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Introduction

Abstract

Cerebral ischemia triggers secondary ischemia/reperfusion injury and endoplasmic reticulum
stress initiates cell apoptosis. However, the regulatory mechanism of the signaling pathway
remains unclear. We hypothesize that the regulatory mechanisms are mediated by the protein
kinase-like endoplasmic reticulum kinase/eukaryotic initiation factor 2a in the endoplasmic
reticulum stress signaling pathway. To verify this hypothesis, we occluded the middle cere-
bral artery in rats to establish focal cerebral ischemia/reperfusion model. Results showed that
the expression levels of protein kinase-like endoplasmic reticulum kinase and caspase-3, as
well as the phosphorylation of eukaryotic initiation factor 2a, were increased after ischemia/
reperfusion. Administration of atorvastatin decreased the expression of protein kinase-like
endoplasmic reticulum kinase, caspase-3 and phosphorylated eukaryotic initiation factor 2a,
reduced the infarct volume and improved ultrastructure in the rat brain. After salubrinal, the
specific inhibitor of phosphorylated eukaryotic initiation factor 2a was given into the rats in-
tragastrically, the expression levels of caspase-3 and phosphorylated eukaryotic initiation factor
2a in the were decreased, a reduction of the infarct volume and less ultrastructural damage
were observed than the untreated, ischemic brain. However, salubrinal had no impact on the
expression of protein kinase-like endoplasmic reticulum kinase. Experimental findings indi-
cate that atorvastatin inhibits endoplasmic reticulum stress and exerts neuroprotective effects.
The underlying mechanisms of attenuating ischemia/reperfusion injury are associated with
the protein kinase-like endoplasmic reticulum kinase/eukaryotic initiation factor 2a/caspase-3
pathway.
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mic reticulum stress, namely protein kinase-like endoplas-

Cerebral infarction leads to the necrosis of brain cells and
loss of neurological function. Recent discoveries suggest that
endoplasmic reticulum stress is closely involved in apoptosis.
The endoplasmic reticulum is an organelle responsible for
protein folding, homeostasis and lipid synthesis. Its func-
tions are influenced by a variety of factors, including oxida-
tive stress, ischemia and electrolyte imbalance (Gargalovic
et al., 2006; Zhang and Kaufman, 2006; Hotamisligil, 2010;
Chen and Brandizzi, 2013; Mandl et al., 2013). These factors
contribute to the accumulation of unfolded and misfolded
proteins within the endoplasmic reticulum, trigger endoplas-
mic reticulum stress (Walter and Ron, 2011; Lu et al., 2014;
Pincus et al., 2014), induce pro-apoptotic transcription fac-
tor C/EBP homologous protein, and activate C-JNK kinase,
cleavage apoptotic protein 12 and caspase-3 (Bernales et al.,
2006; Xu et al., 2013; Yang et al., 2014b), ultimately trigger-
ing cell apoptosis or death.

There are three signaling pathways involved in endoplas-

mic reticulum kinase (PERK), inositol-requiring kinase 1
and activating transcription factor 6 (Oyadomari and Mori,
2003; Senkal et al., 2010; Hetz et al., 2011; Mei et al., 2013;
Sone et al., 2013). PERK is a serine/threonine kinase and
can be activated by endoplasmic reticulum stress (Schroder
and Kaufman, 2005; Malhotra and Kaufman, 2007; Clarke
et al., 2012; Gardner et al., 2013; Liu et al., 2013; Sano and
Reed, 2013). In addition, PERK phosphorylates eukaryotic
initiation factor 2a (elF2a), thereby blocking the mRNA
translation process (Prostko et al., 1992; Kaufman, 1999).
Caspase-3 is one of the key enzymes leading to cell apop-
tosis and one of the crucial downstream factors executing
the apoptotic program (Nakagawa et al., 2000; Zhang et
al., 2012; Seo et al., 2014). Therefore, we hypothesize that
endoplasmic reticulum stress-caused apoptosis after isch-
emia/reperfusion is associated with caspase-3 and that the
PERK/elF2a/caspase-3 pathway underlies the mechanism
of injury.
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Other evidence shows that fluvastatin inhibits the macro-
phage apoptosis caused by hypoxia and that the underlying
mechanisms are associated with the inhibition of endoplas-
mic reticulum stress and apoptosis of endothelial cells (Bao
et al., 2009). Atorvastatin has a similar molecular structure to
fluvastatin, and is a competitive inhibitor of hydroxymeth-
ylglutaryl-coenzyme A reductase (Chen et al., 2006; Qi et
al., 2013). In this study, we hypothesize that atorvastatin
can inhibit the hypoxia-caused apoptosis, attenuate cerebral
ischemia/reperfusion injury, and exert neuroprotective ef-
fects through the endoplasmic reticulum stress pathway. The
present study aims to explore the underlying mechanism of
atorvastatin in endoplasmic reticulum stress following isch-
emia/reperfusion injury.

Materials and Methods

Establishing cerebral ischemia/reperfusion model

Sixty clean, healthy, male Sprague-Dawley rats, aged 10
weeks and weighing 189 £ 9 g, were provided by the Animal
Laboratory at Xiangya School of Medicine, Central South
University (Changsha, Hunan Province, China; license No.
SYXK (Xiang) 2013-001). The laboratory conditions were
controlled between 40% and 70% humidity and at 20-25°C
temperature with a 12-hour day/night cycle. The indoor
wind speed was 0.1-0.2 m/s. All experimental protocols
were approved by the Experimental Ethics Committee of
Mawangdui Hospital of Hunan Province in China. Rats were
randomly divided into four groups: sham, ischemia/reperfu-
sion, atorvastatin and atorvastatin + salubrinal. Each group
contained 15 rats.

The rat model of focal cerebral ischemia/reperfusion was
established in rats of ischemia/reperfusion, atorvastatin
and atorvastatin + salubrinal groups. Briefly, Sprague-Daw-
ley rats were anesthetized with 10% chloral hydrate (350
mg/kg). After the right common carotid artery was exposed
through a midline neck incision, the common carotid
artery, external carotid artery and internal carotid artery
were carefully separated from the adjacent tissue and vagus
nerve. A gap was made 2 cm lateral to the bifurcation of
the external carotid artery adjacent to the common carotid
artery and a monofilament was advanced into the internal
carotid artery to a depth of 18.5 = 1.0 mm, until it blocked
the blood flow to the middle cerebral artery. At 2 hours
after occlusion, the nylon suture was withdrawn to realize
reperfusion and the wounds were sutured. Sham-operated
animals were prepared in the same way without carotid oc-
clusion.

Drug administration

Rats in the atorvastatin and atorvastatin + salubrinal group
were given atorvastatin (5 mg/kg, tablets; Dalian Pfizer, Da-
lian, Liaoning Province, China) dissolved in 2 mL warm water
before intragastrical administration. Rats in the atorvastatin
+ salubrinal group were given elF2a specific inhibitor, salu-
brinal (11.2 mg/kg, intragastrically; ApexBio Technology LLC,
Houston, TX, USA), 2 hours after atorvastatin administration,
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once per day, from preoperative 1 day to postoperative 3 days
(Teng et al., 2014). Rats in the sham and ischemia/reperfusion
groups were injected with 2 mL of distilled water.

TTC staining of brain infarct volume

At 3 days after cerebral ischemia/reperfusion induction,
rats were anesthetized with 10% chloral hydrate and brain
tissue was fixed with 4% paraformaldehyde. Then rats
were rapidly decapitated and the brain tissue was sliced
into 2-mm-thick sections. These sections were incubated
in 2% TTC buffer at 37°C in the dark for 30 minutes, then
fixed in PBS. Images were captured and analyzed using a
HMIAS-2000 high-resolution color image analysis system
(Jinma Medical Devices Co., Ltd., Xi’an, Shaanxi Province,
China). Brain infarct volume (percentage of total brain vol-
ume, %) was measured.

Transmission electron microscopy observation of the
ultrastructure of the rat brain

At 3 days after cerebral ischemia/reperfusion induction, rats
were decapitated under 10% chloral hydrate anesthesia and
brain tissue was fixed with 4% paraformaldehyde and pre-
fixed in 2.5% glutaraldehyde-PBS overnight, then rinsed
with 0.1 M PBS three times and post-fixed with 1% osmium
tetroxide. Subsequently, sections were dehydrated, immersed,
embedded, polymerized and trimmed, and observed under
transmission electron microscope (HT7700, Hitachi, Tokyo,
Japan).

Western blot analysis of PERK, phosphorylated eIF2a and
caspase-3 expression in rat brain tissue infarction side

At 3 days after cerebral ischemia/reperfusion induction,
rats were polyving sacrificed under 10% chloral hydrate
anesthesia, and the brain tissue from the affected side was
minced and mixed with modified RIPA lysis buffer. The tis-
sue samples obtained were homogenized and centrifuged at
0°C and the supernatants were divided into small aliquots
and stored at —80°C after the precipitates were discarded.
200-ug samples were electrophoresed on a sodium dodecyl
sulfate/polyacrylamide gel, in a stacking gel at 80 V and a
separating gel at 120 V, and proteins were transferred onto a
polyvinylidene difluoride membrane through a semi-drying
process. The membrane was blocked with western blocking
solution at room temperature for 3 hours, and incubated
with rabbit anti-PERK, rabbit anti-phosphorylated elF2a,
rabbit anti-caspase-3 and p-actin polyclonal antibodies
(1:4,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at 4°C overnight. Then the membrane was rinsed and in-
cubated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (1:2,000; Santa Cruz Biotechnology) at
room temperature for 2 hours. After 1-hour hybridization,
tissues were rinsed and developed. The optical density was
measured using LS117 densitometer (Shenzhen Jinpengc-
heng Software Technology Co., Ltd., Shenzhen, Guangdong
Province, China). The expression levels of target proteins
were expressed as the ratio of target protein optical density
to B-actin optical density.



Yang JW, et al. / Neural Regeneration Research. 2015;10(8):1239-1244.

Statistical analysis

Data were processed using SPSS 16.0 software (SPSS, Chicago,
IL, USA) and expressed as the mean *+ SD. The difference
between groups was compared with one-way analysis of
variance followed by the least significant difference test. A P
< 0.05 value was considered statistically significant.

Results

Atorvastatin decreased brain infarct volume in rats with
cerebral ischemia/reperfusion injury

TTC staining results showed that no infarction was detected
in the sham-operated rats; cerebral infarction was visible in
the rats from the cerebral ischemia/reperfusion group. Com-
pared with the ischemia/reperfusion group, brain infarct
volumes in the atorvastatin and atorvastatin + salubrinal
groups were significantly reduced (P < 0.05; Figure 1).

Atorvastatin improved ultrastructure of brain tissue in
rats with cerebral ischemia/reperfusion injury

Under transmission electron microscopy, we found that
brain tissue in the sham-operated rats was normal in the
ischemia/reperfusion group of rats, the mitochondria, Gol-
gi complex and endoplasmic reticulum were swollen with
some vacuoles and debris, mitochondria were unclear or had
disappeared, and nuclear membrane depression and nuclear
enrichment were observed. In the atorvastatin and atorvas-
tatin + salubrinal groups, the mitochondria, Golgi complex
and endoplasmic reticulum were swollen in the brain tissue
at the infarction side, but their structure was intact and no
nuclear condensation was found (Figure 2).

Atorvastatin reduced caspase-3, phosphorylated eIF2a

and PERK expression in infarcted brain tissue of rats with
cerebral ischemia/reperfusion injury

Western blot assay results showed that ischemia/reperfusion
injury obviously increased protein expression of PERK,
caspase-3 and phosphorylated elF2a in rats compared with
the sham-operated rats (P < 0.01). Atorvastatin significantly
decreased protein expressions of PERK, caspase-3 and phos-
phorylated elF2a in rat brain tissue (P < 0.05). Salubrinal, a
specific inhibitor of elF2a acidification, significantly inhib-
ited elF2a protein phosphorylation and caspase-3 activity
in the brain tissue of rats with cerebral ischemia/reperfusion
injury (P < 0.05), but had no impact on PERK expression (P
> 0.05; Figure 3).

Discussion

PERK is a serine-threonine kinase that phosphorylates elF2a
after stress (Lee and Kim, 2013), thereby blocking the mRNA
translation, such as activating transcription factor 4, inducing
unfolded protein response-related genes, and reducing the un-
folded protein levels. Caspase-12 has been shown to be highly
involved in the process of endoplasmic reticulum stress (Ma
and Hendershot, 2001; Morishima et al., 2002; Li et al., 2010;
Walter and Ron, 2011), which triggers caspase-12 precursor
cleavage and activation, and further stimulates caspase-12
and other factors to promote the mitochondrial-dependent

cell death. Caspase-3 is one of the key enzymes and major
executors leading to cell apoptosis, but it cannot be activated
by autocatalysis or self-splicing. Little research has focused
on the PERK/elF2a/caspase-3 pathway. The present study
found that in the brains of the cerebral ischemia/reperfu-
sion injured rat group, necrotic cells and swelling organelles
were observed under the electron microscope; western blot
assay results showed that PERK protein expression, elF2a
dephosphorylation and caspase-3 activity were all increased,
indicating apoptosis. When the necrosis occurred, endo-
plasmic reticulum stress was activated, including PERK; at
the same time elF2a phosphorylation was enhanced, which
blocked the protein translation process; caspase-3, an apop-
tosis factor, was also initiated. The correlation of endoplas-
mic reticulum stress, elF2a phosphorylation and caspase-3
activity after cerebral ischemia/reperfusion deserves further
exploration. In this study, we found that salubrinal adminis-
tration decreased caspase-3 activity and accordingly inhibit-
ed cell apoptosis, but it had no impact on PERK. Therefore
we hypothesized that the PERK/elF2a/caspase-3 pathway is
involved in the apoptotic pathway. C/EBP homologous pro-
tein is the most studied molecule among the endoplasmic
reticulum-mediated apoptosis signaling molecules. The
pro-apoptotic mechanism of C/EBP homologous protein
largely depends on activating transcription factor 4 and ac-
tivating transcription factor 6 (Zhu et al., 2012) and is also
mediated by the transcriptional inhibition and activation
of Bcl-2 family proteins, thereby inhibiting the expression
of anti-apoptotic Bcl-2 proteins (Weston and Puthalakath,
2010). Previous studies have highlighted the contribution
of PERK/elF2a/activating transcription factor 4 in C/EBP
homologous protein protein expression; the activated PERK
signaling pathway can protect cells and prolong cell sur-
vival through inhibiting protein synthesis at the early stage
of endoplasmic reticulum stress, but as the endoplasmic
reticulum stress time is prolonged, PERK induces C/EBP
homologous protein expression and promotes apoptosis
(Porter and Jinicke, 1999; Salakou et al., 2007; Park et al.,
2014; Trivedi et al., 2014; Wang et al., 2014). Increasing evi-
dence from previous research demonstrated that endoplas-
mic reticulum-associated kinase plays an important role in
apoptosis, and a variety of pathways and factors associated
with endoplasmic reticulum stress contribute to apoptosis.
Our findings indicate that endoplasmic reticulum stress is
involved in apoptosis through the PERK/elF2a/caspase-3
pathway.

N-terminal glucose-regulated protein is responsible for
the mechanism of fluvastatin reducing the hypoxia-caused
apoptosis in macrophages and inhibits PERK phosphory-
lation that follows endoplasmic reticulum stress (Hayashi
et al., 2003; Jia et al., 2012; Yang et al., 2014a). Atorvastatin
can regulate blood lipid levels, exert anti-inflammatory and
anti-oxidative effects, significantly reduce the incidence and
mortality of cerebrovascular diseases, and block HMG-CoA
reduction of mevalonic acid. Mevalonic acid is a precursor for
the synthesis of geranylgeranyl pyrophosphate and farnesyl
pyrophosphate, which are involved in immune regulation and
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Figure 1 Effect of atorvastatin on brain infarct volume of rats with
cerebral ischemia/reperfusion injury.

(A-D) Infarct volume was measured by TTC staining: normal brain
tissue was red and infarcted tissue was white. (A) Sham group; (B)
ischemia/reperfus group; (C) atorvastatin group; (D) atorvastatin + sa-
lubrinal group. (E) Quantitative analysis of brain infarct volume in the
rat brain. Data are represented as the mean = SD (# = 15 rats in each
group). The differences among groups were compared with one-way
analysis of variance followed by the least significant difference test. *P
< 0.05, vs. I; #P < 0.05, vs. II. I: Sham group; II: ischemia/reperfusion
group; III: atorvastatin group; IV: atorvastatin + salubrinal group.

Figure 2 Effect of atorvastatin on the ultrastructure of neurons in infarcted brain tissue of rats with cerebral ischemia/reperfusion injury
(transmission electron microscopy, X 20,000).
Neuronal damage was most obvious in the ischemia/reperfusion group, showing the swelling, vacuoles and debris of mitochondria, Golgi complex
and endoplasmic reticulum (arrows), unclear or disappeared mitochondria, and nuclear enrichment. (A) Sham group; (B) ischemia/reperfusion
group; (C) atorvastatin + salubrinal group; (D) atorvastatin group.

apoptosis (Chen et al., 2008; Qian et al., 2011). Therefore,
we speculate that atorvastatin may interfere with endoplas-
mic reticulum stress-mediated apoptosis. In the present
study, results from the atorvastatin-only intervention found
that it attenuated the organelle swelling and necrosis, and
decreased PERK protein expression, elF2a dephosphoryla-
tion and caspase-3 activity. Previous studies mainly focus
on the effects of atorvastatin on regulating blood lipid,
reducing inflammation and preventing atherosclerosis pro-
gression (Gleissner et al., 2007; Vilahur et al., 2009) rather
than investigating anti-apoptosis or protection from isch-
emia-caused neuronal cell death. Our experimental find-
ings indicate that atorvastatin could prevent apoptosis and
attenuate nerve cell injury by acting through the PERK/
elF2a/caspase-3 pathway.
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the final version of the paper.
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SD (n = 15 rats per group). The difference among groups was compared using one-way analysis of variance followed by the least significant differ-
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factor 2a; I: sham group; II: atorvastatin + salubrinal group; III: ischemia/reperfusion group; IV: atorvastatin group.
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