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a b s t r a c t

To test whether resveratrol provides benefits via estrogen receptors (ERs) in the blood-brain barrier of
estrogen-deficient females, ovariectomized mice were treated with resveratrol then were subjected to
transient middle cerebral artery occlusion (MCAO). Compared with vehicle treatment, resveratrol
reduced infarct volume and neurologic deficits after MCAO. Basal tight junction (TJ) protein levels in the
brain were increased by resveratrol. After MCAO, blood-brain barrier breakdown reduced levels of TJ
proteins, and induction of HIF-1a and VEGF were attenuated by resveratrol. These effects were reversed
by the ERs antagonist, ICI182,780. In mouse brain, endothelial cells (bEnd.3) exposed to hypoxia,
resveratrol treatment protected the cells against cytotoxicity, increases of paracellular permeability and
changes in levels of TJ protein and HIF-1a/VEGF proteins. These effects were reversed by ICI182,780 but
not by specific ERa or ERb antagonists, indicating nonspecific ER mediated effects. Altogether, these
results showed that neuroprotective effects of resveratrol in ovariectomized mice were mediated by ERs
and associated with tightening of blood-brain barrier, suggesting that resveratrol can be an alternative to
estrogens to protect the brains of estrogen-deficient females against ischemic insult.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

Epidemiologic studies have shown that the incidence of stroke is
lower in women during their reproductive years, but after meno-
pause, stroke occurs more often inwomen than men of comparable
age (Haast et al., 2012). These studies imply that endogenous es-
trogen is responsible for the resistance of female brains to ischemic
stroke. From early observational studies of hormone replacement
therapy and several rodent models of ischemic stroke, it was sug-
gested that exogenous estrogen administration provides neuro-
protection in postmenopausal women (Behl, 2002). However, there
are concerns about exogenous estrogen use because the Women’s
Health Initiative reported increased risks of coronary heart disease
and ischemic stroke in women with hormone replacement therapy
(Rossouw et al., 2002). As the postmenopausal period for women
has come to be longer because of increased longevity, the risk of
degenerative brain diseases is becoming an important issue for
estrogen-deficient aged women. The discovery of safe estrogen

substitutes is crucial for preventing or ameliorating brain diseases
in postmenopausal women.

Resveratrol, a polyphenolic phytoestrogen found in grapes and
wine, has protective effects against neurodegenerative diseases and
ischemic insults in animal models (Sun et al., 2010). As resveratrol
binds to estrogen receptors (ERs) and activate gene transcription,
ERs mediate some of resveratrol’s actions in the brain (Di Liberto
et al., 2012; Saleh et al., 2010; Singh et al., 2007). Therefore, we
postulate that resveratrol could be a potential alternative to estro-
gen for prevention of brain damage against ischemic stroke in
estrogen-deficient females.

Blood-brain barrier (BBB) maintenance is important for brain
homeostasis and function; thus, dysregulated BBB permeability is
implicated in many brain diseases (Stanimirovic and Satoh, 2000).
Transmembrane tight junction (TJ) proteins are components of BBB
and regulate paracellular permeability between adjacent endothe-
lial cells (Coisne and Engelhardt, 2011). Because reduced TJ protein
levels results in BBB breakdown and brain edema (Jiao et al., 2011;
Yang et al., 2007), their changes in protein levels are associated
with the development andprogression of brain diseases. In addition,
age-dependent BBB dysfunctions and alteration of TJ integrity in the
absenceof diseasehavebeendemonstrated (Bake et al., 2009; Farrall
and Wardlaw, 2009; Hafezi-Moghadam et al., 2007), implying that
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agedbrains are susceptible todevelop brain diseases. Recently, it has
been reported that resveratrol protects brain endothelial cells
against oxidized low-density lipoprotein (Lin et al., 2010), recurrent
ischemic stroke (Clark et al., 2012), and mutations in the palmitoyl-
protein thioesterase-1 (Ppt1) gene (Saha et al., 2012), and its effects
are associated with prevention of reduction of TJ protein levels
induced by such insults (Lin et al., 2010; Saha et al., 2012). These
results suggest that resveratrol provides BBB protection via modu-
lation of TJ protein level against noxious stimuli.

The purpose of the present studywas to investigate the effects of
resveratrol on ischemic brain injury in female ovariectomized (OVX)
mice, a postmenopausalmodel, andwhether its effects aremediated
byERs. Then, to characterize the effects of resveratrolwith respect to
BBB permeability, changes in TJ protein levels were evaluated in the
brainofOVXmice. In addition,weexamined theeffects of resveratrol
on in vitro brain endothelial cells before and after insults.

2. Methods

2.1. Experimental animals

Female C57BL/6 mice, aged 10e11 weeks, were used (Orient Bio
Inc, Seongnam, Republic of Korea). All procedures were approved
by the Institutional Animal Care and Use Committee at the Medical
School of EwhaWomans University and conformed to international
guidelines for the ethical use of experimental animals. The number
of animals used was minimized to reduce animal suffering.

2.2. Ovariectomy and drug administration

Two weeks before middle cerebral artery occlusion (MCAO),
female mice were subjected to aseptic bilateral surgical ovariec-
tomy via a dorsal incision under anesthesia. In the first part, OVX
mice were divided randomly into vehicle and resveratrol treatment
groups. The dose of resveratrol (Sigma-Aldrich, St. Louis, MO, USA)
was determined as 0.1 mg/kg to minimize systemic effects of
ethanol in the vehicle because of its poor solubility in water. The
final concentration of ethanol in distilled water (0.1 mL) was 0.2%
(vol/vol). Vehicle or resveratrol was administered orally by gavage
for 10 days starting 7 days before MCAO. In the second part of the
experiments, resveratrol-treated OVX mice were divided randomly
into sesame oil (0.1 mL per mouse) and the pure nuclear ER
antagonist ICI182,780 (100 mg in 0.1 mL of sesame oil; Tocris Bio-
sciences, Bristol, UK) treatment groups. Sesame oil or ICI182,780
was given to resveratrol-treated mice subcutaneously for 10 days
starting 7 days before MCAO. The dose of ICI182,780 was based on
the previous study (Shin et al., 2011). To measure estrogen activity,
plasma estradiol levels were measured with an ELISA assay kit
(Cayman Chemical, Ann Arbor, MI, USA), and uterine weight was
assessed as a biological assay of peripheral ER activation.

2.3. Transient MCAO

Procedures for transient MCAO and cerebral blood flow (CBF)
monitoring were previously described (Shin et al., 2010). After
30 minutes MCAO, only animals that exhibited a greater than 85%
reduction inCBFduringMCAO that recoveredbymore than80%after
10 minutes of reperfusion were included. Rectal temperature was
maintainedat37.0 �C�0.5 �Cduring surgeryand recoveryuntilmice
regained consciousness. Control animals did not undergo surgery.

2.4. Behavioral tests

Neurologic scores and performance in the wire suspension test
were examined before and 3 days after MCAO. A 4-point graded

scoring system for neurologic scores and a 5-point graded scoring
system for the wire suspension test were used (Shin et al., 2013a).

2.5. Measurements of infarct volume

Three days after MCAO, brains of mice were removed, frozen,
and sectioned (30 mm thick) with a cryostat. Serially collected brain
sections (600-mm intervals) were stained with cresyl violet.
Infarction volume was determined using an image analyzer (Axio-
vision LE 4.1, Carl Zeiss, Jena, Germany). Values were reported after
correction for postischemic swelling as previously described (Shin
et al., 2010).

2.6. IgG extravasation and Western blot analysis

To measure BBB permeability, IgG extravasation was examined
in the ipsilateral cortex 6 hours after MCAO as described previously
(Shin et al., 2013b). Immobilon-P membranes (Millipore Corpora-
tion, Billerica, MA, USA) loaded with 50 mg of protein were
incubated overnight with primary antibody against biotinylated
anti-mouse IgG (1:250; Vector Laboratories, Burlingame, CA, USA),
and then incubated with an avidin peroxidase kit (Vectastain Elite;
Vector Laboratories) for 1 hour. For quantification, total chain
densities (heavy chain þ light chain) of each protein were
normalized to the density of actin (1:1000; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) bands on corresponding blots using
the Image J 1.37v program (National Institutes of Health, Bethesda,
MD, USA).

Cortical tissues from each hemisphere and cultured brain endo-
thelial cells were used for Western blotting. Protein was isolated
from cells and tissues, and 80 mg of protein for brain tissue and 50 mg
for bEnd.3 cells were loaded, electrophresed, and transferred to
Immobilon-P membranes as previously described (Shin et al.,
2013b). Membranes were incubated overnight with antibodies
against occludin (1:1000; Invitrogen Corporation, Carlsbad, CA,
USA), claudin-5 (1:1000; Invitrogen Corporation), VEGF (1:500;
Santa Cruz Biotechnology), HIF-1a (1:500; BD Biosciences, San Jose,
CA, USA), ERa (1:500), ERb (1:500; Santa Cruz Biotechnology) or
actin (1:1000). After 1hour incubationwithhorseradishperoxidase-
conjugated secondary antibodies, protein bands were visualized
withWestern Blotting Luminol Reagent (Santa Cruz Biotechnology).
For quantification, densities of each band were normalized to the
density of actin using the Image J 1.37v program.

2.7. Cell culture and treatments

Immortalized mouse brain endothelial cells (bEnd.3) were pur-
chased from ATCC (Manassas, VA, USA). Cells were cultured on
60 mm dishes (for Western blotting), 24-well plates (for cytotox-
icity assay and immunofluorescence staining), 96-well plates (for
cell viability assay), Transwell-membrane inserts (for paracelluar
permeability) or Millicell cell culture inserts in 12-well plates
(for TEER assay, Millipore Corporation) at a seeding density of
5.0 � 104e5.0 � 105 cells per well. Cells were maintained in Dul-
beccos Modified Eagle Medium (ATCC) at 37 �C in a humidified
incubator under 5% CO2 and 95% air. Cobalt chloride (CoCl2,
50e200 mM; Wako Pure Chemical Industries, Japan) dissolved in
phosphate-buffered saline and resveratrol (10e1000 nM) in
ethanol and ICI182,780 (0.1e10 mM), 1,3-bis(4-hydroxyphenyl)-4-
methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole (MPP,
1 mM; Tocris Biosciences) and 4-[2-phenyl-5,7-bis(trifluoromethyl)
pyrazolo[1.5-a]pyrimidine-3-yl]phenol (PHTPP, 1 mM; Tocris Bio-
sciences) in dimethyl sulfoxide (DMSO) were added to cultures. For
cotreatment, resveratrol was added to cells 48 hours before CoCl2
exposure, and ICI182,780, MPP, or PHTPP was added 1 hour before
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