII treatment alone on apoptosis.

The expression levels of the proapoptotic protein Bax and 
the anti‑apoptotic protein Bcl‑2, as well as cleaved caspase‑3, 

Figure 2. ICAII pretreatment restricts myocardial infarct area and improves cardiac function, while LY294002 partially counteracts this beneficial impact. 
(A) Evans blue and 2,3,5‑triphenyltetrazolium chloride stained samples demonstrating the infarct area (white) and risk area (red) in different groups. 
(B) Relative myocardial infarction size was calculated from part (A). (C) Representative images of echocardiography. (D) LVEF of each group. n=5. *P<0.05 
vs. SO group; $P<0.05 vs. IR group; #P<0.05 vs. the ICAII 20 + IR group. IR, ischemia‑reperfusion; ICAII 20, 20 mg/kg icariside II; SO, sham‑operated; 
LVEF, left ventricular ejection fraction.
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were also analyzed. IR injury significantly upregulated 
the expression levels of Bax and cleaved caspase‑3, whilst 

downregulating the expression levels of Bcl‑2 compared with 
the SO group (Fig. 4C). However, ICAII treatment significantly 

Figure 4. ICAII pretreatment ameliorates IR injury‑induced cardiomyocytes apoptosis, while LY294002 partially counteracts the anti‑apoptotic effect of 
ICAII. (A) Representative images of TUNEL stained samples of each group, magnification x400. TUNEL‑positive nuclei of apoptotic cardiomyocytes are 
stained brown and the normal myocardial nuclei are stained blue. (B) Apoptotic indices of different groups were calculated from part (A). (C) Protein expres-
sion levels of Bax, Bcl‑2 and cleaved caspase‑3 in different groups was determined using western blotting. n=5. *P<0.05 vs. SO group; $P<0.05 vs. IR group; 
#P<0.05 vs. ICAII 20 + IR group. IR, ischemia‑reperfusion; ICAII 20, 20 mg/kg icariside II; SO, sham‑operated.

Figure 3. ICAII pretreatment reduces the inflammatory reaction caused by IR injury, while LY294002 significantly counteracts the anti‑inflammatory effect of 
ICAII. Protein expression levels of (A) IL‑6 and (B) TNF‑α were determined using western blotting. n=5. *P<0.05 vs. SO group; $P<0.05 vs. IR group; #P<0.05 
vs. ICAII 20 + IR group. IR, ischemia‑reperfusion; ICAII 20, 20 mg/kg icariside II; SO, sham‑operated; IL‑6, interleukin‑6; TNF‑α, tumor necrosis factor‑α. 



Molecular Medicine REPORTS  22:  3151-3160,  2020 3157

downregulated the expression levels of Bax and cleaved 
caspase‑3, while upregulating the expression levels of Bcl‑2, 
compared with the IR group. Notably, the cotreatment with 
ICAII and LY294002 significantly reversed the trend observed 
following ICAII treatment alone. These findings suggested that 
ICAII may prevent IR‑induced myocardial apoptosis, while 
LY294002 may partially inhibit this anti‑apoptotic effect.

ICAII pretreatment activates the PI3K/AKT signaling pathway. 
To further investigate the specific underlying mechanisms 
of ICAII in alleviating IR injury, the expression levels of 
molecules involved in the PI3K/AKT signaling pathway 
were determined. IR injury significantly downregulated the 
expression levels of p‑PI3K and p‑AKT compared with the 
SO group (Fig. 5A and B). However, the pretreatment with 
ICAII at the onset of reperfusion significantly upregulated 
the expression levels of p‑PI3K and p‑AKT compared with 
the IR group. Conversely, LY294002 treatment significantly 

reversed the upregulation of p‑PI3K and p‑AKT expression 
levels promoted by ICAII pretreatment alone. In addition, no 
significant differences were observed in the expression levels 
of PI3K and AKT between the different groups. Notably, the 
ratio of p‑PI3K/PI3K and p‑AKT/AKT exhibited a similar 
trend to the expression levels of the phosphorylated proteins. 
Altogether, these observations indicated that ICAII may 
activate the PI3K/AKT signaling pathway following IR injury.

Discussion

Accumulating evidence has suggested that ICAII may 
serve a beneficial impact in various types of disease, such 
as Alzheimer's disease, osteoporosis, stroke, breast cancer 
and leukemia, possibly due to its multiple bioactivities, 
including antioxidative, anti‑inflammatory and anti‑apoptotic 
properties (19). Recent studies have reported that ICAII may 
also be beneficial for cardiovascular disease; for example, 

Figure 5. ICAII pretreatment upregulates the expression levels of p‑PI3K and p‑AKT following IR injury, while LY294002 abolishes this beneficial effect. 
Protein expression levels of (A) p‑PI3K, total PI3K and p‑PI3K/PI3K ratio and (B) p‑AKT, total AKT and the p‑AKT/AKT ratio were determined using 
western blotting. n=5. *P<0.05 vs. SO group; $P<0.05 vs. IR group; #P<0.05 vs. ICAII 20 + IR group. IR, ischemia‑reperfusion; ICAII 20, 20 mg/kg icariside II; 
SO, sham‑operated; p‑, phosphorylated.
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in a rat model of spontaneous hypertension, Wu et al  (13) 
demonstrated that the intra‑gastric administration of 
ICAII (4, 8 or 16 mg/kg) significantly decreased the blood 
pressure, promoted heart functional recovery and improved 
ventricular remodeling. Furthermore, mechanistically, ICAII 
inhibited myocardial apoptosis and decreased the generation 
of reactive oxygen species (13). Fu et al (20) also identified 
that the pretreatment with ICAII at the same dose improved 
myocardial fibrosis through anti‑inflammatory mechanisms 
in the same animal model (spontaneous hypertension). In 
addition, other studies have indicated that ICAII may serve 
a positive role during IR injury; for instance, in a rat model 
of cerebral IR injury, Deng et al (16) demonstrated that 10 
or 30  mg/kg ICAII pretreatment protected neurons from 
damage and decreased infarct size by regulating the crucial 
inflammatory factor NF‑κB. Yan et al (21) also suggested that 
the oral administration of 20 mg/kg ICAII before IR markedly 
inhibited IR‑induced leukocyte adhesion and neuronal loss 
in the hippocampal CA1 region. Thus, the aforementioned 
studies indicated that ICAII may exhibit anti‑inflammatory 
and anti‑apoptotic properties at doses of 4‑30 mg/kg. However, 
to the best of our knowledge, whether ICAII prevented MIRI 
remained unclear.

In the present study, a dose‑response experiment 
demonstrated that ICAII attenuated MIRI at various doses, 
as evidenced by the mitigation of morphological damage and 
a decline in the release of LDH and CK‑MB. Furthermore, 
no statistical significances were reported in the damage 
scores and myocardial enzyme levels between the middle and 
high‑dose ICAII groups. Thus, 20 mg/kg ICAII was selected 
as the dose to elicit a sufficient protective effect on the 
myocardium. Indeed, the pretreatment with 20 mg/kg ICAII 
markedly improved cardiac function, minimized infarct size, 
reduced inflammatory reactions and decreased cardiomyocyte 
apoptosis. Moreover, ICAII administration reversed the 
downregulated expression levels of p‑PI3K and p‑AKT 
induced by IR injury. Therefore, to the best of our knowledge, 
the present study was the first to illustrate the protective 
effects of ICAII against MIRI. The present findings indicated 
that ICAII may represent a potential therapeutic strategy for 
MIRI, partly by activating the PI3K/AKT signaling pathway.

It was previously reported that IR was associated with 
an inflammatory cascade and neutrophil activation  (8). 
The excessive release of cytokines was discovered to be 
a crucial event in MIRI  (22). In the present study, the 
expression levels of classical inflammatory factors IL‑6 and 
TNF‑α were evaluated. Consistent with previous studies, 
IR injury induced the release of IL‑6 and TNF‑α from the 
myocardial tissue. However, the administration of ICAII at 
the beginning of reperfusion significantly downregulated 
IL‑6 and TNF‑α expression levels. Apoptosis was reported 
to be the predominant form of cell death in MIRI, leading to 
the loss of the myocardium and the deterioration of cardiac 
function  (23). The imbalance between anti‑apoptotic and 
proapoptotic protein expression levels were identified as an 
important characteristic of cell apoptosis (23). The present 
study identified that IR injury upregulated the expression 
levels of Bax and cleaved caspase‑3, while downregulating 
the expression levels of Bcl‑2. Additionally, the number of 
TUNEL‑positive cells was significantly increased following 

IR injury. However, the pretreatment with ICAII reduced the 
levels of cell apoptosis and reversed the effects of IR on the 
expression levels of Bax and Bcl‑2 to a large extent. Notably, 
a previous study also identified a feedback loop between 
inflammation and apoptosis in the pathological progression of 
MIRI; apoptosis can be regulated by cytokines such as TNF‑α 
and IL‑6 and reciprocally, the induced apoptosis provokes 
a more severe inflammatory response  (24). In the present 
study, ICAII reversed the inflammation and apoptosis caused 
by IR injury. Nevertheless, the mechanism through which 
ICAII exerted a myocardial protective effect requires further 
investigations.

PI3K and its downstream target serine/threonine kinase 
AKT belong to a conserved family of signal transduction 
enzymes involved in multiple cellular biological processes (25). 
The PI3K/AKT signaling pathway is considered as an endog-
enous negative‑feedback regulatory mechanism that promotes 
cell survival in response to harmful external stimuli  (26). 
Numerous previous studies have provided ample evidence 
suggesting that the PI3K/AKT signaling pathway may serve 
a critical role in the pathological progression of MIRI (27‑29). 
The activated form of AKT, p‑AKT, regulates numerous 
apoptosis‑related mediators; for example, once activated, 
p‑AKT acts on intrinsic cell death pathways through Bcl‑2 
family members (Bcl‑2, Bcl‑xl, Bax and Bad), as well as 
extrinsic cell death pathways through caspase family members 
(cleaved caspase‑3, caspase‑8 and caspase‑9) (30). In addition, 
PI3K/AKT signaling has also been identified to affect several 
inflammatory‑related regulators, such as high mobility group 
box 1, TNF‑α, NF‑κB and IL‑6 (10,31). ICAII has been reported 
to affect the PI3K/AKT signaling pathway; Luo et al  (32) 
reported that ICAII promoted the osteogenic differentiation 
of canine bone marrow‑derived stem cells by activating the 
PI3K/AKT signaling pathway. In addition, ICAII exerted an 
antitumor effect in melanoma and epidermoid carcinoma 
cells through the activation of the PI3K/AKT signaling 
pathway (33,34). In the present study, the pretreatment with 
ICAII not only alleviated inflammation and inhibited the 
apoptosis induced by IR injury, but it also upregulated the 
expression levels of p‑PI3K and p‑AKT. To further verify the 
causal relationship between the activation of the PI3K/AKT 
signaling pathway and ICAII, LY294002 (an inhibitor of the 
PI3K/AKT signaling pathway) was co‑administered at the 
onset of reperfusion. Interestingly, both the cardioprotec-
tive effect of ICAII and the upregulated expression levels of 
p‑PI3K and p‑AKT were significantly reversed in the presence 
of LY294002.

In conclusion, the findings of the present study suggested 
that the pretreatment with ICAII may alleviate MIRI 
by activating the PI3K/AKT signaling pathway, thereby 
attenuating inflammatory reactions and myocardial apoptosis. 
Nonetheless, the present study had several limitations; for 
example, in addition to anti‑inflammatory and anti‑apoptotic 
bioactivities, ICAII has been discovered to possesses 
antioxidant and autophagy regulatory properties (12,35). These 
pharmacological activities may be involved in the underlying 
protective mechanism of ICAII in MIRI; however, these 
cardioprotective effects of ICAII were not further investigated 
in vitro in the present study, thus further investigations are 
required to determine the involvement of these functions 
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of ICAII in MIRI. Moreover, in addition to the PI3K/AKT 
signaling pathway, several other signaling pathways have been 
reported to be involved in the pathological process of MIRI. 
For instance, the activation of the STAT3 signaling pathway 
and the mTOR signaling pathway alleviated myocardial IR 
injury through suppressing cell apoptosis  (36,37); and the 
activation of the toll‑like receptor 4/NF‑κB and mitogen 
activated protein kinase signaling pathways exacerbated 
IR injury through facilitating inflammatory reactions and 
oxidative stress  (38,39). In addition, hypoxia‑inducible 
factor‑1α/Bcl‑2‑interacting‑protein 3‑induced autophagy 
was discovered to serve a protective role during MIRI (40), 
while glycogen synthase kinase‑3β signaling protected 
cardiomyocytes from hypoxia‑reoxygenation injury by 
preventing calcium overload (41). Therefore, further studies are 
warranted to determine whether there are any other signaling 
pathways involved in the protective effects of ICAII in MIRI. 
Altogether, the findings of the present study indicated that 
ICAII may be a promising therapeutic option for the treatment 
of MIRI.
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