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OBJECTIVE: The purpose of this study was to investigated whether pretreated
with Atorvastatin be helpful in diabetic or wild-type mice, and clarify the possible
mechanisms.
METHODS: C57/B6 and ob/ob mice treated with atorvastatin or not were
subjected to middle cerebral artery occlusion (MCAO), which were killed after
2h of occlusion following by 22h of reperfusion. We used Neurological Severity
Scores (NSS) to assess the severity of brain injury, and TTC staining was used
to measure the infraction volume. Protein levels of PGC-1α, vascular endothelial
growth factor (VEGF), angiopoietin-1 (Ang-1), Bcl2, Bax and signaling pathway
protein of mitogen-activated protein kinase (MAPK) were estimated by western
blot.
RESULTS: Atorvastatin could slake the cerebral ischemic/ reperfusion injury in
ob/ob diabetic mice, but do nothing on wild-type mice. The expression of PGC-1α
and related angiogenic factors such as VEGF and Ang-1 were lower in the diabetic
mice after MCAO than wild-type, which could be effective reversed by atorvastatin
pretreatment before MCAO. This may be one of the possible mechanisms for
atorvastatin to alleviate ischemic injury. MAPK pathway and apoptosis-related
proteins were also involved in this course.
CONCLUSION: Impaired angiogenesis mediated by PGC-1α plays an important
role in exacerbating ischemic cerebral insults in diabetic mice, and pretreatment
with atorvastatin before MCAO has a protective effect through the regulation of
PGC-1α and angiogenic factors.
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Atorvastatin pretreatment alleviate the ischemic
brain injury linked to peroxisome proliferatoractivated receptor coactivator-1α and angiogenic
factors in diabetic mice
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INTRODUCTION
Diabetes mellitus (DM) is an independent risk factor
for acute ischemic stroke (AIS). Compared with nondiabetic patients, the incidence of ischemic stroke has
increased by 2–6 times (Sander and Kearney, 2009; Chen
and Ovbiagele et al. 2016). Our previous study found
that diabetics are more prone to posterior circulation
infarction (Luo and Li et al. 2018). in addition to playing
a role in ischemic stroke, DM also affect clinical manifestations. AIS mice with diabetes have severer brain
damage (Tureyen and Bowen et al. 2011). However, the
internal mechanism responsible is unclear.
Many factors are involved in the development and
prognosis of AIS. Angiogenesis is one of the important
factors, which has been shown to be critical in improving
neurological functional recovery after stroke. Early
angiogenesis after AIS can save the neurons on the verge
of avascular necrosis (Hayashi and Deguchi et al. 2006;
Arai and Jin et al. 2009; Beck and Plate, 2009; Zhang and
Chopp, 2009). The level of angiogenesis depends on the
stimulation of angiogenic factors, the most important
of which are vascular endothelial growth factor (VEGF)
and angiopoietin-1 (Ang-1). VEGF is a highly specific
pro-vascular endothelial growth factor discovered in
recent years. In addition, VEGF therapy could increase
the angiogenesis and decrease the infarction volume
(Yang and Liu et al. 2009; Manuel and Johnson et al.
2017). Previous studies have demonstrated angiogenesis damage in type 2 diabetic rats after transient focal
ischemia, and the extent is related to VEGF levels (Zhu
and Bi et al. 2010). Reduced VEGF and Ang-1 levels
were also observed in a streptozotocin-induced diabetic
mouse model (Poittevin and Bonnin et al. 2015). But it
is still unknown if there is any correlation between the
angiogenesis and exacerbated brain damage in diabetic
ischemic stroke.
Angiogenesis is regulated by many cell factors,
including VEGF, Ang-1, and angiostatin, and peroxisome proliferator-activated receptor coactivator 1α
(PGC-1α) might be their upstream regulator (Arany
and Foo et al. 2008; Lu and Zhang et al. 2012; Sawada
and Jiang et al. 2014; Thom and Rowe et al. 2014). Study
published in the journal of Nature showed that PGC-1α
can up-regulate the expression of angiogenic factors
including VEGF and promote the formation of new
blood vessels (Arany and Foo et al. 2008). Statins are
known to have a vasculoprotective role through the
regulation of PGC-1α or angiogenesis. PGC-1α has
been reported to mediate the improvement of retinal
vascular injury in diabetic rats by statins (Zheng and
Chen et al. 2010). Also, atorvastatin could promote the
brain plasticity in mice with stroke via the induction
of VEGF and BDNF expression (Chen and Zhang et al.
2005).
Apoptosis is another important factor in the complex
pathophysiological response of ischemic stroke, in which
the anti-apoptotic gene Bcl-2 and the pro-apoptotic gene
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Bax are involved (Renault and Floros et al. 2015). The
ratio of Bcl-2/Bax reflects the degree of apoptosis, which
will decide the destiny of neurons in ischemic stroke.
There is a range of evidence (Laufs and Gertz et al.
2000; Mayanagi and Katakam et al. 2008; Ouk and
Potey et al. 2014) demonstrating that statins can protect
against ischemic stroke injury, especially in diabetic
individuals (Mayanagi and Katakam et al. 2008).
Diabetes can worsen ischemic cerebral insult, while
statins may play a protective role in the process. The
present study was designed to investigate the following
questions: Firstly, whether PGC-1α and cerebral
angiogenic factors participate in exacerbated ischemic
damage in diabetic mice. Secondly, whether pretreatment with atorvastatin will protect the diabetic mice
from focal cerebral ischemia. Thirdly, if the protection by atorvastatin will be related to an upregulation
of PGC-1α and/or cerebral angiogenesis.

MATERIALS AND METHODS
In vivo experimental protocols
All experimental protocols involving animals were
approved by the Nanjing University Animal Care and
Use Committee. Adult male C57/B6 and ob/ob mice
(aged 8–10 weeks, Model Animal Research Center
of Nanjing University, Nanjing) were housed with food
and water. These two groups were further randomly
subdivided into two groups each: C57/B6 (WT), C57/
B6+atorvastatin (WT+ATOR), ob/ob (OB) and ob/
ob+atorvastatin (OB+ATOR). After their respective
drug treatments, the mice were subjected to transient
focal cerebral ischemia.
Pharmacological treatments
Atorvastatin (Sigma, USA) was dissolved in methanol
(10mg atorvastatin dissolved in 10mL saline with 5μL
methanol) and injected subcutaneously (s.c.) at 72,
48, and 24 hours before middle cerebral artery occlusion (MCAO)(Chen and Zhang et al. 2005; Mayanagi
and Katakam et al. 2008). Methanol was used for the
control group, and injected s.c. at 72, 48, and 24h before
MCAO. The atorvastatin dose of 10 mg/kg was selected
based on previous pretreatment studies of stroke in
mice (Mayanagi and Katakam et al. 2008).
Experimental stroke in mice
Transient focal cerebral ischemia was induced by intraluminal MCAO, as previously described, in spontaneously
breathing mice under sodium pentobarbital anesthesia
(1%, intraperitoneal injection, 45mg/kg) by intraluminal MCAO, as previously described (Xu and Zhang
et al. 2006). Briefly, a midline neck incision was made
under a dissecting microscope, and the right common
carotid artery and external carotid artery (ECA) were
isolated. The ECA was then ligated with 6−0 silk suture,
distal to the carotid bifurcation, and the ECA branch
was cut distal to the ligation point. Another 6−0 silk
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Tab. 1. General features of the experimental MCAO models
Measurements

WT (n=12)

WT+ATOR (n=9)

OB (n=15)

OB+ATOR (n=11)

Weight (g)

18.908±0.795

18.868±1.031

47.740±3.066*

46.755±2.970*

BG (mmol/L)

6.125±2.355

5.411±1.704

15.127±6.782*

9.646±4.086*#

NSS

11.417±0.830

10.556±0.835

13.467±0.456*

11.364±0.472#

*p<0.05 vs WT; #p<0.05 vs OB; BG: blood glucose; WT: wild type mice; OB: ob/ob mice; ATOR: atorvastatin

was tied loosely around the ECA, close to the common
carotid artery. Next, a 6−0 monofilament nylon suture
with a heat-rounded tip was introduced into a small
incision in the ECA and advanced to the origin of the
middle cerebral artery (6 mm from the internal carotid/
pterygopalatine artery). The silk suture around the ECA
stump was tied tightly to prevent bleeding and to secure
the nylon suture. After 2h of occlusion, the filament was
withdrawn to allow for reperfusion, and the animals
were recovered from anesthesia and were kept alive
for a further 22 h. Neurological Severity Scores (NSS,
concluding motor tests, sensory tests, beam balance tests
and reflexes absent and abnormal movements), weight,
and blood glucose were measured and recorded were
taken after the 22h’s recovering, then the animals were
sacrificed. Brains were then removed and either quickly
frozen for protein expression analysis or sliced into 2mm
thick sections for infarct measurement determined by
2, 3, 5-triphenyltetrazolium chloride (TTC) histology.
Infarct volume in all slices was expressed as a percentage

of the contralateral hemisphere after correcting for
edema.
Western blot analysis
Western blot was performed as previously described
(Luo, Zhu et al. 2009). The cell pellet was lysed on ice in
100μl of a chilled hypotonic lysis solution (20mMTris
(pH7.5), 4mM (pH8.0), and 2% SDS). After a 30min
incubation on ice, the cell lysates were centrifuged
at 8000×g for 20min. The supernatant was collected
in a microcentrifuge tube, and protein concentration
was determined using the BCA method (Pierce, USA).
For electrophoresis, equal amounts of proteins (80μg)
were loaded onto 10% SDS-PAGE gels. After electrophoresis, protein bands were transferred to nitrocellulose membranes. Blots were blocked for 90min with
TBS containing 0.1% Tween-20 (TBST) and 5% non-fat
dry milk powder at room temperature and incubated
overnight with PGC-1α, VEGF, Ang-1, Bcl-2, or Bax
antibodies (1:500, Santa Cruz Biotechnology, USA) in

Fig. 1. Impact of DM on ischemic cerebral insult and intervening effect of atorvastatin (A: TTC; B:
volume of infarction; WT: wild type mice, n=6; WT+ATOR: wild type mice+atorvastatin, n=3; OB: ob/
ob mice, n=6; OB+ATOR: ob/ob mice+atorvastatin, n=5; *p<0.05 vs WT; #p<0.05 vs OB)
Neuroendocrinology Letters Vol. 42 No. 5 2021 • Article available online: www.nel.edu

333

Luo et al: Atorvastatin pretreatment alleviate the ischemic brain injury linked to peroxisome proliferator-activated receptor coactivator-1α

TBST containing 5% non-fat milk powder. Membranes
were then washed with TBST and then incubated with
corresponding HRP-conjugated IgG antibodies (1:1500,
Santa Cruz Biotechnology, Santa Cruz, USA) for 90min
at room temperature. The immunoblots were visualized using an enhanced chemiluminescence detection
system (NEN, Boston, USA). Blots were then stripped
and reprobed with anti-GAPDH antibody (1:1000,
Santa Cruz Biotechnology, USA). Phospho-specific
antibodies for extracellular signal-regulated kinase
(ERK), P38, and c-Jun N-terminal kinase or stress-activated protein kinases (JNK or SAPKs; Cell Signaling,
Beverly, MA) were used at 1:1000 dilution in TBST
containing5% non-fat dry milk powder overnight at
4°C with mild agitation. Total ERK, P38, and JNK levels
were measured with anti-p42/44 mitogen-activated
protein kinase (MAPK), anti-p38 MAPK, and anti-JNK
MAPK antibody (1:1000 dilution, Cell Signaling).
Statistical analyses
Statistical analyses were performed using SPSS 13.0 software. Comparisons were made using one-way ANOVA
and unpaired two-tailed t-tests, and the results were
expressed as mean ± SEM for the continuous variables
with normal distributions. For statistical purposed, the
level of significance was set at p<0.05.

RESULTS
Baseline characteristics
Wild-type or diabetic mice were randomly designated
to either the WT group (wild-type mice receiving
MCAO), WT+ATOR group (wild-type mice receiving
MCAO and atorvastatin), OB group (diabetics mice
receiving MCAO), and OB+ATOR group (diabetics
mice receiving MCAO and atorvastatin). Blood glucose
levels in the OB group were higher than that in the WT
group, and the weight of mice in the OB group was
also higher than in the WT group. When atorvastatin
was used in the ob/ob mice before MCAO, the blood
glucose levels were significantly lower than ob/ob mice
that did not receive pretreatment. Atorvastatin treatment had no significant impact on the weight in ob/

ob or wild-type mice. We also detected mouse neurological deficits in mice at 22 h post-MCAO using NSS.
The NSS of ob/ob mice were significantly higher than
that of wild-type mice (NSS: 13.5 in OB group vs. 11.4
in WT group, p<0.05), and this kind of trend could be
effectively reversed by atorvastatin pretreatment in the
ob/ob mice (NSS: 11.4 in OB+ATOR group vs. 13.5 in
OB group, p<0.05; Table 1).
Atorvastatin protected against ischemic injury
in diabetic mice
TTC stains were performed at 22 hours after MCAO,
and demonstrated that the infarct volume in ob/ob
mice was significantly higher than in wild-type mice
(34.8% in OB group vs.19.7% in WT group, p<0.05),
and this trend could be effectively reversed with
atorvastatin pretreatment in ob/ob mice (23.3% in
OB+ATOR group vs.34.8% in OB group, p<0.05). The
infarct volume and NSS results suggest that atorvastatin
could have a protective role in cerebral ischemia just in
diabetic mice. As shown in Table 1 and Figure 1, there
were no significant differences in NSS score and infarct
volume between the WT group and WT+ATOR groups
(NSS: 11.4 in WT group vs. 10.6 in WT+ATOR group,
p>0.05; Infarct volume: 19.7% in WT group vs.21.1% in
AT+ATOR group, p>0.05).
Atorvastatin increased PGC-1α expression
downregulated by DM
The expression of PGC-1α was downregulated in ob/
ob mice compared with wild-type mice (46.7% in OB
group vs.100% in WT group, p < 0.05), but atorvastatin
pretreatment could increase its expression in ob/ob
mice (62.8% in OB+ATOR group vs.46.7% in OB group,
p < 0.05; Fig. 2).
Angiogenic factors participated in the protective role
of atorvastatin in cerebral ischemic insult
The expression of angiogenic factors such as Ang-1
and VEGF was significantly lower in ob/ob mice
than in wild-type mice after MCAO (p < 0.05). With
atorvastatin pretreatment in ob/ob mice, Ang-1 and
VEGF expression were significantly upregulated

Fig. 2. Change of PGC-1α in diabetic mice after MCAO and intervening effect of atorvastatin (A: western-blot; B: gray value; WT: wild type
mice; OB: ob/ob mice; ATOR: atorvastatin; n=6; *p<0.05 vs WT; #p<0.05 vs OB)
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Fig. 3. Change of MAPK signaling pathway protein in diabetes with MCAO (A: western-blot; B: gray value; WT: wild type mice; OB: ob/ob
mice; ATOR: atorvastatin; n=6; #P<0.05 vs OB)

(p < 0.05). In addition, the expression level of VEGF in
the OB+AROT group was significantly higher than that
of WT group (p < 0.05; Fig. 3).
The MAPK signaling pathway mediated the protective
role of atorvastatin in cerebral ischemic insult
The expression of p-JNK/ t-JNK was significantly
lower in ob/ob mice than wild-type mice after MCAO
(p < 0.05), and this level was significantly upregulated in
the OB+ATOR group (p<0.05). But there were no significant differences among the WT, OB and OB+ATOR
groups in p-P38/ t-P38 and p-ERK/ t-ERK (Fig. 4).
Apoptosis-related proteins participated in the protective
role of atorvastatin in cerebral ischemic insult
The expression of Bcl-2 in ob/ob mice was significantly
lower than wild-type mice after MCAO (p < 0.05). This

expression was significantly upregulated (p < 0.05) when
atorvastatin was administered to ob/ob mice before
MCAO. Bcl-2 expression in the OB+ATOR group was
even higher than that in the WT group (p < 0.05). In
contrast, there were no significant differences in Bax
among these three groups (Fig. 5).

DISCUSSION
We demonstrate for the first time that pretreatment
with atorvastatin in diabetic mice would alleviate ischemic brain injury linked to PGC-1α and angiogenic
factors in diabetic mice. The therapeutic benefits found
in our study may likely be correlated with angiogenesis.
Statins have been used prophylactically in the rodent
model to effectively treat ischemic stroke (Endres and
Laufs et al. 1998). Li Zhang’s data demonstrate that

Fig. 4. Change of angiogenic factors in diabetic mice after MCAO and intervening effect of atorvastatin (A: western-blot; B: gray value; WT:
wild type mice; OB: ob/ob mice; ATOR: atorvastatin; n=6; *P<0.05 vs WT; #P<0.05 vs OB)
Neuroendocrinology Letters Vol. 42 No. 5 2021 • Article available online: www.nel.edu
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Fig. 5. Change of apoptosis related proteins in diabetic mice after MCAO and intervening effect of atorvastatin (A: western-blot; B: gray
value; WT: wild type mice; OB: ob/ob mice; ATOR: atorvastatin; n=6; *P<0.05 vs WT; #P<0.05 vs OB)

administration of atorvastatin after stroke reduced
injury by enhancement of cerebral microvascular
patency and integrity (Endres and Laufs et al. 1998).
More serious brain damage in the diabetic mouse after
MCAO has been observed in previous research studies
(Kumari and Willing et al. 2007; Tureyen and Bowen
et al. 2011; Wei and Yu et al. 2013), which was also
confirmed in our study. In the model of embolic stroke
in our study, prophylactically using atorvastatin could
effectively alleviated ischemic insult. We found that
atorvastatin increased the expression of PGC-1α downregulated in ob/ob mice. This means that impaired
angiogenesis mediated by PGC-1α may be important in
the exacerbation of cerebral ischemic insult in diabetic
individuals, so we wonder to know whether the protective effect of atorvastatin on ischemic insult is also
protected by the up-regulation of PGC-1α.
PGC-1α is a kind of multifunctional auxiliary activator. It can regulate VEGF and angiogenesis (Arany
and Foo et al. 2008; Lu and Zhang et al. 2012; Sawada
and Jiang et al. 2014; Thom and Rowe et al. 2014),
which indicates that PGC-1α is an upstream regulatory
factor for angiogenesis. To investigate whether PGC-1α
participates in the regulation of impaired angiogenes is
observed in ob/ob mice after MCAO, we detected the
expression of PGC-1α and angiogenic factors. It was
observed that the expression of PGC-1α in ob/ob mice
was significantly lower than that in wild-type mice, and
so was the angiogenic factors. Up-regulation of PGC-1α
protects the cortical neurons against oxygen-glucose
deprivation/reperfusion injury (Luo and Zhu et al.
2009). Lower PGC-1α in ob/ob diabetic mice inhibits
angiogenic factors expression, and impaired angiogenesis leads to a worse prognosis in post-MCAO diabetic
mice.
Our data have shown that prophylactically treatment
with atorvastatin in ob/ob mice had less focal cerebral
ischemic damage. It is a kind of statin, a lipid-lowering
agent, possesses various pleiotropic vasculoprotective
effects and can regulate PGC-1αexpression (Zheng and
Chen et al. 2010; Gao and Ni et al. 2012). Consisted
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with this result, present study found pretreatment
with atorvastatin can increase the expression levels
of PGC-1α and angiogenic factors in ob/ob mice, which
further confirmed the role of PGC-1α in angiogenesis.
There is an interesting result in this study that there
were no significant differences in NSS score and infarct
volume between the WT and WT+ATOR group. We
considered that may due to the small amount of data,
but the advantage of using atorvastatin pretreatment
with a lower NSS score has been shown. Also, this
would further to speculate that neuroprotective effect
after stroke of atorvastatin is more pronounced in
diabetic mice.
Previous studies have shown that the MAPK
signaling pathway participates in PGC-1αregulation
(Luo and Zhu et al. 2009; Gao and Ni et al. 2012). The
main members of the MAPK family include ERK, P38,
and JNK. In general, ERK is primarily involved in the
regulation of cell growth and differentiation, and P38
and JNK play important roles primarily in inflammatory, apoptosis and stress response. However, the MAPK
signaling pathway can promote vascular endothelial cell
proliferation and neovascularization under pathological conditions (Chen and Ramakrishnan et al. 2013).
In the present study, only the JNK pathway was found
to be involved in PGC-1α-mediated angiogenesis. This
pathway may regulate the expression of PGC-1α, which
then has an impact on angiogenesis.
PGC-1α reduced the expression of apoptosis-related
protein Bcl-2 through JNK pathway (Fernandes and
Bonetto et al. 2015). A decreased ratio of Bcl-2/Bax
in the diabetic mice resulted in a more serious insult,
which was correlated with impaired PGC-1α-mediated
angiogenesis. In our study, there was the same trend in
the JNK pathway whether atorvastatin treatment was
used or not, suggesting that angiogenesis regulated
by the JNK pathway in turn influenced the apoptosisrelated proteins.
Our study was to simply conduct a proof of principle study to demonstrate that atorvastatin increased
PGC-1α expression downregulated by DM. The
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MAPK pathway and apoptosis-related proteins are
also involved in the course of ischemic cerebral insult
in these mice. Atorvastatin applied in advance could
improve the impaired angiogenesis mediated by
PGC-1α, and protected diabetic mice from focal cerebral ischemia injury better. The key target of PGC-1α
and angiogenesis, mediated by atorvastatin, may serve
as an important entry point for protecting diabetic individuals against worsened ischemic stroke injuries.
This study had several limitations. Firstly, we did
not thoroughly study the signal pathway, but simply
verified the phenomenon found. Secondly, the relation
of atorvastatin adverse events in high doses we used are
therefore warranted to do. We required further studies
in larger and deeper to expand the applicability of this
research in the future.

Declaration of conflicting interest
The authors declare that there is no conflict of interest.

Funding
This work was supported by National Natural Science
Foundation of China (81671140) and Nanjing Medical
Science and technique Development Foundation
(QRX17002).
REFERENCES
1

2

3
4

5
6
7

8

9

Arai K, Jin G, Navaratna D, Lo E (2009). Brain angiogenesis in
developmental and pathological processes: neurovascular
injury and angiogenic recovery after stroke. FEBS J 276 (17):
4644-52.
Arany Z, Foo SY, Ma Y, Ruas JL, Bommi-Reddy A, Girnun G,
Cooper M, Laznik D, Chinsomboon J, Rangwala SM, Baek K H,
Rosenzweig A, Spiegelman BM (2008). HIF-independent regulation of VEGF and angiogenesis by the transcriptional coactivator PGC-1alpha. Nature 451 (7181): 1008-12.
Beck H & Plate KH (2009). Angiogenesis after cerebral ischemia.
Acta Neuropathol 117 (5): 481-96.
Chen J, Zhang C, Jiang H, Li Y, Zhang L, Robin A, Katakowski
M, Lu M, Chopp M (2005). Atorvastatin induction of VEGF and
BDNF promotes brain plasticity after stroke in mice. J Cereb
Blood Flow Metab 25 (2): 281-90.
Chen R, Ovbiagele B, Feng W (2016). Diabetes and Stroke: Epidemiology, Pathophysiology, Pharmaceuticals and Outcomes.
Am J Med Sci 351 (4): 380-6.
Chen Y, Ramakrishnan DP, Ren B (2013). Regulation of angiogenesis by phospholipid lysophosphatidic acid. Front Biosci
(Landmark Ed) 18: 852-61.
Endres M, Laufs U, Huang Z, Nakamura T, Huang P, Moskowitz
MA, Liao JK (1998). Stroke protection by 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase inhibitors mediated by endothelial
nitric oxide synthase. Proc Natl Acad Sci U S A 95 (15): 8880-5.
Fernandes RO, Bonetto JH, Baregzay B, de Castro AL, Puukila S,
Forsyth H, Schenkel PC, Llesuy SF, Brum IS, Araujo AS, Khaper N,
Bello-Klein A (2015). Modulation of apoptosis by sulforaphane
is associated with PGC-1alpha stimulation and decreased oxidative stress in cardiac myoblasts. Mol Cell Biochem 401 (1-2):
61-70.
Gao F, Ni Y, Luo Z, Liang Y, Yan Z, Xu X, Liu D, Wang J, Zhu S, Zhu
Z (2012). Atorvastatin attenuates TNF-alpha-induced increase
of glucose oxidation through PGC-1alpha upregulation in cardiomyocytes. J Cardiovasc Pharmacol 59 (6): 500-6.

10 Hayashi T, Deguchi K, Nagotani S, Zhang H, Sehara Y, Tsuchiya
A, Abe K (2006). Cerebral ischemia and angiogenesis. Curr Neurovasc Res 3 (2): 119-29.
11 Kumari R, Willing LB, Krady JK, Vannucci SJ, Simpson IA (2007).
Impaired wound healing after cerebral hypoxia-ischemia in the
diabetic mouse. J Cereb Blood Flow Metab 27 (4): 710-8.
12 Laufs U, Gertz K, Huang P, Nickenig G, Bohm M, Dirnagl U,
Endres M (2000). Atorvastatin upregulates type III nitric oxide
synthase in thrombocytes, decreases platelet activation, and
protects from cerebral ischemia in normocholesterolemic mice.
Stroke 31 (10): 2442-9.
13 Lu D, Zhang L, Wang H, Zhang Y, Liu J, Xu J, Liang Z, Deng W,
Jiang Y, Wu Q, Li S, Ai Z
14 Zhong Y, Ying Y, Liu H, Gao F, Zhang Z, Chen B (2012). Peroxisome proliferator-activated receptor-gamma coactivator1alpha (PGC-1alpha) enhances engraftment and angiogenesis
of mesenchymal stem cells in diabetic hindlimb ischemia. Diabetes 61 (5): 1153-9.
15 Luo Y, Li Z, Zhang J, Li J, Lu Z (2009). NMDA receptor dependent
PGC-1alpha up-regulation protects the cortical neuron against
oxygen-glucose deprivation/reperfusion injury. J Mol Neurosci
39 (1-2): 262-8.
16 Luo Y, Zhu W, Jia J, Zhang C, Xu Y (2018). Dyslipidaemia was correlated to the posterior circulation infarction in non-diabetic
populations. Lipids Health Dis 17 (1): 150.
17 Manuel GE, Johnson T, Liu D (2017). Therapeutic angiogenesis of exosomes for ischemic stroke. Int J Physiol Pathophysiol
Pharmacol 9 (6): 188-191.
18 Mayanagi K, Katakam PV, Gaspar T, Domoki F, Busija DW (2008).
Acute treatment with rosuvastatin protects insulin resistant
(C57BL/6J ob/ob) mice against transient cerebral ischemia. J
Cereb Blood Flow Metab 28 (12): 1927-35.
19 Ouk T, Potey C, Laprais M, Gautier S, Hanf R, Darteil R, Staels B,
Duriez P, Bordet R (2014). PPARalpha is involved in the multitargeted effects of a pretreatment with atorvastatin in experimental stroke. Fundam Clin Pharmacol 28 (3): 294-302.
20 Poittevin M, Bonnin P, Pimpie C, Riviere L, Sebrie C, Dohan A,
Pocard M, Charriaut-Marlangue C, Kubis N (2015). Diabetic
microangiopathy: impact of impaired cerebral vasoreactivity
and delayed angiogenesis after permanent middle cerebral
artery occlusion on stroke damage and cerebral repair in mice.
Diabetes 64 (3): 999-1010.
21 Renault TT, Floros KV, Elkholi R, Corrigan KA, Kushnareva Y,
Wieder SY, Lindtner C, Serasinghe MN, Asciolla JJ, Buettner C,
Newmeyer DD, Chipuk JE (2015). Mitochondrial shape governs
BAX-induced membrane permeabilization and apoptosis. Mol
Cell 57 (1): 69-82.
22 Sander D & Kearney MT (2009). Reducing the risk of stroke in
type 2 diabetes: pathophysiological and therapeutic perspectives. J Neurol 256 (10): 1603-19.
23 Sawada N, Jiang A, Takizawa F, Safdar A, Manika A, Tesmenitsky
Y, Kang KT, Bischoff J, Kalwa H, Sartoretto JL, Kamei Y, Benjamin
LE, Watada H, Ogawa Y, Higashikuni Y, Kessinger CW, Jaffer FA,
Michel T, Sata M, Croce K, Tanaka R, Arany Z (2014). Endothelial
PGC-1alpha mediates vascular dysfunction in diabetes. Cell
Metab 19 (2): 246-58.
24 Thom R, Rowe GC, Jang C, Safdar A, Arany Z (2014). Hypoxic
induction of vascular endothelial growth factor (VEGF) and
angiogenesis in muscle by truncated peroxisome proliferatoractivated receptor gamma coactivator (PGC)-1alpha. J Biol
Chem 289 (13): 8810-7.
25 Tureyen K, Bowen K, Liang J, Dempsey RJ, Vemuganti R (2011).
Exacerbated brain damage, edema and inflammation in type-2
diabetic mice subjected to focal ischemia. J Neurochem 116
(4): 499-507.
26 Wei N, Yu SP, Gu XH, Chen DD, Whalin MK, Xu GL, Liu XF, Wei L
(2013). The involvement of autophagy pathway in exaggerated
ischemic brain damage in diabetic mice. CNS Neurosci Ther 19
(10): 753-63.
27 Xu Y, Zhang W, Klaus J, Young J, Koerner I, Sheldahl LC, Hurn
PD, Martinez-Murillo F, Alkayed NJ (2006). Role of cocaine- and
amphetamine-regulated transcript in estradiol-mediated neuroprotection. Proc Natl Acad Sci U S A 103 (39): 14489-94.

Neuroendocrinology Letters Vol. 42 No. 5 2021 • Article available online: www.nel.edu

337

Luo et al: Atorvastatin pretreatment alleviate the ischemic brain injury linked to peroxisome proliferator-activated receptor coactivator-1α
28 Yang JP, Liu HJ, Wang ZL, Cheng SM, Cheng X, Xu GL, Liu XF
(2009). The dose-effectiveness of intranasal VEGF in treatment
of experimental stroke. Neurosci Lett 461 (3): 212-6.
29 Zhang L, Zhang ZG, Ding GL, Jiang Q, Liu X, Meng H, Hozeska
A, Zhang C, Li L, Morris D, Zhang RL, Lu M, Chopp M (2005).
Multitargeted effects of statin-enhanced thrombolytic therapy
for stroke with recombinant human tissue-type plasminogen
activator in the rat. Circulation 112 (22): 3486-94.
30 Zhang ZG & Chopp M (2009). Neurorestorative therapies for
stroke: underlying mechanisms and translation to the clinic.
Lancet Neurol 8 (5): 491-500.
31 Zheng Z, Chen H, Wang H, Ke B, Zheng B, Li Q, Li P, Su L, Gu Q,
Xu X (2010). Improvement of retinal vascular injury in diabetic
rats by statins is associated with the inhibition of mitochondrial
reactive oxygen species pathway mediated by peroxisome
proliferator-activated receptor gamma coactivator 1alpha. Diabetes 59 (9): 2315-25.
32 Zhu M, Bi X, Jia Q, Shangguan S (2010). The possible mechanism for impaired angiogenesis after transient focal ischemia
in type 2 diabetic GK rats: different expressions of angiostatin
and vascular endothelial growth factor. Biomed Pharmacother
64 (3): 208-13.

338

Copyright © 2021 Neuroendocrinology Letters ISSN 0172–780X • www.nel.edu

