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Abstract
Background/Aims: Phosphatase and tensin homolog deleted on chromosome ten (PTEN) 
has been recognized as a promoter of apoptosis in various tissues, and revealed to be up-
regulated in circumstances of coronary microembolization (CME). However, whether this 
functional protein could be modified by pretreatment of atorvastatin in models of CME has 
not been disclosed yet. Methods: Swine CME was induced by intra-coronary injection of 
inertia plastic microspheres (diameter 42 μm) into left anterior descending coronary, with 
or without pretreatment of atorvastatin or PTEN siRNA. Echocardiologic measurements, 
pathologic examination, TUNEL staining and western blotting were applied to assess their 
functional, morphological and molecular effects in CME. Results: PTEN were aberrantly up-
regulated in cardiomyocytes following CME, with both the mRNA and protein levels increased 
after CME modeling. Pretreatment with atorvastatin could attenuate the induction of PTEN. 
Furthermore, down-regulation of PTEN in vivo via siRNA was associated with an improved 
cardiac function, attenuated myocardial apoptosis, and concomitantly inhibited expressions 
of key proapoptotic proteins such as Bax, cleaved-caspase-3. Interestingly, atorvastatin could 
markedly attenuate PTEN expression and therefore partially reverse cardiac dysfunction and 
attenuate the apoptosis of the myocardium following CME. Conclusion: Modulation of PTEN 
was probably as a potential mechanism involved in the beneficial effects of pretreatment of 
atorvastatin to cardiac function and apoptosis in large animal models of CME.
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Introduction

Coronary microembolization (CME), which could be induced by either a spontaneous 
rupture of a vulnerable coronary atherosclerotic plaque or therapeutic percutaneous 
coronary interventions (PCI), has been found be associated with adverse outcomes such as 
cardiac contractile dysfunction, and reduced coronary reserve [1]. There have been major 
advances in identifying the factors of the myocardial inflammatory response and apoptosis 
that are involved in CME-induced myocardial injury [2-7]. However, the overall complexity of 
myocardial injury suggests that additional regulatory mechanisms remain to be elucidated. 
Therefore, it is reasonable to propose that interventions which attenuate myocardial 
apoptosis could be protective for the heart from CME related cardiac dysfunction. Statins, 
the most widely prescribed cholesterol-lowering agents, have been suggested to be anti-
apoptotic in myocardium, possibly via multiple mechanisms [8]. Also, a previous study by 
Herrmann et al. [9] showed that a beneficial effect of statin against peri-procedural coronary 
microembolization. And, results of our recent studies revealed that atorvastatin could lower 
the extent of myocardial injury after CME and improve the cardiac function in mice primarily 
related to the regulation of cardiomyocytes apoptosis [10], although the potential molecular 
mechanisms remained unclear.

Phosphatase and tensin homolog deleted on chromosome ten (PTEN), a negative 
regulator of phosphatidylinositol-3 kinase (PI3K)-Akt pathways, has been recently found 
to be up-regulated in ischemic myocardium and involved in a wide variety of myocardial 
apoptotic responses [11]. The PTEN/Akt pathway had been involved in the pathogenesis 
of many cardiovascular diseases such as cardiac hypertrophy, myocardial contractile 
dysfunction, coronary angiogenesis, heart failure and ischemia-reperfusion injury [12]. 
However, whether the protective effects of atorvastatin to CME related myocardial apoptosis 
were related to the regulation of the PTEN/Akt pathway remains to be determined.

Materials and Methods

Animal preparation
Healthy swine (25 - 30 kg) were purchased from the Animal Center of the Agriculture College of Guangxi 

University (Nanning, People’s Republic of China), and throughout all of the experimental stages, the animals 
were maintained under controlled temperature, humidity, and light conditions, with pig feed and water 
provided ad libitum. This investigation conforms to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institute of Health (NIH publication No. 85-23, revised 1996). The Clinical and 
Animal Research Ethics Committees of Guangxi Medical University approved all of the procedures.

Generation of the CME model
The CME model was induced by the manual unremitting injection of microspheres into the left anterior 

descending (LAD) artery, as previously described by Dorge et al. [4] Breuckmann et al. [13] and Carlsson 
et al. [14].The swine were initially sedated via an IM injection of a combination of ketamine and atropine 
(10 - 15 mg/kg and 2 mg, respectively). After endotracheal intubation, anesthesia was maintained via an 
intravenous drip of diazepam into the ear vein. The right femoral artery was separated, and a 6F (Cordis, 
USA) vascular sheath was placed. Prior to the coronary cannulation, the animals were anticoagulated via 
an intravenous injection of 200 U/kg heparin followed by 100 U/kg per h to maintain heparinization. A 
6F JL 4.0 guiding catheter was used for the coronary angiography. After the coronary angiography, a 1.8F 
infusion catheter (Cordis, Inc., USA) was placed into the left anterior descending (LAD) artery with the 
tip located between the second and third diagonal branches. Microspheres with a diameter of 42 μm 
(Dynospheres; Dyno Particles; Lillestrøm, Norway) at a mean dosage of 100,000 were selectively infused 
into the LAD within 40 min followed by a flush with 10 ml of saline. The sham-operated swine (sham group) 
were subjected to the same procedures, except that the injection was saline rather than microspheres. The 
systemic blood pressure and heart rate were continuously monitored during the procedure.
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In vivo PTEN siRNA administration
The swine were randomly distributed into four groups as follows: the sham surgery group (control, n = 

8), CME group (CME, n = 8), PTEN siRNA-treated before CME group (PTEN siRNA, n = 8), and control siRNA-
treated group (control siRNA, n = 8). In vivo transfer was performed according to the method described 
previously [13]. After coronary angiography, a 1.8F infusion catheter (Cordis, Inc. USA) was placed in the 
LAD artery with the tip located between the second and third diagonal branches. A total of 100 μg of PTEN 
siRNA (Genepharma, PTEN-sus-368) or control siRNA (Genepharma) was diluted in the same volume of the 
in vivo transfection reagent (EntransterTM-in vivo; Engreen, Beijing, China). After mixing the solution gently 
by pipetting up and down, the siRNA solutions were selectively infused into the LAD. Then, 72 h after the 
PTEN siRNA or control siRNA administration, CME surgery was performed. In our previous study, we found 
that the protein level of PTEN was obviously up-regulated at 12h post-CME [6], so all of the swine were 
sacrificed at 12 h after the CME or sham surgery in this study.

Design, synthesis and transfection of PTEN siRNA
The PTEN mRNA sequence was found in GenBank (Gene ID: 100156264) and synthesized by 

GenePharma company (Shanghai, China). The sense strand and the antisense strand of the PTEN siRNA were 
5ˊ-GGC GUA UAC AGG AAC AAU ATT-3ˊ and 5ˊ- UAU UGU UCC UGU AUA CGC CTT-3ˊ, respectively. The control 
siRNA was purchased from the same company. A total mass of 100 μg PTEN siRNA or control siRNA was 
diluted with 100 μl transfection reagent (EntransterTM – in vivo; Engreen, Beijing, China). Mix thoroughly 
by pipetting the solution up and down. Then the mixture was injected intracoronarily via the 1.8 F infusion 
catheter, followed by 2 ml normal saline injection.

Serum c-troponin I measurement
EDTA-anticoagulated blood samples (1.0 ml) were collected from the femoral artery in each group 12 

h following sham operation or CME and centrifuged at 4000 rpm for 15 min. Serum samples were stored 
at -80℃ for detection. Serum c-troponin I was detected by electro-chemistry method according to the 
manufacturer’s instruction (Roche, Inc, Switzerland).

Echocardiography
Transthoracic echocardiographic studies were performed by one experienced investigator who was 

blinded to the study protocol using a GE VIVID 7 system with a 1.5-4.3 MHZ transducer. Left ventricle ejection 
fraction (LVEF), left ventricle end-diastolic diameter (LVEDd), fractional shortening (FS) and cardiac output 
(CO) were obtained.

Tissue sampling 
After blood sample collection, the hearts were arrested in diastole via injection of 10 ml of 10% 

potassium chloride into the ear vein. Hearts were isolated and cleaned with normal saline immediately. 
Myocardial tissues were obtained from the anterior wall of left ventricle dominated by the middle of the 
LAD artery. Part of myocardial tissue was immediately frozen in liquid nitrogen and stored at -80℃ for 
Western blot analysis. The other was fixed with 4% paraformaldehyde for 12 h, embedded in paraffin and 
serially sectioned into slices of 4 μm thickness for Hematoxylin basic fuchsin picric acid (HBFP) staining 
and Immunohistochemical staining and Terminal deoxymu-cleotidyl Transferase-Mediated dUTP Nick End-
Labeling (TUNEL) assay.

Measuring the myocardial microinfarction area
HBFP (haematoxylin fuchsin basic picric acid staining) staining is an important method for the early 

diagnosis of myocardial ischemia. HBFP stains ischemic cardiac muscle, normal myocardial cytoplasm, 
and nuclei red, yellow, and blue, respectively. A DMR-Q550 pathological image pattern analysis instrument 
(Leica, Germany) was used to analyse the HBFP-stained slices. Briefly, five microscopic visual fields (original 
magnification, ×100) were randomly sampled from each slice for analysis using QWin analysis software 
(Leica, Germany), and the planar area method was used to measure the infarction zone, which was expressed 
as the average percentage of the area of infarction out of the total analysed slice area. 
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TUNEL assay
Apoptotic cardiomyocytes were detected using the terminal deoxymu-cleotidyl transferase-mediated 

dUTP nick end-labeling (TUNEL) assay kit (Roche, USA). TUNEL-positive signal was located in nuclei 
and apoptotic nuclei were stained yellow-brown while the normal cell nuclei light blue. Meanwhile, 
morphological features of apoptosis (small, condensed nuclei, cell shrinkage and nuclear fragmentation) 
were taken into consideration. In each section, 10 random high-powered fields (magnification, ×400) were 
observed to count TUNEL-positive cardiomyocyte nuclei and apoptotic index (%) was calculated as the 
percentage ratio of TUNEL-positive cell nuclei to the total nuclei.

Real-time quantitative PCR analysis
Total RNA from a fresh tissue block was extracted using a Trizol Reagent Kit (Gibco, USA), and 4 

μg of RNA was reverse-transcribed using a Reverse Transcriptase Kit (Promega, USA) according to the 
manufacturer’s instructions.

Real-time PCR was performed using an ABI PRISM 7000 system (Applied Biosystems, CA, USA) using 
the non-sequence-specific SYBR Green I dye (TaKaRa, Japan). The reactions included 2 μl of cDNA, primers 
(0.5 μl each), and 12.5 μl of SYBR Green Master Mix (Applied Biosystems, CA, USA), which binds to any double-
stranded DNA, as well as water added to a final volume of 25 μl. PCR was performed under the following 
cycling conditions: initial denaturation step at 95°C for 10 min, followed by 45 cycles of amplification (95°C 
for 15 s and 60°C for 1 min). The primers were 5-GAG CCA TTT CCA TCC TGCAG-3 and 5-GCT GTC ATG TCT 
GGG AGTCT-3 for swine PTEN and 5-CAC CTT CTA CAA CGA GCTGC-3 and 5-TCA TCT TCT CAC GGT TGGCT-3 
for actin (all primers were designed by TaKaRa, Japan). The transcript expression levels were quantified via 
the Ct value method, and the Ct values were normalised to those of actin as an internal control in the same 
sample. The specificity of the amplified PCR products was confirmed based on the melting curves.

Western blot analysis
Briefly, myocardial tissues were homogenized, and aliquots of each fraction were used to determine 

the protein concentration of each sample using a detergent compatible assay. Protein samples (100 μg) 
were loaded onto polyacrylamide gel, electrophoresed, and transferred to a nitrocellulose membrane. The 
nitrocellulose membranes were then blocked followed by incubation with the primary antibodies overnight 
at 4°C. The following primary antibodies were purchased from Abcam: (1) rabbit anti-PTEN, (2) rabbit 
anti-PI3K, p-PI3K, (3) rabbit anti-Akt, p-Akt, (4) rabbit anti-Bax and Bcl-2, and (5) rabbit anti-cleaved 
caspase-3. Immunoblots were processed with secondary antibodies (Abcam Biotechnology) for 1 h at room 
temperature. Immunoblots were probed and then exposed to X-ray film. The X-ray films were scanned, and 
the optical density was determined by Bio-Rad image analysis (Bio-Rad, Hercules, CA, USA).

Statistical analysis
Statistical analyses were performed using SPSS 13.0 statistical software (IBM Corporation, USA). 

The quantitative data are presented as the mean (SD). Unpaired Student’s t-test and ANOVA were used 
for comparisons between two groups and among multiple groups, respectively, followed by the Student-
Newman-Keuls test for the post hoc analysis. The P < 0.05 level indicated statistical significance.

Results

Animal groups
No significant differences in the body weight or heart rate were observed among the 

four groups (data not shown). 

Atorvastatin and PTEN siRNA pretreatments improved cardiac function following CME
Results of echocardiographic examination (Table 1) showed that 12 h after CME 

modeling, the CME group exhibited significantly decreased cardiac systolic function as 
compared with the sham group, as indicated by the significant reduced LVEF, FS and CO, as 
well as increased LVEDd in CME group (P < 0.05). Atorvastatin pretreatment improved all 
indices of cardiac function in CME-treated animals, as reflected by the increased LVEF, FS and 
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CO, as well as decreased LVEDd of the ATV group as compared with the CME group (P < 0.05). 
Similarly, PTEN siRNA pretreatment was also associated with improved cardiac function in 
CME swine. 

Atorvastatin and PTEN siRNA pretreatments attenuated mocardial injury following CME
Myocardial injury following CME could be assessed by levels of cTnI in the blood 

obtained from coronary sinus (Fig. 1). At 12 h after CME modeling, serum level of cTnI in 
swine from CME group or control siRNA were higher than controls [0.221 (0.018) μg/L vs 
0.042 (0.008) μg/L, p < 0.05]. Moreover, atorvastatin pretreatment attenuated myocardial 
injury following CME, as reflected by the reduced cTnI levels in ATV group compared with 
CME group [0.114 (0.012) μg/L vs 0.221 (0.018) μg/L, p < 0.05]. In addition, PTEN siRNA 
pretreatment was also associated with reduced cTnI levels [0.123 (0.015) μg/L], which was 
similar to the effects of atorvastatin pretreatment. No significant differences in the levels of 
cTnI was observed between the CME and Control siRNA groups [0.221 (0.018) μg/L vs 0.218 
(0.019) μg/L, p > 0.05].

CME Histopathology
As revealed by Mayer’s haematoxylin and eosin (H&E) and haematoxylin-basic fuchsin-

picric acid (HBFP) staining (Fig. 2). The sham control animals exhibited subendocardial 
ischemia without infarction foci, whereas the CME animals exhibited multiple microinfarction 
foci. However, the administration of ATV reduced the microinfarct volume and inflammatory 
cell infiltration. HBFP staining revealed myocardial karyolysis or hypochromatosis based 
on the red cytoplasmic staining of the microinfarction foci. In addition, peripheral cardiac 

Table 1. Parameters of cardiac function in minipigs of each group 12 h after CME modeling: results of the 
Echocardiologic measurements. CME, coronary microembolization; LVEF, left ventricular ejection fraction; 
FS, fractional shortening; LVEDd, left ventricular end-diastolic diameter; CO, cardiac output; ATV, atorvasta-
tin; PTEN, phosphatase and tensin homolog deleted on chromosome ten. Data are presented as mean (SD). 
aP < 0.05 compared with sham; bP < 0.05 compared with CME or control siRNA (N = 8)

Fig. 1. Parameters of cTnI in mini-
pigs of each group 12 h after CME 
modeling: CME, coronary microem-
bolization; ATV, atorvastatin; PTEN, 
phosphatase and tensin homo-
log deleted on chromosome ten.  
aP < 0.05 compared with sham;  
bP < 0.05 compared with CME or 
control siRNA (N = 8).
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muscle oedema and denaturation, peripheral inflammatory cell infiltration, and erythrocyte 
effusion were detected. For the all groups, the infarct area each group was sham 0.00(0.00) 
%, CME 5.24 (2.65) %, ATV 3.23(2.02) %, PTEN siRNA 3.54 (2.35) %, and control siRNA 5.54 
(2.83) %, respectively.

Fig. 2. (A, B) H&E staining of tissue samples from the CME group revealed myocardial microinfarcts dis-
playing a high level of inflammatory cell infiltration (A, 12 h post-CME). However, the administration of ATV 
reduced the microinfarct volume and inflammatory cell infiltration (B). The arrow indicates the presence of 
a 42 μm microsphere following CME (H&E staining; ×100). (C, D) HBFP staining of tissue samples revealed 
microinfarcts in the tissue sample from the CME group (C, 12 h post-CME), and a reduced microinfarct 
volume in the ATV-treated group (D); microinfarcts are indicated by arrows. Normal myocardial cytoplasm 
is stained yellow; the nuclei are stained blue; and the necrotic area is stained red (HBFP staining, ×100).  
aP < 0.05 compared with sham; bP < 0.05 compared with CME or control siRNA, (N = 8).

Fig. 3. Representative images and quantitative analyses of myocardial apoptosis in minipigs from each 
group 12 h post CME modeling: results of the TUNEL staining. (A) CME; (B) control siRNA; (C) PTEN siRNA; 
(D) ATV. Normal cell nuclei are stained in pale blue, while the apoptotic cardiomyocyte nuclei (arrows) are 
stained in brown (×200). Results of quantitative analyses indicated that the apoptotic indexes of myocar-
dium were substantially lowered in ATV and PTEN siRNA groups as compared with the CME or the control 
siRNA groups. ap < 0.05 compared with CME or control siRNA. CME, coronary microembolization; ATV, ator-
vastatin; PTEN, phosphatase and tensin homolog deleted on chromosome ten.
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Atorvastatin and PTEN siRNA pretreatments decreased myocardial apoptosis following 
CME
Myocardial apoptosis was assessed using TUNEL staining. Compared with the sham 

group, more TUNEL-positive (brown) cardiomyocytes could be detected in swine from the 
CME groups (P < 0.05). Interestingly, atorvastatin treatment significantly decreased the 
relative proportion of apoptotic cells following CME (P < 0.05). The percentages of myocardial 
apoptotic cells in the sham, CME, ATV, and control siRNA were 0.22 (0.16), 9.32 (1.28), 4.89 
(0.48) and 9.53(0.69) respectively (Fig. 3). In addition, PTEN siRNA pretreatment was also 
associated with a decreased myocardial apoptosis [4.54 (0.56)], similar to the effects of 
atorvastatin pretreatment.

The mRNA levels of PTEN each group
The PTEN mRNA expression was significantly higher in the CME and control siRNA 

groups than in the sham-operated group after surgery [12 h: 3.48 (0.39) and 3.29(0.28) vs. 
0.63 (0.12), p < 0.05].The administration of PTEN siRNA and atorvastatin reduced the mRNA 
level of PTEN to 1.38(0.14) and 2.12(0.15) (Fig. 4).

PTEN siRNA pretreatment inhibited myocardial PI3K/Akt signaling in CME swine
Western blotting showed significant up-regulation of PTEN, Bax proteins, as well as 

a remarkable down-regulation of p-PI3K, p-Akt, Bcl-2 following CME modeling. Western 
blot analysis of the infarcted myocardial tissue in each group showed that the expressions 
of PTEN (Fig. 5A), Bax (Fig. 5D) were significantly increased in the myocardium of swine 
from CME groups compared with those from the sham group (P < 0.05). However, PTEN 
siRNA pretreatment was associated with reduced levels of PTEN, cleaved caspase-3 and Bax 
proteins, as well as enhanced p-PI3K (Fig. 5B), p-Akt (Fig. 5C), Bcl-2 (Fig. 5D) proteins as 
compared with CME or control siRNA groups (P < 0.05).

Atorvastatin pretreatment inhibited myocardial PTEN/PI3K/Akt signaling following CME
Western blot analysis of the infarcted myocardium in each group showed that 

the expressions of PTEN (Fig. 6A), Bax (Fig. 6D), and cleaved caspase-3 (Fig. 6F) were 
significantly increased in the CME groups as compared with sham groups (P < 0.05). However, 
pretreatment of atorvastatin reduced the levels of PTEN (Fig. 6A), cleaved caspase-3 (Fig. 
6F) and Bax (Fig. 6D) proteins, but enhanced the levels of p-PI3K (Fig. 6B), p-Akt (Fig. 6C), 
and Bcl-2 (Fig. 6E) proteins as compared with CME group (P < 0.05). PTEN was silenced 
by its siRNA then applying atorvastatin. Western blot analysis of the infarcted myocardium 
in each group showed that the expressions of PTEN. Atorvastatin could further inhibit the 
expression of PTEN protein (Fig. 6G).

Fig. 4. The PTEN siRNA expression in 
minipigs of each group 12 h after CME 
modeling: CME, coronary microem-
bolization; ATV, atorvastatin; PTEN, 
phosphatase and tensin homolog dele-
ted on chromosome ten. aP < 0.05 com-
pared with sham; bP < 0.05 compared 
with CME or control siRNA (N = 8).
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The molecular cascade after CME
CME induced apoptosis via up-regulation of PTEN with PI3K/Akt and cooperating with 

other Akt-downstream apoptotic signals, such as Bax/Bcl-2 and caspase-3. After using PTEN 
siRNA or atorvastatin, PI3k/Akt and other downstream genes were affected, followed by the 
inhibition of the apoptotic cell death process. Sham: sham group; CME: CME: CME group; 
PTEN siRNA: CME+ PTEN siRNA group; Control siRNA: CME+ Control siRNA group (Fig. 7).

Fig. 5. Effects of CME and PTEN siRNA on the protein levels of PTEN, PI3K-Akt pathways, Bcl-2 and Bax in 
myocardial tissues in minipigs 12 h post CME modeling: results of western blotting analyses. The expression 
levels of PTEN (A), Bax (D), and cleaved-caspase-3 (E) were significantly increased in the CME group compa-
red to those of the sham group (P < 0.05). The expression levels of p-PI3K (B), p-Akt (C) and Bcl-2 (D) were 
significantly decreased in the CME group compared to those of the sham group (P < 0.05). The expression 
levels of PI3K (B), Akt (C) were not difference among sham, CME and control siRNA groups. However, PTEN 
siRNA could reduce the levels of PTEN, Bax, cleaved-caspase-3, and enhanced the levels of p-PI3K, p-Akt and 
Bcl-2 as compared with the CME group or the control siRNA group. ap < 0.05 versus sham; bP < 0.05 versus 
CME or control siRNA. CME, coronary microembolization; PTEN, phosphatase and tensin homolog deleted 
on chromosome ten.
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Fig. 6. Effects of CME and ATV on the protein levels of PTEN, PI3K-Akt pathways, Bcl-2 and Bax, and cas-
pase 3 in myocardial tissues in minipigs 12 h post CME modeling: results of western blotting analyses. The 
expression levels of PTEN (A), Bax (D), and cleaved-caspase-3 (F) were significantly increased in the CME 
group compared to those of the sham group (P<0.05). The expression levels of p-PI3K (B), p-Akt (C) and Bcl-
2 (E) were significantly decreased in the CME group compared to those of the sham group (P < 0.05). The 
expression levels of PI3K (B), Akt (C), and caspase-3 (F) were not difference among three groups. However, 
administration of atorvastatin reduced the levels of PTEN, Bax, cleaved-caspase-3 proteins, and enhanced 
the levels of p-PI3K, p-Akt and Bcl-2 proteins. Atorvastatin could further inhibit the expression of PTEN pro-
tein (G) ap < 0.05 versus sham; bP < 0.05 versus ATV. CME, coronary microembolization; PTEN, phosphatase 
and tensin homolog deleted on chromosome ten. ATV, atorvastatin.

continued
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Discussion

Several novel findings of present study are summarized as followings. First, we showed 
that PTEN/PI3K/Akt signaling pathway is involved in the pathogenesis of CME-induced 
myocardial apoptosis. Second, we demonstrated that atorvastatin pretreatment was 
associated with attenuated myocardial apoptosis and therefore partially reversed the CME 

Fig. 7. The molecular cascade after coronary 
microembolization (CME). CME induced apoptosis 
via up-regulation of PTEN with PI3K/Akt and co-
operating with other Akt-downstream apoptotic si-
gnals, such as Bax/Bcl-2 and caspase-3. After using 
PTEN siRNA or atorvastatin, PI3k/Akt and other 
downstream genes were affected, followed by the 
inhibition of the apoptotic cell death process. Sham: 
sham group; CME: CME: CME group; PTEN siRNA: 
CME+ PTEN siRNA group; Control siRNA: CME+ Con-
trol siRNA group.
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induced myocardial dysfunction. Third, the potential mechanisms underlying the protective 
effects of atorvastatin against CME induced cardiac dysfunction may involve the regulation 
of PTEN/PI3K/Akt signaling pathway.

Results of study highlighted the important role of PTEN/PI3K/Akt in the pathogenesis 
of CME induced myocardial apoptosis. And, for the first time, our study suggested that 
atorvastatin may attenuate CME induced cardiac dysfunction by modulation of PTEN/PI3K/
Akt pathway and proposed pretreatment of atorvastatin as a potential therapy for CME 
related cardiac dysfunction.

PTEN is the most common mutation of tumor suppressor gene. It has been recognized 
that the most important role of PTEN was to regulate normal developmental processes, 
including cell growth, adhesion, migration, invasion and apoptosis [15]. Recently, it has 
been showed that PTEN could be detected in vascular endothelial cells, vascular smooth 
muscle cells, cardiomyocytes and fibroblasts, and it also served as the key regulator of the 
pathogenesis of a variety of cardiovascular diseases, such as cardiac hypertrophy, myocardial 
contractile dysfunction, and cardiomyocytes apoptosis, probably by regulating downstream 
PI3K/Akt pathways [12, 16]. A variety of cytokines, growth factors and physical stimulation 
could activate PI3K so as to phosphorylate and activate Akt, which subsequently functions 
as a key factor in PI3K/Akt cell signaling pathways and downstream effecter of PI3K [17, 
18]. Activated Akt may exert its anti-apoptotic effect via regulation of caspase-3, Bcl-2-
antagonist of cell death (Bad), forkhead transcription factor, as well as IκB kinase (IKK) [19]. 
Although early investigations suggested that activation of PI3K/Akt signaling pathway could 
effectively inhibit cardiomyocyte apoptosis and reduce the extent of myocardial injury [20, 
21]. PTEN was found to be highly expressed in myocardial tissues subjected to ischemia-
reperfusion injury, which inhibits the activation of Akt as a result of myocardial apoptosis. 
However, the silencing of PTEN expression increases Akt activation, reduces cardiomyocyte 
apoptosis, and improves cardiac function [22, 23]. However, a previous study about ischemic 
postconditioning reduces infarct size following ischemia/reperfusion by Skyschally et al. 
[24] showed that phosphorylation of RISK (reperfusion injury salvage kinases) (Akt) is 
not causal for protection by ischemic postconditioning. Another studies demonstrated that 
PI3K/Akt signaling pathway plays an important endogenous cardioprotective role in the 
pathogenesis of ischemia-reperfusion injury [25, 26]. Skyschally et al. [24] mentioned that a 
caveat related to almost all studies on the signal transduction of ischemic postconditioning, 
to date, is the fact that the specific cellular (cardiomyocyte, endothelium, fibroblast, 
leukocyte) and subcellular (cytosol, mitochondria, nucleus, signalosome) compartment of 
the respective kinase activation is not known. But, the pathogenesis of CME is distinct from 
ischemia/reperfusion. And, the results of our study suggested that PTEN/PI3K/Akt pathway 
was activated in CME and involved in the pathogenesis of myocardial apoptosis.

Atorvastatin had been proposed to be with multiple cardiovascular benefits besides 
its cholesterol lowering effect, including anti-inflammatory and anti-apoptotic. In 
recent years, many studies further validated its anti-apoptotic effect in animal models of 
myocardial ischemia and reperfusion injury [27], coronary atherosclerosis [28], myocardial 
infarction [29], and renal ischemia-reperfusion injury [30]. More and more studies show 
that atorvastatin may regulate PTEN/PI3K/Akt cell signaling pathways, although statins 
may have different regulatory effects in different pathological conditions. Miraglia et al. 
proved that statins could promote the expression of PTEN protein in tumor cells, inhibit 
activation of the PI3K/Akt pathway, thereby exert anti -tumor effects [31]. However, Wu 
et al. found that atorvastatin could inhibit the growth of cardiac myxoma cells, primarily 
by promoting the expression of PTEN in myxoma cells [32]. Indeed, PI3K/Akt signaling 
pathway plays an important endogenous cardioprotective role in the pathogenesis of 
ischemia-reperfusion injury [25, 26], and atorvastatin could inhibit the expression of PTEN 
and enhance activation of PI3K/Akt signaling pathway [33]. In view of the above findings, 
we proposed that pretreatment of atorvastatin in CME animals may protect against CME 
related myocardial dysfunction by attenuate myocardial apoptosis via regulation of PTEN/
PI3K/Akt pathways. In this study, we found that atorvastatin pretreatment could reduce 
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CME-induced myocardial injury through inhibiting myocardial apoptosis. Moreover, our 
study suggested that regulation of PTEN/PI3K/Akt pathway seemed to be an important 
mechanism underlying the cardioprotective effects of atorvastatin.

In conclusion, the potential therapeutic role of atorvastatin seemed to be related to 
its regulatory effects on PTEN/PI3K/Akt pathway. However, it should be aware that our 
researches were performed in swine models and the findings may not be extrapolated 
directly to humans. Therefore, further researches, especially the translational research in 
humans are needed to evaluate whether the potential regulatory effects of atorvastatin 
on PTEN pathways could become a promising treatment strategy for CME related cardiac 
dysfunction in clinical scenarios.
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