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Although hypoxia-inducible factor-1a. (HIF-1at) has been extensively studied in brain injury following
hypoxia-ischemia, the role of HIF-1a in early brain injury (EBI) after subarachnoid hemorrhage (SAH)
remains unclear. The present study was under taken to investigate a potential role of HIF-1o in EBI after
SAH. Rats (n=60) were randomly divided into sham+vehicle, SAH+2-methoxyestradiol (2ME2), and
SAH+vehicle groups. The SAH model was induced by endovascular perforation and all the rats were sub-
sequently sacrificed at 24 h after SAH. We found that treatment with 2ME2 suppressed the expression of
HIF-1a, BNIP3 and VEGF and reduced cell apoptosis, blood-brain barrier (BBB) permeability, brain edema,
and neurologic scores. Double fluorescence labeling revealed that HIF-1a was expressed predominantly
in the nuclei of neurons and TUNEL-positive cells. Our work demonstrated that HIF-1o may play a role in
EBI after SAH, causing cell apoptosis, BBB disruption, and brain edema by up-regulating its downstream

targets, BNIP3 and VEGF. These effects were blocked by the HIF-1a inhibitor, 2ME2.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Aneurysmal subarachnoid hemorrhage (SAH) is a devastating
disease with high morbidity and mortality, with up to 50% of
SAH survivors experiencing persistent neurological deficits [1].
Early brain injury (EBI) after SAH is considered a major underlying
cause of the poor outcomes for SAH patients [2,3]. EBI refers to the
immediate cerebral injury that occurs within 72 h after SAH,
including brain cell death, blood-brain barrier (BBB) disruption,
brain edema, and the dysfunction of microvasculature [4]. It has
been revealed that cerebral ischemia, resulting from sudden intra-
cranial pressure elevation and global cerebral blood flow reduction,
might play an important role in EBI after SAH [5]. However, the
molecular mechanisms of EBI after SAH remain poorly understood.

Hypoxia-inducible factor-1 (HIF-1), composed of the hypoxia-
regulated subunit HIF-1o0 and the oxygen-insensitive subunit
HIF-18, is a key endogenous signaling protein triggered by ische-
mia or hypoxia [6]. In particular, HIF-1a is up-regulated by hypoxia
and modulates the expression of multiple genes to initiate various
physiological responses against hypoxic conditions [7]. HIF-1a has
also been reported to accumulate in brains exposed to SAH, though
its potential role in EBI after SAH remains controversial [8-11].
HIF-1a has many roles in the cell. It serves as a pro-apoptotic factor
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by stabilizing the p53 tumor suppressor protein [12] and by up-
regulating BNIP3 (BCL2/adenovirusE1B 19 kDa interacting protein
3), a pro-apoptotic protein containing the BH3 domain [7,13,14].
Of particular note, HIF-1a also enhances the permeability of the
BBB by stimulating vascular endothelial growth factor (VEGF)
[15]. In addition, it has been shown that neuron apoptosis and vas-
culature subjected to SAH-induced cerebral ischemia are key to EBI
after SAH; EBI often involves disruption of the BBB and develop-
ment of brain edema [16]. However, it is unclear whether HIF-1a
contributes to cell apoptosis, dysfunction of the BBB and the subse-
quent brain edema by up-regulating BNIP3 and VEGF.

Therefore, the current study was designed to investigate
whether acute inhibition of HIF-1aa by 2-methoxyestradiol
(2ME2), a HIF-1a inhibitor, provides neuroprotection against EBI
after SAH by preventing the stimulation of BNIP3 and VEGF in a
rat model of SAH using endovascular perforation.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley Rats (280-320 g) obtained from the SLAC
Laboratory Animal Co. Ltd (Shanghai, China) were fed on standard
pellet chow and water ad libitum (22 +2 °C, a 12 h light/dark cy-
cle).All experimental procedures were approved by the Ethics
Committee for the Use of Experimental Animals. Sixty rats were
randomly assigned into three groups: sham+vehicle group


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bbrc.2013.06.107&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.06.107
mailto:d.chengao@163.com
http://dx.doi.org/10.1016/j.bbrc.2013.06.107
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

470 C. Wu et al./Biochemical and Biophysical Research Communications 437 (2013) 469-474

(n=20), subjected to the SAH procedurebut without perfora-
tion,received DMSO as the vehicle; SAH+2ME2 group (n = 20), sub-
jected to SAH and treated with 2ME2; SAH+vehicle group (n = 20),
subjected to SAH and treated with the same volume of vehicle as
the sham+vehicle group. All rat brain samples were extracted
24 h after surgery.

2.2. The rat SAH model

The rat SAH model was induced by endovascular perforation as
in a previous study, with slight modifications [3]. Briefly, rats were
anesthetized with 1% sodium pentobarbital (40 mg/kg, i.p.), and
the right external carotid artery (ECA) was isolated and severed,
leaving a stump. The internal carotid artery (ICA) and the common
carotid artery (CCA) were clamped with vascular clips. The stump
of the ECA was reopened, and a blunted 3-0 monofilament nylon
suture was inserted up through the ICA until resistance was felt
(18-20 mm from the common carotid bifurcation). The suture
was carefully pushed approximately 3 mm further to perforate
the artery wall. Sham-operated rats underwent an identical proce-
dure without perforation.

2.3. Drug administration

The inhibitor of HIF-1a, 2-Methoxyestradiol (2ME2, Sigma-Al-
drich Corp), was dissolved in dimethyl sulfoxide (DMSO) and fur-
ther diluted in phosphate buffered saline (PBS) to a final volume
of 2 ml. The inhibitor was administered (5 mg/kg, i.p.) 1h after
SAH. The rats in the sham+vehicle group and SAH+vehicle group
were injected with same volume of DMSO diluted in PBS.

2.4. Mortality, neurologic score and SAH severity evaluation

Neurologic score was evaluated by an observer blind to the
treatment group at 24 h after SAH, based on the scoring system re-
ported by Garcia [17] with slight modifications. Mortality was cal-
culated at the same time. The severity of SAH was quantified by the
grading scale of Sugawara [18], with modifications.

2.5. Measurement of brain water content

Rats (n=5) were sacrificed under deep anesthesia 1% sodium
pentobarbital (60 mg/kg, i.p.) after 24 h of SAH.The brains were
rapidly removed and weighed immediately (wet weight). Brains
were thendried in an oven at 105 °C for 24 h and weighed again
(dry weight). Brain water content was calculated as [(wet
weight—dry weight)/wet weight] x 100%.

2.6. Determination of BBB permeability

BBB permeability was quantitatively evaluated by Evans blue
(EB) extravasation at 24 h after SAH. Briefly, rats (n=5) were in-
jected intravenously with 2% EB dye (5 ml/kg, Sigma-Aldrich
Corp). One hour later, rats were anesthetized with sodium pento-
barbital (60 mg/kg, i.p.) and perfused with PBS to remove the intra-
vascular EB dye. The brain was then weighed, homogenized in PBS
and centrifuged (15,000g, 30 min, 4 °C). The supernatant (0.7 ml)
was added to an equal volume of trichloroacetic acid with ethanol
(1:3). The samples were incubated overnight at 4 °C and then cen-
trifuged (15,000g, 30 min, 4 °C). The supernatant was quantified for
absorbance of EB dye using a spectrophotometer (excitation
620 nm, emission 680 nm).

2.7. Histology and TUNEL staining assay

Rats (n = 5) were deeply anesthetized and sacrificed by intracar-
dial perfusion with PBS and 4% ice-cold paraformaldehyde (pH
7.4). The brain was quickly removed, immersed in 30% sucrose
solution for at least 48 h, and then cut into 7 pm thick coronal sec-
tions on a cryostat (Leica CM1950). Apoptotic cell death was de-
tected using a TUNEL staining Kit (POD, Roche Applied Science,
USA). Briefly, brain sections were incubated with 3% hydrogen per-
oxide (10 min), permeabilization solution (2 min), and TUNEL reac-
tion mixture (60 min) at 37 °C. Cell nuclei were stained with DAPI
(1 pg/ml, Roche Applied Science, USA). Cell counting was per-
formed in the ipsilateral basal cortex under a fluorescent micro-
scope (Olympus). The total number of cells (DAPI") and the
TUNEL-positive cells were counted in five separate fields in three
different slices.

2.8. Double fluorescence labeling

To identify neurons that were both HIF-1a-positive and TUNEL-
positive, double fluorescence labeling was performed on brain sec-
tions. The double labeling was conducted according to previously
described protocols [19,20]. The primary antibodies used were a
rabbit antibody to HIF-1o (1:200, ab51608, Abcam) and mouse
antibodies toneuronal nuclei (NeuN) (1:200, MAB377, Millipore)
and glial fibrillary acidic protein (GFAP) (1:200, MAB360, Milli-
pore). The secondary antibodies used were rhodamine-conjugated
goat anti-rabbit antibody (1:200, Jackson ImmunoResearch) and
fluorescein isothiocyanate-labeled goat anti-mouse antibody
(1:200, Jackson ImmunoResearch).

To locate HIF-1o, TUNEL staining was followed by incubation
with PBS containing 10% normal goat serum and 0.25% Triton X-
100 to block nonspecific binding. Subsequently, brain sections
were incubated with primary antibody against HIF-1o. overnight
at 4 °C. The sections then were washed and incubated with second-
ary antibody for 2 h at room temperature.

2.9. Western blots

Anesthetized rats (n=5) were perfused with 250 ml ice-cold
PBS (pH 7.4). Brain samples were removed and preserved at
—80 °C. Western blotting was performed as described previously
with some modifications [21]. Briefly, a brain sample from the ipsi-
lateral basal cortex was homogenized and then centrifuged
(15,000g, 15 min, 4 °C). The protein content was measured with a
Bio-Rad protein assay. Equal amounts of protein (60 ng) were
resuspended in loading buffer, denatured at 95 °C for 10 min, and
loaded into the wells of sodium dodecyl sulfate-polyacrylamide
gels. The samples were electrophoresed at 80 v for 4 h and trans-
ferred to polyvinylidene fluoride membranes at 100 v for 2 h. The
membrane was blocked with nonfat dry milk buffer and probed
overnight at 4 °C with primary rabbit antibodies against HIF-1a
(1:1000, ab51608, Abcam), BNIP3 (1:1000, ab10433, Abcam), VEGF
(1:1000, ab46154, Abcam), and B-actin (1:2000, Santa Cruz). Fol-
lowing washes, membranes were incubated with horseradish per-
oxidase-conjugated secondary antibodies for 1h at room
temperature. The protein band density was detected by X-ray film
and quantified using Image ] software (NIH).

2.10. Statistical analysis

Data were expressed as mean + SD. Statistical significance was
analyzed by one-way analysis of variance followed by the Tukey
test for multiple comparisons. Mortality was analyzed by a chi
square test. A value of P<0.05 was considered statistically
significant.
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3. Results
3.1. Physiological variables

Body temperature (36.5-37.5 °C), mean arterial pressure (80—
120 mmHg), arterial pH (7.35-7.45), PO, (80-100 mmHg), PCO,
(35-45 mmHg) and blood glucose (85-120 mg/dl) were monitored
throughout the surgical procedure. All physiological variables were
in a normal range, and there were no significant differences among
the groups (data not shown).

3.2. Mortality, neurologic scores and SAH grade

Mortality was 35.00% in the SAH+vehicle group and 25.00% in
the SAH+2ME2 group with no significant differences (P> 0.05,
Fig. 1A). No rats in the sham+vehicle group died. Neurologic scores
in the SAH+vehicle group and the SAH+2ME2 group were both sig-
nificantly lower than in the sham+vehicle group (P < 0.05, Fig. 1B).
However, 2ME2 significantly reduced the neurologic scores com-
pared with the SAH+vehicle group (P < 0.05, Fig. 1B). At 24 h after
SAH, subarachnoid blood clots were particularly found on the ipsi-
lateral side, around the circle of Willis and ventral brainstem. The
SAH grading scores in the sham+vehicle group, SAH+vehicle group
and SAH+2ME2 group were 0+0, 13.65+2.01 and 13.45+1.82,
respectively. Treatment with 2ME2 did not alter the grade of SAH
compared to that of the SAH+vehicle group (P > 0.05, Fig. 1C).

3.3. Effect of 2ME2 on brain water content

The brain water content in the sham+vehicle group was
79.12 £ 0.10% (Fig. 1D). A significant increase in water content
was observed in the brain samples at 24 h after SAH when com-
pared with animals in the sham+vehicle group (P < 0.05). 2ME2
markedly reduced brain water content (79.39 + 0.15%) compared
to the SAH+vehicle group (79.79 £ 0.24%, P < 0.05, Fig. 1D).
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3.4. Effect of 2ME2 on BBB permeability

At 24 h after SAH, a significant extravasation of EB, an index of
BBB disruption, was found in the SAH+vehicle group compared to
the sham+vehicle group (P < 0.05, Fig. 1E). Treatment with 2ME2
significantly decreased EB extravasation compared with the
SAH+vehicle group (P < 0.05, Fig. 1E).

3.5. Effect of 2ME2 on cell apoptosis

Few TUNEL-positive cells were found in the ipsilateral basal
cortex in the sham+vehicle group at 24 h after SAH, while an in-
creased number of TUNEL-positive cells were detected in the
SAH+vehicle group (P < 0.05). Treatment with 2ME2 significantly
reduced the number of TUNEL-positive cells in the ipsilateral basal
cortex (P<0.05, Fig. 2). Double fluorescence labeling of HIF-1a
with NeuN, GFAP, and TUNEL revealed that HIF-1o. expression
was pronounced in the nuclei of neurons and TUNEL-positive cells.
Only a few astrocytes demonstrated HIF-1a expression (Fig. 3).

3.6. Effect of 2ME2 on HIF-1«, BNIP3, and VEGF expression

At 24 h after SAH, the expression levels of HIF-1a and its down-
stream targets, BNIP3 and VEGF, were significantly up-regulated in
the ipsilateral basal cortex in the SAH+vehicle group compared
with the sham+vehicle group (P < 0.05, Fig. 4). This up-regulation
was markedly inhibited by 2ME2 (P < 0.05, Fig. 4).

4. Discussion

The main findings of the current study are summarized as fol-
lows: (1) Cell apoptosis, BBB disruption and cerebral edema were
aggravated by 24 h of SAH with the up-regulation of HIF-1c, BNIP3
and VEGF in the ipsilateral basal cortex; (2) Double fluorescence
labeling revealed that HIF-1a expression was pronounced in the
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Fig. 1. Effect of 2ME2 on mortality (A), neurological score (B), SAH grade (C), brain water content (D), and Evans blue extravasation (E) in rats 24 h after SAH. Data are shown

as mean = SD. *P < 0.05 vs. sham+vehicle group; #P < 0.05 vs. SAH+vehicle group.
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Fig. 2. Effect of 2ME2 on cell apoptosis in the ipsilateral basal cortex at 24 h after SAH. (A-I) Representative TUNEL/DAPI photomicrographs of the ipsilateral basal cortex in
different groups. (J) Quantification of TUNEL-positive cells in the groups, expressed as percentage of total (DAPI") cells. Data are shown as mean + SD. *P < 0.05 vs.

sham+vehicle group; #P < 0.05 vs. SAH+vehicle group. Scale bars: 100 pm.

Fig. 3. Double fluorescence labeling of HIF-10/NeuN (A-C), HIF-1at/GFAP (D-F), and HIF-10//TUNEL (G-F) in the ipsilateral basal cortex at 24 h after SAH. Scale bars: 100 pm.

nuclei of neurons and TUNEL-positive cells 24 h after SAH; (3)
Treatment with 2ME2 alleviated cerebral injuries and the up-regu-
lation of HIF-1a, BNIP3 and VEGF induced by SAH. Taken together,
these data indicate that activating HIF-1o and its downstream tar-
gets, BNIP3 and VEGF, is crucial in EBI after SAH, and these effects
were blocked by 2ME2, a HIF-1a inhibitor.

Previous studies indicated that HIF-1a is activated in traumatic
brain injury [22], cerebral ischemia [23,24], and cerebral hemor-
rhage [25]. Both beneficial and detrimental effects of HIF-1a have

been extensively reported invarious models of cerebral ischemia
[26-29]. One possible explanation for the discrepancies between
these studies is that HIF-1a may have a dual effect that depends
on the severity of the ischemic insult. Although several studies
demonstrated that HIF-1o. accumulated following SAH [8-11],
the benefit or harm of HIF-1a elevation is still elusive. Hishikawa
et al. [11] revealed that a deferoxamine-induced increase in HIF-
1o protein level and activity significantly attenuated basilar artery
vasospasm and reduced brainstem blood flow in a rat model of
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Fig. 4. Effect of 2ME2 on the expression of HIF-1a (A, B), BNIP3 (A, C), and VEGF (A, D) in the ipsilateral basal cortex at 24 h after SAH. Relative optical densities (0.D.) of HIF-
1o, BNIP3 and VEGF were normalized to B-actin and displayed as the fold-expression over the sham+ group. Data are shown as mean + SD. *P < 0.05 vs. sham+vehicle group;

#P < 0.05 vs. SAH+vehicle group.

SAH. In contrast, HIF-1a stabilization in the basilar artery has been
reported to be an important factor in the development of cerebral
vasospasm in a rat endovascular perforation model of SAH. Further,
2ME2 was shown to bea powerful agent to attenuate the cerebral
vasospasm 48 h after SAH [9]. Ostrowski et al. [8] first reported
the expression of HIF-1a in brain tissue in a rat model of SAH.
The researchers speculated that hyperbaric oxygen induced neuro-
protection against EBI, partly by inhibition of HIF-1a and its target
proteins. In agreement with previous studies, our study found that
a clear up-regulation of HIF-10, BNIP3, and VEGF was induced by
24 h of SAH. The protein up-regulation was reversed by the HIF-
1o inhibitor 2ME2, without causing significant changes in intracra-
nial pressure, cerebral perfusion pressure, or cerebral blood flow.
These results indicated that 2ME2 reduced EBI after SAH, likely
by inhibition of HIF-1oe and downstream targets BNIP3 and VEGF,
which led to the decrease in cell apoptosis and preservation of
BBB function.

A growing body of evidence suggests that the function of mito-
chondria is disturbed in the early apoptotic process and may be
crucial in mediating apoptosis [30,31]. BNIP3 influences mitochon-
drial function and can overcome Bcl-2 suppression of apoptosis
[32,33]. Previous work by Bruick [34] indicated that BNIP3, acti-
vated by HIF-1q, plays a dedicated role in the progression of hy-
poxia-mediated apoptosis. It has been reported that BNIP3 is
regulated by HIF-1a and induces apoptotic cell death following fo-
cal cerebral ischemia in rats [35,36]. In this study, we showed that
HIF-1o0 was expressed mainly in the nuclei of neurons and co-
localized with TUNEL-positive cells. Further, BNIP3 was up-regu-
lated accompanying HIF-1o. Taken together, these data suggest
HIF-1o potentially leads to neuron apoptosis by activation of BNIP3
in the ipsilateral basal cortexat 24 h after SAH. The neuroprotective
effects of 2ME2 further demonstrate that inhibition of HIF-1a
might be an effective strategy to reduce EBI after SAH.

Early pathological sequelae, such as increased BBB permeability
and cerebral edema formation, are common in SAH patients [37].
The up-regulation of VEGF found in brain tissues after SAH may
exacerbate BBB disruption [38,39]; in strong support, several stud-
ies showed that inhibition of VEGF significantly attenuated brain
edema induced by cerebral ischemia/reperfusion [40] and SAH
[4]. In addition, suppression of VEGF by a HIF-1a inhibitor was
found to ameliorate BBB breakdown in hypoxic-ischemic brains
[28]. However, little is known about the relationship between
HIF-1a and VEGEF in rats after SAH. In this study, the decrease in
brain water content, BBB permeability and VEGF expression in
the SAH+2ME2 group indicates that suppression of VEGF via
2ME2 might be the key to attenuating the BBB disruption induced
by SAH. However, besides VEGF, other factors may also contribute
to increased BBB permeability after SAH. Recent work by Wang
et al. [10] showed that HIF-1a played a role in cerebral edema for-
mation and BBB disruption via a molecular signaling pathway
involving Aquaporin-4 and Matrix Metalloproteinase-9. It is possi-
ble that down-regulation of VEGF by acute HIF-1a inhibition isone
of multiple mechanisms that attenuates BBB disruption and brain
edema after SAH.

Interestingly, the present study revealed that the mortality of
the SAH+2ME2 group (25.00%) was lower than that of the
SAH+vehicle group (35.00%), but this difference between the
groups was not significant (chi square test, P> 0.05). However, a
study by Yan et al. [9] showed that 2ME2 significantly reduced
mortality after 48 h of SAH in rats. These results indicate that fur-
ther studies are necessary to explore the dose response and time
window of the beneficial effects of 2ME2 in EBlafter SAH.

In summary, our current work demonstrated that HIF-1o0 may
play a role in EBI after SAH, causing cell apoptosis, BBB disruption,
and brain edema. When HIF-1o and its downstream targets, BNIP3
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and VEGF, were blocked by HIF-1a inhibitor 2ME2, EBI was
ameliorated.
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