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ABSTRACT. The aim of this study was to investigate the influence of 
atorvastatin on the opening of the mitochondrial permeability transition 
pore (MPTP) and the expression of cytochrome C (Cyt C) in Sprague-
Dawley rats with cerebral ischemia-reperfusion (I/R). The rat model of 
cerebral artery ischemia was established by the suture-occluded method 
with ischemia for 2 h and reperfusion for 72 h. Thirty-four male rats 
were randomly divided into four groups: the normal group and the 
sham-operation group without any treatment, the I/R group with only 
intragastric administration of normal saline, and the intervention group, 
which received intragastric administration of 10 mg/kg atorvastatin 
at different times. All rats were sacrificed at 72 h. Compared with the 
I/R group, the morphology of nerve cells in the intervention group 
was reduced, the number of TUNEL-positive cells decreased, the 
expression of cortical cytoplasm Cyt C decreased, and the mitochondrial 
absorbance value increased. All of these differences were statistically 
significant. Atorvastatin could inhibit neuronal apoptosis and alleviate 
the cerebral I/R injury. The mechanism may be related to the blocking 
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of the MPTP opening and the subsequent reduction of Cyt C release.

Key words: Atorvastatin; Mitochondrial permeability transition pore; 
Cytochrome C; Cerebral ischemia and reperfusion; Apoptosis

INTRODUCTION

Statins are the inhibitors of 3-hydroxy-3-glutaryl coenzyme A (HMG-CoA) reduc-
tase, which not only play a large role in lowering cholesterol, but also have multi-directional 
functions such as cholesterol-independent anti-inflammatory, cell proliferation and differen-
tiation, anti-excitement toxins, anti-oxidation, anti-platelet aggregation, neuroprotective, and 
immunomodulatory activities, and are therefore one of the key drug types used to reduce 
the occurrence of clinical cardiovascular events (Bösel et al., 2005; Nahrendorf et al., 2008; 
Pignatelli et al., 2012; Zhang et al., 2012). Statins have a wide range of positive effects for 
ischemic diseases, and an increasing number of in-depth studies have focused on their protec-
tive mechanism. Owing to differences in the efficacy and side effects of different statin drugs, 
some of the drugs have gradually been clinically eliminated. As a second-generation HMG-
CoA reductase inhibitor, atorvastatin is currently widely used in the treatment of ischemic 
cerebrovascular diseases or for the primary prevention and secondary prevention of transient 
ischemia, and its application has shown positive results. However, the mechanism of action of 
statins is still not completely understood.

The mitochondrion is the major organ of energy metabolism, providing ATP for vari-
ous cellular activities through oxidative phosphorylation. Mitochondria cannot effectively 
carry out oxidative phosphorylation in ischemic and hypoxic tissues, and thus H+ accumulates, 
calcium overloads, the mitochondrial membrane potential becomes reduced, the permeability 
transition pore (MPTP) opens, and the mitochondria swell, which ultimately triggers apoptosis 
of the mitochondrial pathway. Recent studies have found that mitochondria can be important 
neuroprotective targets for cerebral ischemia-reperfusion (I/R) injury (Ye et al., 2012; Zhao 
et al., 2013). However, in the field of cerebral ischemia and reperfusion, there are few reports 
investigating whether the neuroprotective effects of ischemic stress by atorvastatin are asso-
ciated with mitochondrial morphology and function. Therefore, in this study, the rat middle 
artery cerebral occlusion (MACO) model was established by the suture-occluded method, 10 
mg/kg atorvastatin was intragastrically administered, and the changes in MPTP opening and 
cytosolic cytochrome C (Cyt C) expression were observed in different experimental groups. 
These results were combined with observations of hematoxylin and eosin (HE) and TUNEL 
staining of brain tissues in order to elucidate the neuroprotection mechanism of atorvastatin.

MATERIAL AND METHODS

Grouping and intervention of experimental animals

Thirty-four pathogen-free male Sprague-Dawley (SD) rats weighing 220-250 g were 
provided from the Hunan Slack King of Laboratory Animal Limited Company (certificate No. 
SCXK (Xiang) 2009-0004). The 34 male rats were numbered and randomly divided according 
to the random number table into the normal control group (7 rats), the sham-operation group 
(7 rats), the I/R group (10 rats), and the atorvastatin intervention group (10 rats). In the sham-
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operation group, the neck skin of the rat was cut and the vessels were separated, but there was 
no drug treatment administered. In the I/R group, the rat MACO model was prepared, normal 
saline was intragastrically administered at the time of waking after reperfusion, and then at 
24 h and again at 48 h. In the atorvastatin intervention group, 10 mg/kg atorvastatin (Pfizer 
Company, USA), prepared with normal saline, was intragastrically administered at the same 
time points as that of the I/R group. This study was carried out in strict accordance with the 
recommendations in the Guide for the Care and Use of Laboratory Animals of the National 
Institutes of Health. The animal use protocol was reviewed and approved by the Institutional 
Animal Care and Use Committee (IACUC) of the Mawangdui Hospital of Hunan Province.

MACO model preparation

The MACO model was prepared by the suture-occluded method (Clark et al., 1997). 
After the rats were weighed, they were intraperitoneally injected with 350 mg/kg 10% chloral 
hydrate anesthetic. Rats were then placed in supine position and their limbs were fixed, the 
soft tissues in the middle right side of the neck were separated to expose the right general ca-
rotid artery and the carotid artery, the proximal heart end of the general carotid artery and the 
root of the outward carotid artery were ligated, the internal carotid artery was clipped using 
arterial clamps, sutures were prepared, and a notch was cut near the bifurcation of the carotid 
artery. The special sutures (Beijing Sunbio Biotech Co., Ltd., Beijing, China) were inserted, 
and the artery clips were loosened; the insert depth was approximately 18-20 mm and was 
stopped when slight resistance was felt. The spare lines were tied, the skin was sutured, and 
then the suture was pulled out after ischemia for 2 h and reperfusion for 72 h. Animals that 
died during surgery due to subarachnoid hemorrhage or neurological function impairment, 
which had unqualified scores, were considered as failed model preparations, and were not 
included in the analysis. The model number of any dead rat was complemented after model 
preparation of the same batch of rats.

Neurological function impairment scoring

Rats were subjected to neurological function scoring after waking from anesthesia 
according to the Longa 5-point scale standard (Longa et al., 1989) as follows: no symptoms 
of nerve injury (0 points), could not fully extend the contralateral paw (1 point), contralateral 
circling (2 points), contralateral dumping (3 points), could not spontaneously walk or loss of 
consciousness (4 points). Rats with scores of 0 or 4 points were excluded from the analysis.

HE staining

At 72-h reperfusion, the rats were intraperitoneally anesthetized with 350 mg/kg 10% 
chloral hydrate, and all rats were killed. Two rats from the normal group and the sham group, 
and five rats from the other groups were selected, respectively, and were cardiac perfused with 
250 mL 4% paraformaldehyde phosphate-buffered saline (PBS) until the liver turned white. 
The brain tissues were then soaked in 4% paraformaldehyde PBS buffer at 4°C overnight, 
which were then subjected to graded alcohol dehydration, cleared with xylene, embedded in 
paraffin, and sliced into 5-mm sections for subsequent use.

Changes in nerve cell morphology were observed by HE staining. Sections were 
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baked at 60°C for 30 min in the oven, dewaxed with xylene I for 5 min, cleared with xylene II 
for 10 min, and treated by graded alcohol for 2 to 4 min (100→95→85→75%), respectively. 
The alcohol was washed away with distilled water, and immersed in hematoxylin for 5 min, 
rinsed with distilled water for 2 min, and the color was separated by using 1% hydrochloric 
acid alcohol for 10-20 s (several lifts and thrusts until the slices faded to pale blue), soaked 
in water for 10 min, stained with eosin for 5 min, dipped in distilled water a few times, and 
then re-dehydrated by graded ethanol (75→85→95→100%) for 5 min, respectively, dewaxed 
in xylene I for 3 min, cleared with xylene II for 5 min, sealed in neutral gum, dried in a 37°C 
oven, and finally, the pathological changes of brain tissues were observed under the micro-
scope. Eight different fields of view of each slice were randomly observed under high magni-
fication (400X).

TUNEL staining

The TUNEL-Staining Kit was purchased from the Beyotime Institute of Biotechnology 
(Jiangsu, China). The following operation was carried out according to the kit instructions: 
the paraffin slices were dewaxed in xylene for 10 min, and then further dewaxed in fresh 
xylene for 5-10 min, washed in the alcohol gradient (70-100%) for 2 min, respectively, and 
20 mg/mL free DNase enzyme proteinase K was added, incubated at 37°C for 15-30 min, and 
washed in PBS for 2 min 3 times. Slices were further incubated in 3% freshly prepared H2O2 
at room temperature for 10 min and washed in PBS for 2 min 3 times. Fresh biotin solution 
was prepared, and 50 mL labeling buffer was added to each sample, which were placed in the 
cartridge to keep the slices moist. Samples were then incubated at 37°C for 60 min, washed in 
PBS for 2 min, and 0.2 mL reaction-terminated liquid was added and further incubated at room 
temperature for 10 min and washed in PBS for 2 min 3 times.

Fifty microliters streptavidin-HRP working solution was added to each sample, 
placed in the cartridge to keep the slices moist, and incubated for 30 min at room temperature. 
Samples were washed in PBS for 2 min 3 times, and 0.3 mL DAB chromogenic solution was 
added, and incubated at room temperature for 30-60 min, which was deemed appropriate based 
on the incubation chromogenic results. Subsequently, samples were washed in PBS again 3 
times, dehydrated, cleared by conventional graded alcohol, and mounted. Tissue sections were 
observed under a light microscope, and the brown cells were regarded as apoptotic cells. Eight 
different fields of view of each slice were randomly observed under high magnification and 
the average was calculated.

Cytosolic and mitochondrial extracts of brain tissues

Five rats from each group were killed and the brain tissues were taken after 
craniotomy. Approximately 100 mg cerebral cortex was taken from the ischemic border 
zones. According to the literature (He et al., 2012), the specimens were placed in 0.6 mL 
homogenous media (0.25 M sucrose, 10 mM Tris-HCl, l 5 mM EDTA, 0.2% BSA, pH 7.4) 
at 4°C, evenly homogenized 10 times with a glass homogenizer, treated by sonication on ice, 
and centrifuged at 12,000 g at 4°C for 10 min. The supernatant was transferred to another 
centrifuge tube at 4°C, and 0.3 mL medium was added to the homogenized sediment, which 
was repeatedly homogenized and then centrifuged at 12,000 g at 4°C for 10 min. The two 
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supernatants were merged, centrifuged at 12,000 g at 4°C for 10 min, collected, and dispensed 
into five 0.5-mL EP tubes and stored at -80°C for cytosolic Cyt C testing. The precipitate was 
carefully collected (mitochondria). The mitochondrial deposits were suspended in 10 mL 
preserved media (220 mM mannitol, 70 mM sucrose, 10 mM Tris, l mM EDTA, pH 7.4) for 
MPTP opening testing.

Detection of mitochondrial MPTP opening

The UV-spectrophotometer was purchased from the Japan Tsushima Company. The 
mitochondrial swelling assay of the MPTP opening was carried out according to the kit in-
structions (Gene Haijie America Pharmaceutical Technology Co., Ltd.). The initial absorbance 
values in each group (A1) were measured at a 520-nm wavelength, and 200 mM CaCl2 was 
added to induce MPTP opening; the absorbance values (A2) were recorded after 10 min. The 
A2/A1 ratio (A) indicated the extent of MPTP opening.

Western blot

The protein electrophoresis system was provided by Bio-Rad (USA). One of the 
prepared EP tubes was used to measure the protein concentration by the bicinchoninic acid 
method. First, 5X sodium dodecyl sulfate (SDS) protein sample buffer was added at a 4:1 ratio 
and denatured in boiling water for 5 min. The SDS-polyacrylamide gel electrophoresis (PAGE) 
was prepared, and the corresponding sample volume was calculated from 50 mg denatured 
protein samples, which were loaded for electrophoresis for approximately 30 min, first using 
an 80-V constant voltage and then switching to a 120-V constant voltage for approximately 
60-90 min; SDS-PAGE was stopped when the bromophenol blue reached the bottom of the 
gel. The gel was transferred to a polyvinyldifluoride (PVDF) transmembrane at 4°C and 
100 V; the transmembrane time varied according to molecular weight. Tris-buffered saline 
with Tween 20 (TBST) with 5% skim milk was used for sealing. The first antibody was anti-
rabbit anti-mouse Cyt C mAb (Sigma, USA; 1:800 diluted), which was incubated overnight 
at 4°C at a dilution of 1:400 (Zhongshan Biotechnology, Beijing, China). The TBST-washed 
PVDF membrane was placed on a shaker 3 times for 10 min each time, and the secondary 
antibody, goat anti-rabbit (1:2000; Pierce, Rockford, IL, USA) was added and incubated for 3 
h at room temperature. The membrane was washed in TBST three times, dyed with A and B 
mixed solution, transferred to an X-ray film tablet, and X-ray films were developed, fixed, and 
scanned. The images were saved in .tif format, and the gray values of the experimental results 
were analyzed using the Quantity-One software.

Statistical analysis

All data are reported as means ± standard deviation, and the statistical analysis was 
performed using the SPSS 13.0 software. The comparison of data between multiple groups 
was performed using analysis of variance (ANOVA) when the data were normally distributed, 
and the least-square difference (LSD) method was selected to conduct pairwise comparisons 
for groups with homogenous variance; Games-Howell analysis was used when variance was 
heterogeneous. P < 0.05 indicated a statistically significant difference.
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RESULTS

Quantitative analysis of experimental animals

Sixteen models of 20 rats were successfully prepared; 1 rat scored 0 points and 2 rats 
scored 4 points in the initial neurological deficit test, and 1 rat died due to suffocation after 
postoperative gavage.

Effect of atorvastatin intervention on MPTP opening of epencephalic tissues in 
MACO model rats

The mitochondrial absorbance ratio (A) did not differ significantly between the normal 
group and the sham-operation group (P > 0.05). The A value of the I/R group was significantly 
reduced compared with the sham and normal groups (P < 0.001), suggesting that the MPTP 
opening and increase in mitochondrial permeability were caused by ischemia-reperfusion. 
However, the A value was significantly higher than that of the I/R group after atorvastatin 
intervention (P < 0.002), indicating that atorvastatin intervention could reduce the impact of 
ischemia-reperfusion on the MPTP and mitochondrial permeability (Figure 1).

Effect of atorvastatin on Cyt C expression of epencephalic tissues in MACO model 
rats

No expression of cytoplasmic Cyt C was found in the normal group and in the sham-
operation group. The expression of cytoplasmic Cyt C was significantly increased in the I/R 
group compared to the normal and the sham-operation groups (P < 0.001). However, the ex-
pression of cytoplasmic Cyt C significantly decreased after atorvastatin intervention compared 
with the I/R group (P < 0.001), indicating that atorvastatin intervention could reduce the re-
lease of Cyt C to the cytoplasm (Figure 2A and B).

Figure 1. Effects of atorvastatin on MPTP opening in cerebral cortexes subjected to MACO. Data are reported as 
means ± SD (N = 5). aP < 0.002 vs normal or sham group; bP < 0.001 vs I/R group. I/R: ischemia/reperfusion; Sham: 
sham operation. A2/A1: absorbance ratio at 520 nm.
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Effect of atorvastatin intervention on apoptosis of epencephalic tissues in MACO 
model rats

Few apoptotic cells were observed in the normal group and in the sham-operation 
group. The TUNEL-positive cells (nuclei tan or brown under high-magnification microscope) 
of the I/R group were unevenly scattered throughout the entire ischemic penumbra and rela-
tively concentrated in some regions, and the number of TUNEL-positive cells differed signifi-
cantly from those in the normal group and the sham-operation group (P < 0.001). The number 
of TUNEL-positive cells in the I/R group was significantly reduced compared with that of 
the atorvastatin intervention group (P < 0.001), indicating that atorvastatin intervention could 
reduce apoptosis (Figure 3A and B).

Figure 3. Effects of atorvastatin on neuronal apoptosis in cerebral cortexes subjected to MACO. Data are 
reported as means ± SD (normal/sham group, N = 2; I/R and atorvastatin group, N = 5). aP < 0.001 vs normal 
or sham group; bP < 0.001 vs I/R group. I/R: ischemia/reperfusion; Sham: sham operation; TUNEL: terminal 
deoxynucleotidyltransferase (TdT)-mediated dUTP nick-end labeling. A. Photomicrographs of TUNEL staining in 
the brain cortex (400X). Arrows indicate apoptotic neurons. B. Numbers of TUNEL-positive neurons were counted 
in 8 visual fields of each section (400X).

A

B

Figure 2. Effects of atorvastatin on the Cyt C protein in cerebral cortexes subjected to MACO. Data are reported as 
means ± SD (N = 5). aP < 0.001 vs I/R group. I/R: ischemia/reperfusion; Sham: sham operation. A. Electrophoresis 
strip of the Cyt C protein expressed in the brain cortex. Arrows indicate molecular mass. B. Levels of Cyt C protein 
in the cortex of different groups.

A B
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Effect of atorvastatin intervention on nerve cell morphology of epencephalic 
tissues in MACO model rats

The HE staining results showed that the brain tissue structures of the normal group 
and the sham-operation group were normal, and the nerve cells were tightly packed with 
abundant cytoplasm and clear nucleoli. The nerve cells of the I/R group appeared sparse and 
irregular, showing cell shrinkage and pyknotic-stained nuclei, and some nuclei even disap-
peared. These changes were abated in the atorvastatin intervention group (Figure 4).

Figure 4. Effects of atorvastatin on the cellular morphology of cerebral cortexes subjected to MACO. I/R: ischemia/
reperfusion; Sham: sham operation. A.-D. Photomicrographs of HE-staining in the brain cortex (400X).

A B C D

DISCUSSION

Cerebral ischemia-reperfusion injury is a complex pathophysiological process. Previous 
studies have found that the ischemia-reperfusion injury of the epencephalic tissues was related 
to rapid cascade reactions, such as oxygen free radicals, excitatory amino acids, release of in-
flammatory mediators, calcium overload, and apoptosis gene activation. Therefore, it has been a 
challenge to find protective treatment for brain tissues from ischemic injury in clinical settings.

Atorvastatin is the second generation of HMG-CoA reductase inhibitors, and is main-
ly metabolized through the liver or outward liver. In addition to the traditional function of low-
ering low-density lipoprotein cholesterol levels, atorvastatin also has cholesterol-independent 
pleiotropic biological effects, and its neuroprotection effects have received increasing atten-
tion, in particular. Hong et al. (2006) pretreated SD rats with 10 mg/kg atorvastatin three times 
before cerebral ischemia-reperfusion, and found that atorvastatin could protect the ischemic 
penumbra of nerve cells by inhibiting NADPH oxidase-derived superoxide, thereby reducing 
the infarct volume. Furthermore, Cui et al. (2010) administered atorvastatin to rats with acute 
phase cerebral ischemia and found that the blood brain barrier permeability of rats signifi-
cantly increased, brain edema decreased, infarct volume decreased. In addition, the protective 
mechanism was found to be associated with the reduction in the expressions of 12/15-LOX, 
p38MAPK, and cPLA2 by immunohistochemistry, RT-PCR, and Western blot analysis, which 
showed dose-dependent effects. The protective effect of atorvastatin on ischemic brain tissues 
was also associated with p120 increase, expression of aN-interlink synaptic adhesion protein, 
and improvement in synaptic plasticity (Céspedes-Rubio et al., 2010). These studies evaluated 
the short-term effects of atorvastatin, whereas Yrjanheikki et al. (2005) observed permanent 
middle cerebral artery occlusion of a rat group and found that atorvastatin still had a neuropro-
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tective effect after 21 days. These studies demonstrated that atorvastatin had a definite protec-
tive effect on ischemic brain tissues at different levels. However, previous studies have mainly 
concentrated on the expression of cytoplasm proteins, and few have investigated the influence 
of atorvastatin on cerebral ischemia-reperfusion injury in rats at the subcellular organelle (i.e., 
mitochondria, endoplasmic reticulum, Golgi apparatus) level.

In this study, after cerebral ischemia for 2 h and reperfusion for 72 h and HE staining, 
the morphological changes of nerve cells in the I/R group were reduced compared to those 
in the atorvastatin intervention group, which confirmed the neuroprotective effect of atorvas-
tatin in ischemia-reperfusion brain tissues shown in previous studies (Yrjanheikki et al., 2005; 
Hong et al., 2006; Céspedes-Rubio et al., 2010; Cui et al., 2010). We found that the apoptosis 
rate of the atorvastatin intervention group was significantly reduced compared with that of the 
I/R group by TUNEL staining, suggesting that the neuroprotective effect of atorvastatin was 
related to cell apoptosis inhibition.

Previous studies have shown that the effect of apoptosis is influenced by various factors, 
including the membrane receptor pathway, the mitochondrial pathway, protease B particles, and 
the endoplasmic reticulum pathway (Łabedzka et al., 2006). In the cellular environment, the 
combination of the endogenous pathway and the extrinsic pathway could consequently cause a 
series of pathophysiological changes. The intrinsic pathway is mainly triggered by mitochon-
dria. Mitochondria not only generate the necessary ATP to maintain ion pump function and 
to ensure stability of the internal environment, but also play important roles in physiological 
cellular signal transduction and pathophysiological events (Cai et al., 1998; Ichas and Mazat, 
1998). After cerebral ischemia-reperfusion, due to the release of inflammatory mediators and 
oxygen-free radicals, the toxic effects of excitatory amino acids, calcium overload, apoptotic 
gene activation, and a series of other rapid cascades of the intracellular environment, the nerve 
becomes disordered, thus promoting the apoptosis pathway of mitochondria.

MPTP is a transmembrane channel protein, which is essentially located between the 
inner and outer mitochondrial membrane. The key point of the information exchange within 
and outside of the mitochondria mainly involves non-selective complexes including the volt-
age-dependent anion channel, adenylate transposons, constitutive cyclophilin D, and other 
substances, which are sometimes referred to as mitochondrial irritant-receptors (Javadov et 
al., 2011). The periodic opening plays an important role in maintaining the steady state and 
electrochemical balance of mitochondria. MPTP in the inner mitochondrial membrane protein 
is activated upon oxidative stress or calcium overload, resulting in the uncoupling of oxida-
tive phosphorylation, osmotic swelling, and rupture of the outer mitochondrial membrane, 
thereby releasing large amounts of Cyt C (Halestrap et al., 2000). Cyt C is a water-soluble 
protein located in the outer mitochondrial intima among the respiratory chain complex III-IV, 
and plays an important role in mitochondrial energy metabolism as an electron transfer carrier 
of the respiratory chain (Lenaz and Genova, 2010). Cyt C binds to apoptosis activating fac-
tor-1 (Apaf-1) after being released into the cytoplasm and forms a composite body (molecular 
weight, 700-1400 x 103), which then activates Caspase-9, forming a Cyt C/Apaf-1/Caspase-9 
complex, i.e., the apoptotic body complex. With the reduction or dysfunction of Cyt C, the 
mitochondrial respiratory chain becomes disrupted, and ATP synthesis is decreased, eventu-
ally leading to cell death (Li et al., 1997). According to the degree of MPTP opening and the 
release rate of Cyt C, the cell death mode was divided into rapid necrosis (-ATP) or delayed 
apoptosis (+ATP) (Orrenius, 2004; Saikumar et al., 2007). Therefore, in the process of brain 
tissue ischemia-reperfusion injury, the cell death mode can be changed by inhibiting the MPTP 
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opening, reducing the release of Cyt C, and inhibiting the formation of the apoptotic body 
complex, which may ultimately save the cells close to death. In this study, atorvastatin was 
found to inhibit CaCl2-induced MPTP swelling by treating the cerebral tissues after ischemia-
reperfusion and to increase the experimental absorbance values of the I/R group. In addition, 
the release of cytoplasmic Cyt C also decreased compared to that of the I/R group, suggesting 
that atorvastatin had effects on specific sites of the MPTP through the blood brain barrier, 
changed the permeability of the mitochondrial transmembrane channels, inhibited mitochon-
drial swelling, and thereby protected mitochondrial structure and function and reduced the 
pathway of cell apoptosis in mitochondria.

Together, these results suggest that atorvastatin could inhibit neuronal apoptosis and 
reduce the ischemia-reperfusion injury of brain tissues, and that the mechanism may be associ-
ated with the blocking of the MPTP opening and the consequent reduction of Cyt C release. 
Due to the complex apoptosis pathway involving several interweaving and intercommunicat-
ing factors, the investigation of changes in other subcellular organelles and apoptotic factors 
may contribute to further understanding of the acting mechanism of atorvastatin.
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