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Cerebral vascular endothelial cell (CEC) degeneration significantly contributes to blood– brain barrier (BBB) breakdown and neuronal
loss after cerebral ischemia. Recently, emerging data suggest that peroxisome proliferator-activated receptor � (PPAR�) activation has a
potential neuroprotective role in ischemic stroke. Here we report for the first time that PPAR� is significantly reduced in oxygen-glucose
deprivation (OGD)-induced mouse CEC death. Interestingly, PPAR� overexpression can suppress OGD-induced caspase-3 activity, Golgi
fragmentation, and CEC death through an increase of bcl-2 protein levels without change of bcl-2 mRNA levels. To explore the molecular
mechanisms, we have identified that upregulation of PPAR� can alleviate ODG-activated microRNA-15a (miR-15a) expression in CECs.
Moreover, we have demonstrated that bcl-2 is a translationally repressed target of miR-15a. Intriguingly, gain- or loss-of-miR-15a
function can significantly reduce or increase OGD-induced CEC death, respectively. Furthermore, we have identified that miR-15a is a
transcriptional target of PPAR�. Consistent with the in vitro findings, we found that intracerebroventricular infusion of a specific PPAR�
agonist, GW 501516 (2-[2-methyl-4-[[4-methyl-2-[4-(trifluoromethyl)phenyl]-1,3-thiazol-5-yl]methylsulfanyl]phenoxy]acetic acid),
significantly reduced ischemia-induced miR-15a expression, increased bcl-2 protein levels, and attenuated caspase-3 activity and sub-
sequent DNA fragmentation in isolated cerebral microvessels, leading to decreased BBB disruption and reduced cerebral infarction in
mice after transient focal cerebral ischemia. Together, these results suggest that PPAR� plays a vascular-protective role in ischemia-like
insults via transcriptional repression of miR-15a, resulting in subsequent release of its posttranscriptional inhibition of bcl-2. Thus,
regulation of PPAR�-mediated miR-15a inhibition of bcl-2 could provide a novel therapeutic strategy for the treatment of stroke-related
vascular dysfunction.

Introduction
Cerebral vascular endothelial cells (CECs) are the basic compo-
nents of the blood– brain barrier (BBB) and play a critical role in
maintaining cerebral homeostasis in physiological conditions.
There is increasing evidence showing that ischemia-induced ce-
rebral endothelial injury or death increases vascular permeability
and disruption of the BBB, leading to primary brain damage and
postischemic secondary injury (Sandoval and Witt, 2008). There-
fore, protection of the cerebral endothelium becomes an impor-
tant therapeutic target for stroke. However, the molecular
mechanisms of cerebral endothelial injury after cerebral ischemia
have not been well defined.

Peroxisome proliferator-activated receptors (PPARs) belong
to the nuclear receptor family of ligand-activated transcription
factors (Blanquart et al., 2003). Three isoforms of PPARs (�, �,
and �) have been identified, displaying distinct physiological and
pharmacological functions. PPAR� is highly expressed in diverse
tissues including the vasculature and brain, but its function out-
side of metabolic effects is less understood compared with
PPAR� and PPAR� (Chen et al., 2003; Hamblin et al., 2009). It is
noteworthy that PPAR� has been shown recently to contribute to
vascular remodeling, angiogenesis, and both vascular and neu-
ronal protection. In the vascular endothelium, PPAR� activa-
tion is shown to induce the proliferation of endothelial cells
(ECs) (Stephen et al., 2004) and protect them from apoptosis
(Liou et al., 2006; Han et al., 2008). PPAR� cytoprotective effects
are further highlighted in the brain by recent findings that PPAR�
null mice exhibited significantly greater infarct sizes than wild-
type (WT) animals after focal cerebral ischemia (Arsenijevic et
al., 2006). However, mechanisms of PPAR�-mediated protection
after ischemic insults remain unclear.

MicroRNAs (miRs) are a novel family of non-protein-coding
short RNA molecules that negatively regulate protein expression
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in various organisms (Bartel, 2004; Kim, 2005). The discovery of
miRs has shed light on how noncoding RNAs can play important
roles in cell differentiation, proliferation, migration, and apopto-
sis (Jovanovic and Hengartner, 2006; Schickel et al., 2008; Eacker
et al., 2009). Several miRs have been found recently to regulate
proapoptotic and antiapoptotic genes (Jovanovic and Hengart-
ner, 2006; Schickel et al., 2008). For example, miR-15a is able to
reduce the antiapoptotic protein bcl-2 by directly binding to the
3� untranslated region (UTR) of bcl-2 mRNA and inhibiting its
translation (Cimmino et al., 2005).

In the present study, we have used oxygen-glucose depriva-
tion (OGD) and a transient focal cerebral ischemia model to
explore the effects and molecular mechanisms of PPAR� on
ischemia-induced cerebrovascular injury. We have identified for
the first time that miR-15a is a novel target of PPAR� trans-
repression, directly regulates bcl-2, an antiapoptotic protein in a
posttranscriptional manner, and contributes to PPAR�-mediated
vascular protection against ischemia-like insults.

Materials and Methods
All chemicals and reagents were purchased from Sigma-Aldrich, and cell
culture supplies were purchased from Invitrogen unless specified.

Cell culture. Mouse CECs were prepared as described previously. Briefly,
mouse cerebral cortex from adult male C57BL/6J mice (body weight, 25–30
g; 3–4 months old) (The Jackson Laboratory) was homogenized, filtered,
and sequentially digested with collagenase B, then collagenase/dispase
(Roche Molecular Biochemicals), followed by centrifugation in a 40% Per-
coll solution. The second band containing microvessels was collected and
plated onto collagen-coated dishes. Mouse CECs (4–15 passages, �95%
purity based on expression of factor VIII and exhibiting bradykinin receptor
function) were grown to 85–95% confluency before use (Yin et al., 2002b).

Oxygen-glucose deprivation. To mimic ischemia-like conditions in
vitro, cell cultures were exposed to OGD for various times (Yin et al.,
2002b). Briefly, confluent mouse CECs were transferred into a
temperature-controlled (37 � 1°C) anaerobic chamber (Forma Scien-
tific) containing a gas mixture composed of 5% CO2 and 95% N2. The
culture medium was replaced with deoxygenated glucose-free HBSS, and
cells were maintained in the hypoxic chamber for 0, 4, and 15 h. Control
mouse CECs were not exposed to OGD.

Mouse model of transient focal cerebral ischemia. Male C57BL/6 mice
were purchased from The Jackson Laboratory. Focal cerebral ischemia
was induced by intraluminal middle cerebral artery occlusion (MCAO)
using a nylon monofilament suture as described previously (Yang et al.,
1997; Yin et al., 2010). Briefly, mice were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg). After a midline skin incision, the
left common carotid artery was exposed, and then its branches were
electrocoagulated. A 2 cm length of 6-0 rounded tip nylon suture was
gently advanced from the external carotid artery up to the internal ca-
rotid artery until regional cerebral blood flow (CBF) was reduced to
�16% of baseline. After 60 min of proximal MCA occlusion, blood flow
was restored by removing the suture. Changes in CBF at the surface of the
cortex were recorded using a laser-Doppler flowmetry monitor (BPM2
System; Vasamedic). Sham control animals were subjected to similar
operations to expose the carotid arteries without occlusion of the middle
cerebral artery. After 60 min of MCAO, the mice were allowed to recover
for 24 h. Arterial blood gases, mean arterial pressure, and heart rate were
also monitored in selected animals 30 min before, during, and 30 min
after MCAO. The rectal temperature was controlled at 37.0 � 0.5°C
during surgery with a feedback-regulated heating pad (Harvard Appara-
tus). After ischemic insult, mice were kept in an air-ventilated incubator
at 24.0 � 0.5°C. The animals were killed at 24 h of reperfusion, and the
brains were quickly removed for biochemical assays as well as infarct
determination. All procedures using laboratory animals were approved
by the University of Michigan Animal Care and Use Committee.

Treatment of mouse CECs with an miR-15a mimic or inhibitor. In cer-
tain experiments, mouse CECs were plated in 24-well or 6-well multiwell
plates and were transfected with an miR-15a mimic, mimic control, miR-

15a inhibitor, or inhibitor control at a final concentration of 50 nM

(miRIDIAN mimic; Dharmacon) using Lipofectamine 2000 (Invitro-
gen) according to the instructions of the manufacturer. The cells were
then subjected to OGD after 48 h and harvested for detection of cell
death, caspase-3 activity, and Golgi fragmentation.

Assessment of mouse CEC death. The extent of mouse CEC death was
assessed by the trypan blue exclusion and lactate dehydrogenase (LDH)
assays as described previously (Yin et al., 2002a,b).

Intracerebroventricular infusion of GW 501516. The procedure was per-
formed as described previously (Dharap et al., 2009). Briefly, C57BL/6
mice were anesthetized and fixed in a stereotaxic apparatus. The brain infu-
sion cannula was stereotaxically implanted into the left lateral ventricle of the
brain (bregma, �0.22 mm; dorsoventral, 3 mm; lateral, 1 mm) (Paxinos et
al., 1985) and was affixed to the skull. The micro-osmotic pump (Alzet
1003D; Durect Corporation) connected with a brain infusion cannula was
placed in a subcutaneous pocket on the neck of the mouse. Continuous
intracerebroventricular infusion of a specific PPAR� agonist, GW 501516
(10 �g/�l, at a rate of 1 �l/h; Enzo Life Science), or vehicle was started 24 h
before MCA occlusion. Transient focal cerebral ischemia was induced in the
left MCA territory for 1 h, and all mice were killed 24 h after MCAO. Mouse
brains were removed and then subjected to 2,3,5-triphenyltetrazolium chlo-
ride (TTC) staining for measurement of infarct volume (n � 6), Evans Blue
(EB) assay for detection of BBB permeability (n � 6), and isolation of cere-
bral microvessels for quantitative PCR, Western blot, caspase-3 activity as-
say, and DNA laddering (n � 3). GW 501516 and vehicle reagent were filled
into micro-osmotic minipumps and incubated at 37°C overnight before
implantation.

Cerebral microvessel isolation. Cerebral microvessel isolation used pre-
viously described methods with modifications (Pardridge et al., 1985;
Zlokovic et al., 1993; Yin et al., 2006a). Briefly, mice were killed by de-
capitation under anesthesia. The brains were immediately removed from
the skull and immersed in ice-cold buffer A (in mM: 103 NaCl, 4.7 KC1,
2.5 CaC12, 1.2 KH2PO4, 1.2 MgSO4, and 15 HEPES, pH 7.4). The brain
was homogenized in a fivefold volume excess of buffer B (103 mM NaCl,
4.7 mM KC1, 2.5 mM CaC12, 1.2 mM KH2PO4, 1.2 mM MgSO4, 15 mM

HEPES, 25 mM HCO3, 10 mM glucose, 1 mM sodium pyruvate, and
1 g/100 ml dextran, pH 7.4) with a Teflon homogenizer. The homoge-
nate was suspended in an equal volume of 25% BSA and was centrifuged
at 5800 � g at 4°C for 30 min. The pellet was resuspended in 10 ml of
buffer B and passed over an 85 �m nylon mesh (Tetko). This filtrate was
then passed over a 3 � 4 cm glass bead column (0.45 mm glass beads)
with a 44 �m nylon mesh at the bottom and then washed with 400 ml of
buffer B. Microvessels adhered to the glass beads whereas contaminants
passed unimpeded. Microvessels were recovered by repeated gentle agi-
tation of the glass beads in buffer B. The supernatant with microvessels
was decanted and spun at 500 � g for 5 min, and the final pellet was
stored at �80°C until various biochemical assays were performed.

Measurement of infarct volume. Infarct volume was measured using 2%
TTC staining as described previously. Mouse brains were removed at 24 h
after MCAO and sliced into eight coronal sections (1 mm thick) by a mouse
brain matrix. The slices were stained with 2% TTC for 15 min at 37°C and
scanned, and the infarct area was estimated by MetaMorph software. The
infarct volume was calculated using a derived formula (Swanson et al., 1990)
in which infarct volume as a percentage of the contralateral hemisphere was
calculated as 100 (contralateral hemisphere volume � non-infarct ipsilateral
hemisphere volume)/contralateral hemisphere volume.

Real-time PCR. A quantitative real-time reverse-transcriptase (RT)-PCR
was performed with a Bio-Rad thermocycler and an SYBR green kit
(Bio-Rad) according to the recommendations of the manufacturer. Specific
primers used for the reaction are as follows: PPAR� forward, 5�-AGGCC-
CGGGAAGAGGAGAAAGAGG-3�; PPAR� reverse, 5�-CGCGTGGAC-
CCCGTAGTGGA-3�; bcl-2 forward, 5�-GCGCAAGCCGGGAGAACAG-
GGTAT-3�; bcl-2 reverse, 5�-CCGGCGGAGGGTCAGATGGA-3�. The
relative PPAR� or bcl-2 mRNA expression was normalized by 18S
RNA levels.

TaqMan miRNA assay for identification of miR-15a. Total RNA includ-
ing miRNA was extracted from treated mouse CEC cultures or isolated
cerebral microvessels by using an miRNeasy Mini kit (Qiagen). Reverse
transcription was performed using the specific TaqMan MiRNA Reverse
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Transcription kit (Applied Biosystems). Equal amounts of total RNA (10
ng) were reverse transcribed with 100 mM dNTPs (with dTTP), 50 U of
reverse transcriptase, 0.4 U of RNase inhibitor, and specific microRNA
reverse transcriptase primers at a condition of 16°C for 30 min, 42°C for
30 min, and 85°C for 5 min. PCR reactions were then conducted using
the TaqMan MiRNA Assay kit (Applied Biosystems) at 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Each PCR
reaction contained 1.33 �l of the RT reaction product, 10 �l of TaqMan
2� Universal PCR Master Mix, and 1 �l of 20� TaqMan MicroRNA
Assay reagent for miR-15a in a total volume of 20 �l. The relative mi-
croRNA levels were normalized to endogenous SnoRNA 202 expression
for each sample. PCR experiments were repeated three times, each using
separate sets of cultures (Yin et al., 2006b).

Caspase-3 activity assay. Caspase-3 activity in treated CECs was de-
tected by a commercial Caspase-3 Colorimetric Activity Assay kit (Mil-
lipore Corporation). Cultured CECs after various treatments or isolated
cerebral microvessels were lysed in 200 �l of 1� cell lysis. After incuba-
tion for 10 min on ice, the lysate was spun at 10,000 � g for 10 min at 4°C,
and the supernatant was used to detect caspase-3 activity. Cell lysate
containing 50 �g of protein in 100 �l of assay buffer was mixed with the
10 �l substrate of caspase-3 and incubated for 2 h at 37°C. The samples
were read at 405 nm in a microtiter plate reader. Fold increase in
caspase-3 activity was determined by comparing optical density readings
from the induced apoptotic samples with the levels of the controls. Data
were presented as the percentage of controls.

Detection of DNA fragmentation. A genomic DNA isolation kit from
Promega was used for the extraction of DNA from isolated cerebral
microvessels. The vessel samples were lysed by the addition of 1.5 ml of
lysis solution and treated with RNase A solution. Proteins were precipi-
tated by a solution provided with the DNA isolation kit, and DNA was
hydrated. The DNA samples (10 �g/lane) were electrophoresed at 80 V
for 1.5 h in 1% agarose gel containing 0.4 �g/ml ethidium bromide in a
Tris–acetate buffer (0.4 mol/L Tris, 0.25 mol/L sodium acetate, and 0.22
mmol/L EDTA, pH 7.8). DNA was visualized through ultraviolet transil-
lumination and photographed (Xu et al., 2000).

Western blot analysis. Total protein was extracted from mouse
CECs or isolated cerebral microvessels as described previously (Yin et
al., 2006a,b). Samples (20 – 40 �g of protein) were electrophoresed
onto a 10 –15% SDS-PAGE and transferred to polyvinylidene difluo-
ride membranes. The membranes were blocked in TBST buffer con-
taining 20 mM Tris-HCl, 5% nonfat milk, 150 mM NaCl, and 0.05%
Tween 20, pH 7.5, for 1 h at room temperature. Thereafter, the blot was
incubated, respectively, with primary rabbit anti-PPAR� antibody (1:
200; Santa Cruz Biotechnology), rabbit anti-GRASP65 antibody (1:200;
Santa Cruz Biotechnology), rabbit anti-bcl-2 antibody (1:100; Santa
Cruz Biotechnology), rabbit anti-bcl-xl antibody (1:100; Santa Cruz Bio-
technology), or mouse anti-actin antiserum (1:500; Santa Cruz Biotech-
nology) for 1–2 h at room temperature. The membrane was washed with
TBST three times at 10 min intervals, incubated with the secondary an-
tibody [1:5000; anti-rabbit, anti-mouse, or anti-goat IgG conjugated
with alkaline phosphatase (Promega)] at room temperature for 1 h, and
then washed three times each at 10 min intervals with TBST and two
times each for 10 min with TBS (TBST without Tween 20). The color
reaction was developed by the Blot AP System (Promega).

Immunofluorescence staining. Mouse CECs grown on coverslips, with
or without infection with adenoviral PPAR� or corresponding controls
for 48 h, were subjected to OGD for various times. The cells were then
fixed with 4% paraformaldehyde for 30 min and washed three times with
0.1 M PBS, pH 7.4. The cells were incubated with a primary rabbit anti-
PPAR� antibody or rabbit anti-GRASP65 antibody (1:50; Santa Cruz
Biotechnology) overnight at 4°C. On the following day, the cells were
incubated with fluorescein-conjugated anti-goat IgG (1:100; Vector Lab-
oratories) for 1 h. CECs were counterstained with 1 �g/ml propidium
iodide (Invitrogen) to visualize nuclear morphology. Slides were washed,
wet mounted, and examined with an Olympus fluorescence microscope
(Yin et al., 2002a, 2006b).

Quantitation of Evans Blue extravasation. For analysis of cerebrovascu-
lar permeability after MCAO, mice were injected with 100 �l of 4% EB
(Sigma-Aldrich) 23 h after MCAO. One hour later, animals were per-

fused with PBS, and the brains were removed and separated into hemi-
spheres ipsilateral and contralateral to the MCAO. Each hemisphere was
then homogenized in N, N-dimethylformamide (Sigma-Aldrich) and
centrifuged for 45 min at 25,000 relative centrifugal force. The superna-
tants were collected, and quantitation of EB extravasation was per-
formed as described previously (Su et al., 2008). Briefly, EB levels in
each hemisphere were determined from the formula (A620 nm �
((A500 nm � A740 nm)/2))/mg wet weight. Background EB levels in the
non-ischemic hemisphere were subtracted from the ischemic hemi-
sphere ipsilateral to the MCAO.

Functional analysis of miR-15a interaction with 3�-UTR of bcl-2. A 566 bp
segment from the 3�-UTR of the bcl-2 gene containing miR-15a binding sites
was amplified by PCR from mouse genomic DNA and then cloned into the
SacI/HindIII site of a pMIR-REPORT Luciferase vector (Applied Biosys-
tems). The following primer sets were used to generate specific fragments:
bcl-2-UTR forward, 5�-AGAGCTCGCCTTCAGAGGGTTGCTT-3�; bcl-2-
UTR reverse, 5�-CAAGCTTTACTGTCCAGTTCTAGGGTCC-3�. We also
generated a mutant 3�-UTR of the bcl-2 gene with substitutions of 3 bp,
respectively, from the site of perfect complementarity by using the
QuikChange XL Site-Directed Mutagenesis kit (Stratagene). The sequence
of the mutant bcl-2 3�-UTR segment contained 5�-GAATAAGAA-
ACCCTGTGGCCCTATCCTGCCAAGATCATTG-3� (the three italic bold
nucleotides are mutated). Wild-type and mutant inserts were confirmed by
sequencing analysis. HEK293 cells were plated at 0.5 � 105 cells per well in
24-well plates. The following day, cells were cotransfected with an 800 ng of
pMIR-REPORT Luciferase vector, including the 3�-UTR of bcl-2 (with ei-
ther wild-type or mutant miR-15a binding sites) and an miR-15a mimic or
mimic control at a final concentration of 50 nM by using Lipofectamine 2000
(Invitrogen). Luciferase assays were performed by using the dual luciferase
reporter assay system (Promega) 48 h after transfection.

Adenovirus-mediated gain-of-PPAR� function. We used a previously
described method that facilitates adenoviral vector construction (He et
al., 1998). Briefly, a 	1.4 kb segment of a mouse PPAR� gene coding
sequence was amplified by RT-PCR from mouse total RNA and then
cloned into pCMVTrack, an adenovirus shuttle vector. This plasmid was
cotransformed with AdEasy, a backbone of the adenovirus, into Esche-
richia coli. The clone from in vivo recombination was isolated, digested,
and used for transfection in the packaging cell line HEK293. Transfected cells
were monitored for green fluorescent protein (GFP) expression and col-
lected 7–10 d later by scraping and pelleting along with any floating cells in
the culture. After amplification in HEK293, viruses were purified by a CsCl
gradient; final yields were generally 1011 to 1012 plaque-forming units. The
generated adenovirus was used to infect CECs or HEK293 cells, and the
expression levels of the transgene determined by immunoblotting. Compar-
isons were made using control adenoviral vectors with empty inserts or GFP.

Chromatin immunoprecipitation assay. Mouse CECs were infected
with an adenovirus carrying mouse PPAR� and GFP. After 48 h, cells
were fixed and a chromatin immunoprecipitation (ChIP) assay was per-
formed by using the EZ-ChIP assay kit from Millipore Corporation. The
size of the sonicated DNA fragments subjected to immunoprecipitation
was 0.5–1 kb as determined by ethidium bromide gel electrophoresis.
Purified chromatin was immunoprecipitated using an anti-PPAR� anti-
body (Santa Cruz Biotechnology). Eluted DNA fragments were purified
to serve as templates for PCR amplification. The input fraction corre-
sponded to 2% of the chromatin solution before immunoprecipitation.
By using bioinformatics software to analyze the miR-15a promoter, a
potential PPAR� binding site was identified, which is located �1593/
�1573 bp [PPAR response element (PPRE)] upstream of the transcrip-
tion start site. Primers used to amplify the area containing this PPAR�
binding site are as follows: forward primer, 5�-TTCAAAAAGTAT-
CCCATTATTCTG-3� and reverse primer, 5�-TGTCCTATTTCC-
CCCTTCAA-3�, resulting in a 197 bp fragment. To monitor the specific-
ity of each assay, no observable DNA binding was found in normal IgG
immunoprecipitates as background control, whereas strong DNA bind-
ing was confirmed in anti-acetyl-histone H3 immunoprecipitates as a
positive control.

Plasmid constructs and Luciferase assays. A 1887 bp segment from the
promoter region (�1824/�62) of the mouse miR-15a gene (miR-15a 1.9
kb WT) was amplified by PCR from mouse genomic DNA and then
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cloned into the KpnI/XhoI site of the pGL 4.10 Luciferase vector (Pro-
mega). The following primer sets were used to generate specific frag-
ments: forward, 5�-CGGGGTACCACTAGAATAACAGCCATGGG-
AGACAC-3�; reverse, 5�-CCGCTCGAGAGTATGGCCTGCACCT-
TTTCAACA-3�. According to bioinformatics analysis, a potential
PPAR binding site at a location of �1593/�1573 bp (PPRE) was
identified in this promoter fragment. Thus, we also generated mutant
miR-15a promoter constructs (miR-15a 1.9 kb PPRE mutant) with
substitutions of 3 bp, respectively, from the PPRE site of perfect
complementarity by using the QuikChange XL Site-Directed Mu-
tagenesis kit (Stratagene). The sequence of the mutant PPRE miR-15a pro-
moter segment contained 5�-GAATTAATATTAGAAGTTTTATAAGG-
CGCAAAGTAAATGTTTCTAAAG-3� (the three italic underlined
nucleotides are mutated). Wild-type and mutant inserts were con-
firmed by sequencing.

miR-15a promoter plasmids, including miR-15a 1.9 kb WT and
PPRE mutant together with the Renilla luciferase control reporter
vector (pRL-TK), were transfected into HEK293 cells with Lipofectamine
2000 (Invitrogen) for 4 h and then changed to growth medium for 48 h.
HEK293 cells were also coinfected with an adenovirus carrying mouse
PPAR� or GFP for 48 h. Promoter activity was examined using the Dual-
Luciferase Assay kit (Promega) with a TD-20/20 luminometer (Turner
Designs). miR-15a promoter–firefly–luciferase activity was normalized to
the TK promoter–Renilla–luciferase activity.

Statistical analysis. Quantitative data are expressed as mean � SD or
SEM based on at least three independent experiments of triplicate sam-
ples. Differences among groups were statistically analyzed by one-way
ANOVA, followed by Bonferroni’s post hoc test. Comparisons between
two experimental groups were based on a two-tailed t test. A p value
�0.05 was considered significant.

Results
The expression of PPAR� is reduced in OGD-induced
CEC death
OGD causes a rapid reduction in PPAR� mRNA and protein
expression in mouse CECs, decreasing at 4 h and maintaining a

lower level at 16 h after OGD onset (Fig.
1A,B). The decrease in PPAR� expression
is consistent with CEC death after OGD
exposure, starting at 4 h and even worsen-
ing at 16 h after OGD stimuli (Fig. 1C).
The cellular distribution of PPAR� after
OGD was further examined by immuno-
fluorescent staining. As shown in Figure
1D, normal nuclear localization of
PPAR� expression is initially observed in
CECs, and this nuclear pattern changed to
a smaller, dense nuclear distribution after
4 h of OGD exposure. Finally, nuclear lo-
calization of PPAR� disappears at 16 h of
OGD insult.

OGD induces fragmentation of the
Golgi apparatus in CECs
Golgi fragmentation and subsequent col-
lapse are an essential process in the devel-
opment of cell death (Gonatas et al.,
2006). To explore whether Golgi frag-
mentation occurs in OGD-induced CEC
death, we used immunofluorescent stain-
ing and Western blotting to evaluate its
temporal profiles (Fig. 2A–G). As demon-
strated in Figure 2C, the Golgi apparatus
appears to be ribbon-like structures adja-
cent to the nuclei in normal conditions.
After OGD, the morphology of Golgi ap-

paratus changes to debris-like structures scattered in the cyto-
plasm (Fig. 2D). These alterations are further confirmed by
Western blotting analysis showing that GRASP65, a Golgi struc-
tural protein that is cleaved in apoptosis (Lane et al., 2002), is
significantly decreased after OGD. The reduction begins as early
as 4 h after OGD exposure and further enhances after 16 h treat-
ment (Fig. 2G).

Overexpression of PPAR� decreases OGD-induced cell death,
caspase-3 activity, and Golgi fragmentation in CECs
Given the recent evidence suggesting that PPAR� activation
may protect against neural cell loss after focal cerebral isch-
emia (Arsenijevic et al., 2006), we investigated this potential
link by upregulating PPAR� gene expression using adenoviral
gene transfer. The success of this gain-of-PPAR� function ap-
proach is demonstrated by the high percentage of infected CECs
(supplemental Fig. A, available at www.jneurosci.org as supple-
mental material), significantly increased PPAR� protein levels
and PPRE-driven transactivation (supplemental Figs. B, C, avail-
able at www.jneurosci.org as supplemental material). In addi-
tion, overexpression of PPAR� alleviates CEC death attributable
to 16 h of OGD exposure, as evidenced by LDH quantitation (Fig.
3A) and live cell counts (Fig. 3B). Adenoviral GFP gene transfer
into CECs has no effect, confirming the specific action of
adenovirus-mediated PPAR� gene upregulation.

Previous work by our laboratory and others has reported that
apoptosis is one of the key mechanisms for CEC death after isch-
emic or hypoxic insult (Xu et al., 2000; Yin et al., 2002b). Re-
cently, PPAR� activation appears to prevent apoptosis by
inhibiting caspases (Liou et al., 2006), and some specific proteins
in the Golgi apparatus have been shown to be substrates of several
executive caspases (Mancini et al., 2000; Lane et al., 2002). There-
fore, we examined the effects of PPAR� upregulation on

Figure 1. The expression of PPAR� in OGD-induced CEC death. A, B, OGD causes a time-dependent decrease in PPAR� mRNA
expression (A) and protein levels (B), starting at 4 h after OGD and persisting at least to 16 h after OGD. C, D, Exposure to OGD results
in obvious mouse CEC death detected by the LDH assay (C) and trypan blue exclusion-based viable cell counts (D), which initiated
at 4 h and persisted to at least 16 h. E, OGD-induced PPAR� reduction is further confirmed by immunofluorescent staining, showing
gradual loss of nuclear localization. Scale bar,10 �m. *p � 0.05 versus non-OGD controls. Representative data from three separate
experiments with similar results are shown.
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caspase-3 activity and Golgi fragmentation in CECs after OGD.
Sixteen hours of OGD increases caspase-3 activity, and this in-
crease is significantly reduced by adenovirus-mediated overex-
pression of PPAR� (Fig. 3C). Moreover, gain-of-PPAR�
function by adenovirus effectively reverses OGD-induced re-
duction of full-length GRASP65 protein levels (Fig. 3D) and
also fragmentation of the Golgi apparatus (data no shown).
Adenoviral GFP gene transfer into CECs has no effect on
caspase-3 activity and Golgi fragmentation. These results sug-
gest that PPAR� may confer a cytoprotective action in CECs
after OGD treatment.

Overexpression of PPAR� increases bcl-2 protein levels and
inhibits miR-15a expression in CECs after OGD
To further identify the molecular mechanisms responsible for
PPAR�-mediated protective roles in OGD-induced CEC death,
we examined PPAR� regulatory effects on the expression of one
critical antiapoptotic gene, bcl-2. As shown in Figure 4, bcl-2

protein expression is significantly decreased in CECs after OGD,
starting at 4 h and persisting at least to 16 h after OGD stimuli
(Fig. 4A). Moreover, gain-of-PPAR� function in mouse CECs by
adenovirus-mediated gene transfer partially reverses OGD-
induced reduction of bcl-2 protein levels (Fig. 4B). However,
upregulation of PPAR� has no effect on bcl-2 mRNA levels (Fig.
4C), suggesting that the increased bcl-2 protein levels by PPAR�
may not be at the transcriptional but rather at the translational
level.

The discovery of miRs that mediate posttranscriptional silenc-
ing of specific target genes has shed light on how noncoding
RNAs can play important roles in apoptosis. miRs have been
found recently to regulate both proapoptotic and antiapoptotic
genes in apoptotic pathways (Jovanovic and Hengartner, 2006;
Schickel et al., 2008). For example, Cimmino et al. (2005) showed
that miR-15a negatively regulates bcl-2 protein levels, activates
the intrinsic apoptosis pathway, and causes cell death. In this
study, we noticed that miR-15a expression is significantly in-
creased in the same OGD temporal profile, elevating at 4 h and
maintaining an even higher level at 16 h after OGD onset (Fig.
4D). Of significance, gain-of-PPAR� function in mouse CECs by
adenovirus-mediated gene transfer effectively alleviates OGD-
activated miR-15a expression (Fig. 4E). As expected, adenoviral
GFP gene transfer into CECs has no effect on the expression of
miR-15a.

These data imply that PPAR� may execute a cytoprotective
action in CECs in response to ischemic insult by posttranscrip-
tionally enhancing bcl-2, an antiapoptotic protein that is transla-
tionally inhibited by miR-15a.

miR-15a regulates OGD-induced caspase-3 activity, Golgi
fragmentation, and cell death in CECs
To further explore the contributory role of miR-15a in the regu-
lation of CEC death after OGD exposure, gain- or loss-of-miR-
15a function was achieved by transfecting an miR-15a mimic or
inhibitor into CECs. As demonstrated in Figure 5, treatment with
the miR-15a mimic at a final concentration of 50 nM increases
CEC death after 16 h of OGD (Fig. 5A,C), whereas the miR-15a
inhibitor effectively reduces OGD-induced CEC death compared
with nontransfected control groups (Fig. 5B,D). These results
demonstrate that in vitro ischemia-like stimuli induce miR-15a
expression, resulting in CEC death.

Also, we further examined the regulatory role of miR-15a in
the regulation of OGD-induced caspase-3 activity and Golgi frag-
mentation in CEC cultures. As shown in Figure 5, the miR-15a
mimic significantly aggravates OGD-induced activation of
caspase-3 activity and reduction in the content of the GRASP65
protein (Fig. 5E,G), whereas the miR-15a inhibitor effectively
reverses these effects (Fig. 5F,H). Treatment of CECs with the
miR-15a mimic or inhibitor negative control has no effect on
OGD-induced caspase-3 activity, Golgi fragmentation, or cell
death in mouse CECs.

bcl-2 is a target gene of miR-15a in CECs after OGD
Recent research has revealed that miR15a can directly bind to a
specific sequence in the 3�-UTR region of bcl-2 and inhibit trans-
lation of bcl-2 in a posttranscriptional manner (Cimmino et al.,
2005). To confirm the causative role of miR-15a in the regulation
of bcl-2, both gain- and loss-of-miR-15a function were applied
by transfecting CECs with an miR-15a mimic or inhibitor re-
agent. After 48 h of treatment, the transfected CEC cultures were
subjected to 16 h OGD, and then the expression of bcl-2 was
examined by Western blot. As shown in Figure 6, the miR-15a

Figure 2. Fragmentation of the Golgi apparatus in CECs after OGD. A, B, Phase-contrast light
microscopy shows normal mouse CECs (A) and CECs with OGD for 16 h (B). Note the obvious
changes in cellular morphology and nuclear shrinkage after 16 h OGD. C, D, Immunofluorescent
stain using an antibody against Golgi marker GRASP65 (red color) reveals normal Golgi appara-
tus (C) and Golgi fragmentation (D). Arrows indicate disassembled Golgi apparatus. E, F, The
same areas of C and D (blue color) were counterstained with 4�,6�-diamidino-2-phenylindole
and show nuclei with normal and smaller shapes. G, Western blot analysis shows the time
course of GRASP65 expression in the indicated time. Note the gradual reduction of this Golgi
structural protein during OGD exposure. Actin is used as a loading control. Scale bars: A, B, 20
�m; C–F, 10 �m.

6402 • J. Neurosci., May 5, 2010 • 30(18):6398 – 6408 Yin et al. • PPAR� Regulates miR-15a in the Cerebrovascular Endothelium



inhibitor effectively increases (Fig. 6A)
whereas the mimic decreases (Fig. 6B) the
expression of bcl-2 in mouse CECs after
ODG. Of note, the miR-15a mimic or in-
hibitor has no effect on the expression of
bcl-xl, another member of the antiapop-
totic bcl-2 family of proteins, suggesting
the specificity of miR-15a suppression of
bcl-2.

To further verify that miR-15a may re-
press bcl-2 by binding directly to the pre-
dicted binding site in its 3�-UTR region,
we cloned a reporter vector in which cy-
tomegalovirus (CMV)-driven luciferase
cDNA was followed by a fragment of
the 3�-UTR of bcl-2 mRNA containing
the conserved miR-15a binding sequence
(Fig. 6C). We also generated a luciferase
reporter construct fused to the bcl-2 3�-
UTR but with a mutant miR-15a binding
sequence (Fig. 6C). We then transfected
this luciferase reporter vector with a wild-
type or mutant miR-15a binding se-
quence into HEK293 cells. We also
cotransfected these cells with an miR-15a
mimic or mimic control and measured lu-
ciferase activity. As shown in Figure 6C,
the miR-15a mimic at a concentration of
50 nM decreases luciferase activity of the
reporter vector containing the miR-15a
binding sequence (Fig. 6C). In contrast,
the miR-15a mimic has no significant ef-
fect on a reporter vector with a mutated
miR-15a binding sequence. Together,
these results suggest that miR-15a de-
creases bcl-2 translation by directly acting
on an miR-15a-specific response element
in the 3�-UTR region of bcl-2 mRNA.

PPAR� binds directly to the PPRE site
in the miR-15a promoter region and
trans-represses its expression
To further study the possibility that
PPAR� may suppress miR-15a expression
in a transcriptional manner, we per-
formed a functional analysis of potential
PPREs in the mouse miR-15a promoter.
As demonstrated in Figure 7A, we identi-
fied a putative PPAR� binding site in the
promoter of the miR-15a at the location
of �1593 to �1573 bp. To determine the
functionality of this PPRE in the miR-15a
promoter, we cloned a 1887 bp (�1824/
�62) promoter of the mouse miR-15a
gene into a luciferase reporter vector,
and the transcriptional response of the
miR-15a promoter to PPAR� was per-
formed using a luciferase transcrip-
tional assay in vitro. HEK293 cells were
transfected with a 1.9 kb promoter
(miR-15a 1.9 kb WT) or the corre-
sponding site-directed mutated pro-
moter on the identified PPRE (miR-15a

Figure 3. PPAR� regulation of cell death, caspase-3 activity, and fragmentation of the Golgi apparatus in CECs after OGD. A, B,
Infection of CECs with adenoviral PPAR� (Ad.PPAR�) but not adenovirus GFP (Ad.GFP) effectively attenuates OGD-induced CEC
death detected by LDH assay (A) and trypan blue exclusion-based viable cell counts (B). C, Overexpression of PPAR� in mouse CECs
reduces OGD-induced caspase-3 activity. D, Upregulation of PPAR� in mouse CECs reverses OGD-induced GRASP65 reduction
analyzed by Western blotting. Infection of CECs with adenovirus GFP or no transfection control (NTC) has no cytoprotective effect
after OGD. *p � 0.05 versus Ad.GFP or NTC. Results shown are representative of three separate experiments with similar results.

Figure 4. PPAR� regulation of bcl-2 and miR-15a levels. A, Western blotting shows bcl-2 protein levels are significantly
decreased after OGD, which began at 4 h and persisted up to 16 h after OGD. B, Western blotting data demonstrate that upregu-
lation of adenovirus PPAR� (Ad.PPAR� or Ad.P�), but not adenovirus GFP (Ad.GFP), reverses OGD-induced reduction of bcl-2
protein levels in CECs. C, Quantitative PCR data demonstrate that upregulation of adenovirus PPAR� has no effect on bcl-2 mRNA
levels in CECs. D, Quantitative PCR data show that the expression of miR-15a is gradually increased after OGD stimuli. E, Infection
of CECs with adenovirus PPAR�, but not adenovirus GFP, effectively mitigates OGD-induced miR-15a detected by quantitative PCR.
*p � 0.05 versus non-OGD or Ad.GFP and no transfection control (NTC). Data are expressed as mean � SEM from three separate
experiments in triplicate.
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1.9 kb PPRE mutant). Cells were coin-
fected with adenoviral PPAR� to overex-
press PPAR� or two controls including no
transfection control and adenoviral GFP.
As shown in Figure 7B, PPAR� overex-
pression significantly reduces the tran-
scriptional activity of the miR-15a 1.9
kb promoter. Moreover, luciferase ac-
tivities from the miR-15a 1.9 kb pro-
moter driven by the mutated PPRE did
not respond to PPAR� overexpression,
indicating that the predicted PPRE site
in the promoter region of miR-15a is
responsible for PPAR� trans-repression
of miR-15a expression in vitro.

Next, chromatin domains in the
miR-15a promoter were scanned for
PPAR� binding by ChIP analysis in
mouse CECs. As shown in Figure 7C,
consistent with PPRE-driven transcrip-
tional activity, adenovirus-mediated
overexpression of PPAR� detectably
binds to the PPRE site located between
�1593 and �1573 bp upstream of the
transcription start site. An isotypic IgG
antibody was used as a negative immu-
noprecipitation control. These data
strongly suggest that, in the context of
chromatin, the PPAR site (PPRE) be-
tween nucleotides �1593 and �1573
appears to be functional, showing bind-
ing of PPAR� to the miR-15a promoter.

Together, these data suggest that the
miR-15a gene is a novel target of PPAR�
transcriptional repression.

Activation of PPAR� inhibits
microvascular miR-15a levels and
downstream proapoptotic activities and
attenuates ischemic cerebrovascular
damage in vivo
To further determine the possible role of
PPAR� regulation of miR-15a in ischemic cerebrovascular injury
in vivo, we used a micro minipump technique to continuously
deliver a specific PPAR� agonist, GW 501516 (10 �g/�l, at a rate
of 1 �l/h), or vehicle reagent into the cerebral lateral ventricle.
The treated mice were subjected to MCAO 24 h later and allowed
to survive for an additional 24 h before taking measurements of
cerebrovascular permeability, infarct volume, and biochemical
assays. As shown in Figure 8A–C, GW 501516 effectively attenu-
ates ischemic brain infarction (Fig. 8A,B) and improves cere-
brovascular permeability, as analyzed by Evans Blue
extravasation (Fig. 8C). As expected, treatment with GW
501516 also significantly attenuated ischemia-triggered upregu-
lation of miR-15a levels (Fig. 8D), reversed ischemia-induced
reduction of bcl-2 protein levels (Fig. 8E), and inhibited ischemia-
activated caspase-3 activity (Fig. 8F) and DNA fragmentation (Fig.
8G) in isolated cerebral microvessels ipsilateral to MCAO. These
results suggest that activation of cerebral PPAR� provides a vas-
cular protective role during ischemic brain insult by directly tar-
geting miR-15a and its downstream bcl-2-related antiapoptotic
signaling cascade in the cerebral microvasculature.

Discussion
The major finding of our study is that PPAR� inhibits proapop-
totic miR-15a expression in a transcriptional manner and subse-
quently increases the translation of the antiapoptotic protein
bcl-2, resulting in a reduction of caspase-3 activity, fragmenta-
tion of the Golgi apparatus, and cell death in mouse cerebral
endothelium after in vitro and in vivo ischemic insults (Fig.
8 H). To our knowledge, our experiments have provided the
first evidence that PPAR�, a nuclear receptor, controls apo-
ptotic cell death and cerebrovascular dysfunction via a
microRNA-mediated mechanism.

PPARs and their ligands are closely involved in apoptotic reg-
ulation of ECs after various stimuli. In contrast to the conflicting
effects of PPAR� on apoptosis in ECs (Ameshima et al., 2003;
Chen et al., 2004; Kim and Cheon, 2006), PPAR� activation has
been reported recently to stimulate proliferation and attenuate
apoptosis in endothelial progenitor cells through Akt-dependent
signaling cascades (Han et al., 2008). Results from another study
also showed that PPAR� may upregulate 14-3-3� expression to
protect ECs from H2O2-induced apoptosis (Liou et al., 2006). In
this study, we report for the first time that PPAR� plays a cyto-

Figure 5. miR-15a regulation of CEC death, caspase-3 activity, and Golgi fragmentation after OGD. A, C, Quantitative PCR data
demonstrate that an miR-15a mimic, but not miR-15a mimic control, aggravates OGD-induced neuronal death detected by an LDH
assay (A) and viable cell counts (C). E, G, The miR-15a mimic also causes an increase in caspase-3 activity (E) and aggravates
OGD-induced loss of the Golgi structural protein GRASP65 (G) in CECs. B, D, F, H, In contrast, the miR-15a inhibitor, but not inhibitor
control, alleviates OGD-induced CEC loss (B, D), activation of caspase-3 (F ), and Golgi fragmentation (H ). Treatment with the
miR-15a mimic or inhibitor control in CECs has no effect. *p � 0.05 versus mimic or inhibitor control. Results shown are represen-
tative of three separate experiments with similar results. Ctl, Control.
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protective role in CEC culture after OGD, an ischemia-like insult
that has been reported to induce CEC apoptotic as well as ne-
crotic cell death (Xu et al., 2000; Yin et al., 2002b). We further
identify the cerebrovascular protective effects of PPAR� in vivo
after transient focal cerebral ischemia in mice, showing evidence
that pharmacological activation of PPAR� by intracerebroven-
tricular infusion of GW 501516 effectively inhibits cerebral endo-
thelial degeneration and improves BBB permeability. Until now,
little is known about the role of PPAR� in the regulation of
ischemia-induced BBB dysfunction and breakdown, which is a
hallmark of stroke-induced brain damage. Our data here clearly
define PPAR� as a novel mediator in cerebrovascular protection
after ischemic stroke, implying that PPAR�-mediated vascular
protection is one of the important mechanisms for protection
from ischemia/reperfusion brain injury. On the other hand, our
results document that GW 501516 significantly reduces ischemic
brain infarction, suggesting that PPAR� activation may also have

a neuroprotective role in ischemic brain insults. This finding is
consistent with several previous animal studies that showed manip-
ulations of PPAR� by genetic mutation increases infarction volume,
whereas a PPAR�-specific agonist provides neuroprotection in
the brain after ischemic injury (Arsenijevic et al., 2006; Iwashita et
al., 2007). Together, it is possible that PPAR� and its ligands may
contribute to brain protection in stroke by both vascular and
neuroprotective mechanisms.

Generally, the structural integrity of the Golgi apparatus is
maintained by complicated mechanisms, and disturbances often
result in Golgi fragmentation (Marsh and Howell, 2002), which is

Figure 6. bcl-2 is a target gene of miR-15a in mouse CECs. A, Treatment of mouse CECs with
an miR-15a inhibitor effectively increases bcl-2 protein levels after OGD. B, In contrast, an
miR-15a mimic reduces protein expression of bcl-2 after OGD. The miR-15a mimic and inhibitor
control have no effect on the expression of bcl-2. Of note, the expression of bcl-xl, a bcl-2 family
protein, is not affected in mouse CECs after treatment with either an miR-15a mimic or inhibitor.
C, miR-15a binding site within the 3�-UTR of bcl-2 mediates miR-15a translational repression.
Design of an miR-15a reporter vector containing a CMV promoter driving the expression of
luciferase cDNA fused to the bcl-2 3�-UTR (pMIR– bcl2–3�-UTR) or to a mutated bcl-2 3�-UTR
(pMIR– bcl2–m3�-UTR). miR-15a and the miR-15a-binding site in the 3�-UTR of bcl-2 are
shown. Mouse CECs were transfected with a pMIR– bcl2–3�-UTR and a pMIR– bcl2–m3�-UTR,
respectively. The cells were also cotransfected with an miR-15a mimic or mimic control. Com-
pared with the mimic control, the miR-15a mimic decreases expression of luciferase containing
a WT miR-15a binding site (left 2 columns) but not a mutant binding site (right 2 columns). Data
are expressed as mean � SEM. *p � 0.05 versus mimic control. Results shown are represen-
tative of three separate experiments with similar results. Ctl, Control.

Figure 7. Functional analysis of a PPRE site located in the mouse miR-15a promoter.
A, Schematic representation of the mouse miR-15a promoter region. A putative PPAR� binding
site was demonstrated in the promoter of miR-15a at locations of �1593/�1573 bp (PPRE).
The translation start site (TSS) is numbered as �1. B, Luciferase reporter assays were per-
formed by transfecting HEK293 cells with an miR-15a 1.9 kb wild-type promoter (miR-15a 1.9
kb Wt) versus a PPRE mutated miR-15a promoter (miR-15a 1.9 kb PPRE mut.). Transcriptional
activity is reduced during overexpression of PPAR� in the miR-15a wild-type but not in the PPRE
mutant promoter. C, A ChIP assay showing PPAR� binds to the putative PPRE site in the mouse
miR-15a promoter. Mouse CECs were infected with an adenovirus carrying GFP (Ad.GFP) or
PPAR� (Ad.PPAR� or Ad.P�) for 48 h. DNA from PPAR� immunoprecipitated chromatin and
input were subjected to PCR analysis using a pair of primer covering regions containing the PPRE
site in the mouse miR-15a promoter. The experiments were repeated at least three times. Data
were expressed as mean � SD. *p � 0.05 versus Ad.GFP or no transfection control (NTC).
Results shown are representative of three separate experiments with similar results.
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involved in many neurodegenerative
diseases, including Alzheimer’s disease
(Gonatas et al., 2006), stroke, or
hypoxia-related brain injury (Dux et al.,
1996; Hayashi and Abe, 2004). Until now,
the potential interaction between PPARs
and fragmentation of the Golgi apparatus
is poorly understood (de Figueiredo and
Brown, 1999). In this study, our data sug-
gest that PPAR� protects CECs against
OGD-induced apoptosis by inhibiting
Golgi fragmentation, indicating a role for
the Golgi apparatus in mediating PPAR�-
related antiapoptotic effects in CECs after
ischemia-like insults.

PPAR�-related vascular protection
may involve multiple mechanisms, in-
cluding regulation of the bcl-2 family
(Love, 2003; Youle and Strasser, 2008).
Indeed, bcl-2 has been shown to protect
ischemic brain or vascular injury in ro-
dent stroke models through genetic or
pharmacological approaches (Martinou
et al., 1994; Linnik et al., 1995; Hata et al.,
1999). Consistent with these previous re-
ports, we found that the bcl-2 protein is
reduced in a time-dependent manner in
CECs after ODG exposure as well as in the
cerebral vasculature after cerebral isch-
emia, and this reduction is associated with
CEC death or BBB disruption. Of signifi-
cance, gain-of-PPAR� function by adeno-
virus or GW 501516 protects CECs or
cerebral microvasculature against isch-
emic injury, and this PPAR�-mediated
vascular protection results from upregu-
lated bcl-2 protein levels. However, gain-
of-PPAR� function does not affect bcl-2
mRNAs in CECs, implying that PPAR�
may not directly transactivate bcl-2
expression. Thus, PPAR� posttranscrip-
tional regulation of bcl-2 may be re-
sponsible for its cytoprotective role.

miRs are one novel class of noncoding
short RNAs that mediate posttranscrip-
tional silencing of specific target genes by
binding to their 3�-UTRs (Bartel, 2004;
Kim, 2005). The discovery of miRs has ex-
hibited a new field to study how small
RNAs control apoptosis. Various miRs appear to regulate both
proapoptotic and antiapoptotic genes involved in apoptotic
pathways (Jovanovic and Hengartner, 2006; Schickel et al., 2008;
Eacker et al., 2009). miR-21 and the miR-17-92 cluster have been
reported recently to be upregulated in various cancers and func-
tion as antiapoptotic miRs (Hayashita et al., 2005; Frankel et al.,
2008). In contrast, miR-15a and miR-16 promote apoptosis by
posttranscriptional gene silencing of bcl-2 (Cimmino et al.,
2005). In this study, we have found that the expression of miR-
15a is significantly increased in CEC cultures and the cerebral
vasculature after in vitro and in vivo ischemic insults, and this
increase is negatively related to OGD or cerebral ischemia-
induced reduction of bcl-2 levels. Of significance, in vitro loss-of-
miR-15a function results in a reduction in caspase-3 activity and

CEC death, whereas gain-of-miR-15a function has the opposite
effect. Moreover, we further found that fusion of the bcl-2 3�-
UTR fragment to the luciferase reporter vector results in a func-
tional expression in vitro, and this activity is significantly
suppressed by treatment of exogenous miR-15a. Furthermore,
upregulation of miR-15a leads to an even stronger reduction of
bcl-2 expression after OGD exposure, whereas downregulation
of miR-15a increases bcl-2 translation. Together, our experimen-
tal data extend the previous findings and further identify that
miR-15a can repress bcl-2 translation by directly binding to the
3�-UTR of bcl-2 and subsequently suppress the downstream ap-
optotic cascades, including caspase-3 activation, Golgi fragmen-
tation, and eventual cell loss in the cerebral microvasculature
after ischemic insults. To our knowledge, we are the first to doc-

Figure 8. The effect of PPAR� activation on ischemia-induced cerebrovascular permeability and potential mechanisms in vivo.
Mice were pretreated with a specific PPAR� agonist, GW 501516, or vehicle reagent for 24 h via minipump-assisted cerebroven-
tricular infusion and then subjected to 1 h MCA occlusion and 24 h reperfusion. A, The 2% TTC-stained coronal sections were shown
at different brain levels posterior to the frontal pole. B, C, Quantitative analysis was made on brain infarct volume (B), and
cerebrovascular permeability was determined 1 h after injection from Evans Blue extravasation as described in Materials and
Methods (C) (n � 6) in mice after stroke. Compared with the vehicle control, treatment of GW 501516 significantly attenuates
ischemic brain infarction and improves cerebrovascular permeability. D–G, Intracerebroventricular infusion of GW 501516 also
significantly reduced ischemia-induced miR-15a upregulation (D), increased bcl-2 protein levels (E), and attenuated caspase-3
activation (F ) and DNA fragmentation (G) in the cerebral microvasculature in mice after MCAO. Data are expressed as mean � SD.
*p�0.05 versus the ischemia plus vehicle (Isch�Veh) group. H, Schematic representation of PPAR� control of miR-15a in the regulation
of OGD-induced CEC death signaling. In mouse brain vasculature, ischemic stimuli induce PPAR�dysfunction, featuring attenuated PPAR�
trans-suppression of miR-15a and subsequent activation of miR-15a expression. miR-15a may bind to the 3�-UTR region of bcl-2 and
further inhibit its antiapoptotic activity through post-transcriptional gene silencing, thereby resulting in a series of mitochondrial apoptotic
cascades, such as activation of caspase-3, fragmentation of the Golgi apparatus, and final cell death.
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ument that the miR-15 family has a causative role in the regula-
tion of apoptosis by directly targeting bcl-2 in ischemic vascular
injury.

PPARs and miRs are essential regulators in both cell physio-
logical and pathological processes (Chen et al., 2003; Bartel and
Chen, 2004; Hamblin et al., 2009). Theoretically, there is a recip-
rocal regulation between PPARs and miRs. It has been docu-
mented that miRs have the capacity to inhibit the expression and
function of PPARs by directly targeting their 3�-UTR to trigger
posttranscriptional gene silencing. One recent study (Iliopoulos
et al., 2008) reported that miR-22 is able to negatively regulate the
expression of PPAR� protein levels in normal and osteoarthritic
chondrocytes. Also, miR-27 blockade of PPAR� expression con-
tributes to inhibition of adipocyte formation in the pathogenesis
of obesity (Lin et al., 2009). Conversely, PPARs may act as tran-
scription factors to transactivate or trans-repress various miRs by
directly binding to their promoter regions. Shah et al. (2007)
report that PPAR� is a major regulator of hepatic miR expres-
sion, such as let-7c, which in turn activates a let-7C downstream
signaling cascade responsible for PPAR� agonist-induced liver
proliferation and tumorigenesis. In the present study, we exam-
ine the interaction of PPAR� and miRs by studying the role of
miR-15a in the regulation of PPAR�-mediated cell survival in
CECs after ischemic stimuli. We found that gain-of-PPAR� func-
tion by adenoviral and pharmacological approaches significantly
reduce the expression of miR-15a in cultured CECs and cerebral
microvessels after in vitro and in vivo ischemic stimuli. These
treatments also effectively reverse ischemia-induced reduction of
bcl-2 levels in cerebral endothelium. Importantly, our data are
the first to show that PPAR� can bind directly to a putative PPRE
site in the miR-15a promoter region and in turn inhibit miR-15a
expression through transcriptional repression. Thus, we are the
first to reveal that miR-15a is a novel downstream target of
PPAR� trans-repression and miR-15a mediates PPAR�-triggered
vascular-protective effects. However, it should be emphasized
that other mechanisms may also be involved in PPAR�-
mediated vascular protection after ischemic brain insults, in
addition to the miR-15a/bcl-2/caspase-3 signaling cascade.
These mechanisms, including anti-inflammatory (Polak et al.,
2005; Barish et al., 2008; Takata et al., 2008), antioxidant
(Arsenijevic et al., 2006), pro-cell survival (Smith et al., 2004;
Iwashita et al., 2007), proangiogenic actions (Fan and Yang,
2007; Müller-Brüsselbach et al., 2007), and anti-cellular adhe-
sion (Lampen et al., 2005; Del Zoppo et al., 2006; Fan et al.,
2008), have been reported recently to be responsible for the
neuroprotective and vascular protective effects related to
PPAR�. Thus, future studies will be needed to further investi-
gate their contributions to PPAR�-mediated cerebrovascular
protection during ischemic stroke.

In conclusion, the mechanisms of PPAR�-mediated protec-
tion in endothelial damage elucidated in this study are important
for understanding the pathogenesis of cerebral ischemia. Our
data demonstrate a cerebrovascular protective role of PPAR� in
both in vitro and in vivo stroke models. We also identify a unique
microRNA, miR-15a, as a contributor to the pathogenesis of
ischemic vascular injury through direct inhibition of the anti-
apoptotic gene bcl-2. Furthermore, we demonstrate that PPAR�
attenuates ischemia-induced increases in miR-15a. Therefore, ei-
ther pharmacological activation of PPAR� or inhibition of miR-
15a may be potentially suitable therapeutic options for stroke-
induced vascular damage.
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