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The Forkhead box O 3a (FoxO3a), a transcription factor, is known to be involve in change of endothelial
permeability. During hypoxia, blood–brain barrier (BBB) permeability is increased through degradation of
vascular endothelium cadherin (VE-cadherin) and clsudin-5. The hypoxia also increased mRNA levels of
matrix metalloproteinase (MMP)-3/9 and promoted translocation of FoxO3a into nucleus in endothelial
cells. However, little is known about the role of FoxO3a in hypoxia-induced BBB hyperpermeability. Here,
we examined whether FoxO3a regulates hypoxia-induced BBB permeability through induction of MMPs.
The transfection of siFoxO3a suppressed hypoxia-induced BBB hyperpermeability. The transfection of
siFoxO3a also inhibited hypoxia-induced degradation of VE-cadherin and claudin-5. In addition, the
transfection of siFoxO3a reduced hypoxia-induced increase of MMP-3 mRNA levels. However, transfec-
tion of siFoxO3a did not inhibits transcription of MMP-9 induced by hypoxia. Taken together, our findings
suggest that FoxO3a is involved in hypoxia-induced degradation of VE-cadherin and claudin-5 through
induction of MMPs indirectly.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction Forkhead box O (FoxO) is the O type subfamily of the forkhead
The blood–brain barrier (BBB) is structural and functional
barrier which impedes and regulates the influx of many com-
pounds and pathogens from blood circulation to brain tissue [1].
As primary barrier of the BBB, brain microvascular endothelial cells
is sealed by tight and adherens junctions [12], which form the
junction complex between adjacent endothelial cells [16] and play
a crucial role in the maintenance of endothelial barriers [14]. The
BBB is disrupted under pathological conditions such as cerebral
ischemia, leading to vasogenic edema and secondary brain damage
[5]. Matrix metalloproteinases (MMPs) is the one of the main
causes in brain ischemia-induced BBB disruption [18,22,24].
Among MMPs, especially, MMP-9 is involved in BBB dysfunction
after brain ischemia [26]. Recent studies suggest that activation
of MMP-9 caused severe BBB dysfunction, and this effect is associ-
ated with degrading the tight junctions, substantially contributing
to brain edema [26]. MMP-9 has also been shown to degrade clau-
din-5, occludin, and ZO-1 in cultured brain endothelial cells [3].
transcription factor superfamily and includes FoxO1, 3a, 4 and 6 in
mammalian species [25]. FoxO proteins regulates transcriptionally
activates or inhibits a series of downstream targets, thereby
involved in diverse cellular functions including regulation of cell
permeability [2,4,25,27]. It is known that FoxO1/b-catenin caused
claudin-5 repression in IL-1b-mediated barrier dysfunction [2].
FoxO1 also increased caveolae-mediated transcytosis across the
BBB [23]. In addition, FoxO4 regulated intestinal permeability
through tight junction proteins, including ZO-1 and claudin-1
[27]. However, little is known that FoxO3a protein has a role in reg-
ulation of brain endothelial cell permeability. Lee and colleagues
reported that the functional activation of MMP-9 via FoxO3a-med-
iated MMP-3 activation is involved in regulating EC survival and
degrading extracellular matrix [8]. Emerging data indicated that
FoxO3a may play an important role during injuries that involve
cerebral ischemia and oxidative stresses [4,13]. In the present
study, we investigated the roles of FoxO3a in regulation of BBB
permeability after hypoxia.
2. Materials and methods

2.1. Cell culture

The bEnd.3 cells was purchased from the ATCC (Manassas, VA)
and grown in Dulbecco’s Modified Eagle Medium (DMEM)

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.07.055&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.07.055
mailto:yisjung@ajou.ac.kr
http://dx.doi.org/10.1016/j.bbrc.2014.07.055
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


S.-W. Hyun, Y.-S. Jung / Biochemical and Biophysical Research Communications 450 (2014) 1638–1642 1639
(Gibco-BRL, Grand Island, NY) with 10% fetal bovine serum. For
challenge of hypoxia, confluent bEnd.3 cells were incubated in an
anaerobic chamber (Forma Scientific, Marietta, OH) at 37 �C under
an atmosphere composed of 5% CO2, 10% H2 and 85% N2 in glucose
free DMEM that had been saturated with N2 gas for 30 min.

2.2. Endothelial cell monolayer permeability assay

bEnd.3 cells were grown on the inside of gelatin-coated trans-
well insert (0.4 lm, Corning Costar Co., NY) and exposed to hypoxic
condition for 4 h. Next, 165 lg/ml of Evans blue-0.1% albumin
(Sigma–Aldrich Co., St. Louis, MO) and NaF (Sigma–Aldrich Co.,
St. Louis, MO) were added to the upper chamber 1 h before mea-
surement. The intensity of the diffused Evans blue-0.1% albumin
and NaF in the lower chamber was measured at 650 nm and
485/535 nm, respectively. Results are expressed as ratios of Evans
blue-0.1% albumin and NaF concentration in the lower chamber to
the total concentration of Evans blue-0.1% albumin concentration
and NaF added to the upper chamber at the start of the experiment,
respectively. Transendothelial electrical resistance (TEER) across
the membrane was measured with a Millicell ERS-2 Voltohmmeter
(Millipore Co., Billerica, MA). The gelatin-coated transwell inserts
were placed in 24 well plates containing culture medium and then
used to measure background resistance. The resistance measure-
ments of these blank filters were then subtracted from those of
filters with cells. The values are shown as X � cm2 based on
culture inserts.

2.3. Reverse transcription polymerase chain reaction (RT-PCR)

RT-PCR was performed by modification of the procedures
described previously [10]. Briefly, total RNA was isolated for RT.
After RT reaction, cDNA was amplified using specific primers for
MMP-3 and-9. All sample detected and analyzed using GelDoc™
(Bio-Rad, Hercules, CA).

2.4. Western blot analysis

Western blot analysis was performed by modification of the
procedures described previously [6]. To obtain the protein, briefly,
the cells were lysed and centrifuged at 14,000 rpm for 15 min and
the supernatant was collected. Proteins were separated by
SDS–PAGE and reacted with antibodies specific for VE-cadherin
(Invitrogen, Carlsbad, CA) and claudin-5 (Invitrogen, Carlsbad,
CA). All sample detected and analyzed using LAS4000 mini (Fuji
Photo Film, Tokyo, Japan).

2.5. Immunocytochemistry for translocation of FoxO3a

Immunocytochemistry was performed by modification of the
procedures described previously [9]. Briefly, samples were fixed
in methanol for 10 min at room temperature and then soaked in
3% bovine serum albumin (BSA) blocking solution at room temper-
ature. Samples were incubated with anti-FoxO3a antibody (Cell
Signaling Technology, Inc., Danvers, MA) overnight and then with
secondary antibody labeled with Alexa 488 (Invitrogen, Carlsbad,
CA). Finally, samples were incubated with hoechst 33258. All
samples were observed under a Nicon C2 confocal microscope
(Nicon, Tokyo, Japan).

2.6. Small interfering RNA (siRNA) transfection

Transfection of siFoxO3a was performed by modification of
the procedures described previously [7]. For gene silencing
in vitro, the FoxO3a siRNAs and a control siRNA were from Santa
Cruz Biotechnology, Inc. (Dallas, TX).
2.7. Statistical analysis

All data are expressed as the means ± SEMs. Statistical compar-
isons were conducted by Student’s t-test and/or one-way analysis
of variance (ANOVA). p values of less than 0.01 or 0.05 were
considered significant.

3. Results

3.1. Hypoxia promoted FoxO3a nuclear location

The accumulation of FoxO3a in nucleus was measured to deter-
mine whether hypoxia induce translocation of FoxO3a into nucleus
in brain endothelial cells. The cells were exposed to hypoxic condi-
tion for 15 min, 30 min and 60 min. As shown in Fig. 1A, the accu-
mulation of FoxO3a in nucleus was detectable at 60 min of hypoxia.

3.2. FoxO3a regulates hypoxia-induced BBB hyperpermeability

To investigate the role of FoxO3a in hypoxia-induced BBB
hyperpermeability, we transfected siFoxO3a in brain endothelial
cells. Western blotting results revealed that protein of FoxO3a in
brain endothelial cells was reduced after transiently transfected
with FoxO3a siRNA (Fig. 1E). The BBB permeability was measured
using TEER (Fig. 1B), Evans blue (Fig. 1C) and NaF (Fig. 1D). TEER
values significantly decreased after 4 h of hypoxia compared with
normoxia (data not shown). The inhibition of FoxO3a did not alter
TEER values under normoxia, whereas significantly prevented
hypoxia-induced changes in TEER. The concentration of Evans blue
and NaF in lower chamber also significantly increased at 4 h of
hypoxia compared with normoxia (data not shown). The concen-
tration of Evans blue and NaF in lower chamber was greater in
hypoxia group than in the control group, and this increase was
significantly attenuated by the knockdown of FoxO3a with siRNA.

3.3. FoxO3a affects the degradation of VE-cadherin and claudin-5 in
hypoxia model

To investigate the role of FoxO3a in hypoxia-induced degrada-
tion of VE-cadherin and claudin-5, we transfected siFoxO3a in brain
endothelial cells. The disruption of VE-cadherin and claudin-5 in
the hypoxia was quantified using Western blotting at 2, 4 and
6 h of hypoxia. As shown in Fig. 2A, VE-cadherin and claudin-5 sig-
nificantly reduced at 4 h of hypoxia. As shown in Fig. 2, the level of
VE-cadherin (B) and claudin-5 (C) was lower in hypoxia group than
in the control group, and this decrease was significantly prevented
by the knockdown of FoxO3a.

3.4. FoxO3a modulates expression of MMP-3 and MMP-9 in hypoxia
model

To investigate the role of FoxO3a in hypoxia-induced expression
of MMP-3 and MMP-9, we transfected siFoxO3a in brain endothe-
lial cells. The expression of MMP-3 and MMP-9 were quantified
using RT-PCR at 1, 2 and 4 h of hypoxia. The expression of MMP-
3 and MMP-9 in the hypoxia remarkably increased at 2 h of
hypoxia (Fig. 3A). The expression of MMP-3 also was greater in
hypoxia group than in the control group, and this increase was sig-
nificantly prevented by the knockdown of FoxO3a. During hypoxia,
however, no differences in mRNA level of MMP-9 were found
between vehicle and siFoxO3a groups (Fig. 3B).

4. Discussion

This study demonstrates that FoxO3a involves in hypoxia-
induced BBB dysfunction through degradation of VE-cadherin
and claudin-5 indirectly.



Fig. 1. Hypoxia increased BBB permeability, promoting FoxO3a nuclear location. (A) The immunofluorescent staining of FoxO3a (green) and hoechst 33258 (blue) in brain
endothelial cells. The immunofluorscent staining was detected at control (CTL), 15, 30 and 60 min of hypoxia. (Scale bars: 10 lm) (B) Quantitative analysis of TEER in brain
endothelial cell monolayer transfected with FoxO3a siRNA or control siRNA (siCTL) at 4 h after hypoxia. Data shown are mean ± SEM. (n = 4 and more). ⁄p < 0.01 vs. normoxia
control (CTL), #p < 0.01 vs. hypoxia control. Quantitative analysis of Evans blue contents (C) and NaF (D) in brain endothelial cell monolayer transfected with FoxO3a siRNA or
control siRNA at 4 h after hypoxia. Data shown are mean ± SEM. (n = 4 and more). ⁄p < 0.01 vs. normoxia CTL, #p < 0.01 vs. hypoxia CTL. (E) Brain endothelial cells was
transfected with FoxO3a siRNA (siFoxO3a, 4 or 8 lg) or control siRNA, as described in Section 2. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 2. FoxO3a silencing suppresses hypoxia-induced degradation of VE-cadherin and claudin-5. (A) Quantitative analysis of degradation of VE-cadherin and claudin-5 in
brain endothelial cells. The degradation of VE-cadherin and claudin-5 were measured at control (CTL), 2, 4 and 6 h of hypoxia. Quantitative analysis of degradation of VE-
cadherin (B) and claudin-5 (C) in brain endothelial cells transfected with FoxO3a siRNA or control siRNA at 4 h after hypoxia. Data shown are mean ± SEM. (n = 4 and more).
⁄p < 0.01 vs. normoxia CTL, #p < 0.01 vs. hypoxia CTL.

1640 S.-W. Hyun, Y.-S. Jung / Biochemical and Biophysical Research Communications 450 (2014) 1638–1642



Fig. 3. FoxO3a silencing suppresses hypoxia-induced an increase of MMP-3. (A) The expression of an increase of MMP-3/9 mRNA levels in brain endothelial cells. The mRNA
levels of MMP-3/9 were measured at control (CTL), 1, 2 and 4 h of hypoxia. (B) The expression of an increase of MMP-3/9 mRNA levels in brain endothelial cells transfected
with FoxO3a siRNA or control siRNA at 2 h after hypoxia.
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BBB is a diffusion barrier, composing of endothelial cells, astro-
cytes, pericytes and extracellular-matrix (ECM). One of the primary
functions of the BBB is the strict regulation of paracellular perme-
ability [19]. The first-line of the defense between blood circulation
and brain tissue is the endothelium [19]. The endothelial cells are
connected by junction complex, in which tight junction (TJ) and
adherens junction (AJ) play a critical role in maintaining the integ-
rity of the BBB [17]. TJ and AJ proteins among adjacent cells form
the basic structure of BBB and regulate paracellular permeability
[11]. At both TJ and AJ proteins, adhesion is mediated by trans-
membrane proteins that are linked inside the cells to the actin
cytoskeleton [21]. The adhesion is also mediated by a member of
cadherins and claudin family at AJ and TJ, respectively [21]. The
transmembrane adhesion proteins such as VE-cadherin at AJ and
claudin-5 at TJ were expressed in brain endothelial cells [15]. Clau-
dins are principal barrier-forming proteins and consist of at least
24 members, with each showing a specific organ and tissue distri-
bution [14]. Especially, brain endothelial cells mainly possess the
claudin-5 and possibly some other claudins [20]. Importantly, clau-
din-5 deletion resulted in a size-selective increase in permeability
[20]. The claudin-5-deficient mice also present an altered BBB with
higher permeability [12]. VE-cadherin is the major transmembrane
protein of the endothelial adherens junction. VE-cadherin is an
important determinant of microvascular integrity and together
with catenin forms a complex that links to the actin microfilament
network of the cell skeleton. VE-cadherin and catenin complex also
may regulate vascular permeability and affect BBB function [20]. In
addition, overexpression of FoxO3a causes degradation of AJ such
as VE-cadherin and b-catenin through activation of MMP-9 in
endothelial cells [8]. In our results from this study, hypoxia-
induced disruption of TJ and AJ proteins attenuated by transfection
of siFosO3a, thereby we suggest that FoxO3a related to hypoxia-
induced disruption of TJ and AJ proteins, in part. In addition, Lee
and colleagues reported that enzymatic activities of MMP-9
increased after FoxO3a activation in endothelial cells but their reg-
ulation involves indirect mechanism, MMP-3 activation [8]. The
mRNA and protein amount of MMP-9 were not changed by FoxO3a
activation [8]. FoxO3a-induced MMP-3 activation contributes to
increased enzymatic activity of MMP-9 [8]. The consensus binding
site for the forkhead transcription factors did not exist in the pro-
moter sequences of MMP-9 [8]. Hypoxia-induced an increase of
mRNA level of MMP-3 but not MMP-9 significantly changed after
siFoxO3a transfection in this study. MMPs mediate BBB disruption
and vasogenic edema after cerebral ischemia by degrading the
extracellular matrix, basal lamina proteins and TJ around the BBB
[18]. Among MMPs, especially MMP-9 disrupts the BBB by degrad-
ing the TJ [5]. Therefore, we suggest that FoxO3a regulates indi-
rectly the activity of MMP-9 via MMP-3, and then increases the
BBB permeability during hypoxia.

Taken together, the results from this study suggest that FoxO3a
may be involved indirectly in significant BBB dysfunction after
hypoxia, and these are associated with degradation of VE-cadherin
and claudin-5 though MMPs.
Acknowledgments

This work was supported by a grant from the Next-Generation
BioGreen 21 Program (No. PJ009074), Rural Development
Administration, Republic of Korea. This research was also sup-
ported by Bio-industry Technology Development Program
(111093-3), Ministry for Food, Agriculture, Forestry and Fisheries,
Republic of Korea.

References

[1] N.J. Abbott, A.A. Patabendige, D.E. Dolman, S.R. Yusof, D.J. Begley, Structure and
function of the blood–brain barrier, Neurobiol. Dis. 37 (2010) 13–25.

[2] R.S. Beard Jr., R.J. Haines, K.Y. Wu, J.J. Reynolds, S.M. Davis, J.E. Elliott, N.L.
Malinin, V. Chatterjee, B.J. Cha, M.H. Wu, S.Y. Yuan, Non-muscle Mlck is
required for beta-catenin- and FoxO1-dependent downregulation of Cldn5 in
IL-1beta-mediated barrier dysfunction in brain endothelial cells, J. Cell Sci. 127
(2014) 1840–1853.

[3] F. Chen, N. Ohashi, W. Li, C. Eckman, J.H. Nguyen, Disruptions of occludin and
claudin-5 in brain endothelial cells in vitro and in brains of mice with acute
liver failure, Hepatology 50 (2009) 1914–1923.

[4] K. Fukunaga, N. Shioda, Pathophysiological relevance of forkhead transcription
factors in brain ischemia, Adv. Exp. Med. Biol. 665 (2009) 130–142.

[5] R. Jin, Z. Song, S. Yu, A. Piazza, A. Nanda, J.M. Penninger, D.N. Granger, G. Li,
Phosphatidylinositol-3-kinase gamma plays a central role in blood–brain
barrier dysfunction in acute experimental stroke, Stroke 42 (2011) 2033–2044.

[6] S.Y. Jung, S.H. Choi, S.Y. Yoo, S.H. Baek, S.M. Kwon, Modulation of human
cardiac progenitors via hypoxia-ERK circuit improves their functional
bioactivities, Biomol. Ther. (Seoul) 21 (2013) 196–203.

[7] D. Kwon, G.S. Kang, D.K. Han, K. Park, J.H. Kim, S.H. Lee, Establishment and
characterization of human engineered cells stably expressing large
extracellular matrix proteins, Arch. Pharm. Res. 37 (2014) 149–156.

[8] H.Y. Lee, H.J. You, J.Y. Won, S.W. Youn, H.J. Cho, K.W. Park, W.Y. Park, J.S. Seo,
Y.B. Park, K. Walsh, B.H. Oh, H.S. Kim, Forkhead factor, FOXO3a, induces
apoptosis of endothelial cells through activation of matrix metalloproteinases,
Arterioscler. Thromb. Vasc. Biol. 28 (2008) 302–308.

[9] J.A. Lee, M.Y. Lee, I.S. Shin, C.S. Seo, H. Ha, H.K. Shin, Anti-inflammatory effects
of Amomum compactum on RAW 264.7 cells via induction of heme oxygenase-
1, Arch. Pharm. Res. 35 (2012) 739–746.

[10] N.Y. Lee, P. Rieckmann, Y.S. Kang, The changes of P-glycoprotein activity by
interferon-gamma and tumor necrosis factor-alpha in primary and
immortalized human brain microvascular endothelial cells, Biomol. Ther.
(Seoul) 20 (2012) 293–298.

[11] W.Y. Liu, Z.B. Wang, L.C. Zhang, X. Wei, L. Li, Tight junction in blood-brain
barrier: an overview of structure, regulation, and regulator substances, CNS
Neurosci. Ther. 18 (2012) 609–615.

[12] A.C. Luissint, C. Federici, F. Guillonneau, F. Chretien, L. Camoin, F. Glacial, K.
Ganeshamoorthy, P.O. Couraud, Guanine nucleotide-binding protein Galphai2:
a new partner of claudin-5 that regulates tight junction integrity in human
brain endothelial cells, J. Cereb. Blood Flow Metab. 32 (2012) 860–873.

[13] K. Maiese, Z.Z. Chong, Y.C. Shang, ‘‘Sly as a FOXO’’: new paths with Forkhead
signaling in the brain, Curr. Neurovasc. Res. 4 (2007) 295–302.

[14] C.M. Niessen, Tight junctions/adherens junctions: basic structure and function,
J. Invest. Dermatol. 127 (2007) 2525–2532.

[15] T. Nitta, M. Hata, S. Gotoh, Y. Seo, H. Sasaki, N. Hashimoto, M. Furuse, S.
Tsukita, Size-selective loosening of the blood–brain barrier in claudin-5-
deficient mice, J. Cell Biol. 161 (2003) 653–660.

[16] M.A. Petty, E.H. Lo, Junctional complexes of the blood–brain barrier:
permeability changes in neuroinflammation, Prog. Neurobiol. 68 (2002)
311–323.

[17] A.M. Romanic, R.F. White, A.J. Arleth, E.H. Ohlstein, F.C. Barone, Matrix
metalloproteinase expression increases after cerebral focal ischemia in rats:
inhibition of matrix metalloproteinase-9 reduces infarct size, Stroke 29 (1998)
1020–1030.

[18] A. Rosell, E.H. Lo, Multiphasic roles for matrix metalloproteinases after stroke,
Curr. Opin. Pharmacol. 8 (2008) 82–89.

http://refhub.elsevier.com/S0006-291X(14)01283-2/h0005
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0005
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0010
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0015
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0015
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0015
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0020
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0020
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0025
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0025
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0025
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0030
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0030
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0030
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0035
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0035
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0035
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0040
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0045
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0045
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0045
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0050
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0050
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0050
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0050
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0055
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0055
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0055
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0060
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0060
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0060
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0060
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0065
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0065
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0070
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0070
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0075
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0075
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0075
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0080
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0080
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0080
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0085
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0085
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0085
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0085
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0090
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0090


1642 S.-W. Hyun, Y.-S. Jung / Biochemical and Biophysical Research Communications 450 (2014) 1638–1642
[19] K.E. Sandoval, K.A. Witt, Blood–brain barrier tight junction permeability and
ischemic stroke, Neurobiol. Dis. 32 (2008) 200–219.

[20] S.M. Stamatovic, R.F. Keep, A.V. Andjelkovic, Brain endothelial cell-cell
junctions: how to ‘‘open’’ the blood brain barrier, Curr. Neuropharmacol. 6
(2008) 179–192.

[21] A. Taddei, C. Giampietro, A. Conti, F. Orsenigo, F. Breviario, V. Pirazzoli, M.
Potente, C. Daly, S. Dimmeler, E. Dejana, Endothelial adherens junctions
control tight junctions by VE-cadherin-mediated upregulation of claudin-5,
Nat. Cell Biol. 10 (2008) 923–934.

[22] X.K. Tu, W.Z. Yang, R.S. Liang, S.S. Shi, J.P. Chen, C.M. Chen, C.H. Wang, H.S. Xie,
Y. Chen, L.Q. Ouyang, Effect of baicalin on matrix metalloproteinase-9
expression and blood–brain barrier permeability following focal cerebral
ischemia in rats, Neurochem. Res. 36 (2011) 2022–2028.

[23] P. Wang, Y. Xue, X. Shang, Y. Liu, Diphtheria toxin mutant CRM197-mediated
transcytosis across blood–brain barrier in vitro, Cell. Mol. Neurobiol. 30 (2010)
717–725.
[24] Z. Wang, Y. Leng, L.K. Tsai, P. Leeds, D.M. Chuang, Valproic acid attenuates
blood–brain barrier disruption in a rat model of transient focal cerebral
ischemia: the roles of HDAC and MMP-9 inhibition, J. Cereb. Blood Flow Metab.
31 (2011) 52–57.

[25] Q. Xie, J. Chen, Z. Yuan, Post-translational regulation of FOXO, Acta Biochim.
Biophys. Sin. (Shanghai) 44 (2012) 897–901.

[26] Y. Yang, E.Y. Estrada, J.F. Thompson, W. Liu, G.A. Rosenberg, Matrix
metalloproteinase-mediated disruption of tight junction proteins in cerebral
vessels is reversed by synthetic matrix metalloproteinase inhibitor in focal
ischemia in rat, J. Cereb. Blood Flow Metab. 27 (2007) 697–709.

[27] W. Zhou, Q. Cao, Y. Peng, Q.J. Zhang, D.H. Castrillon, R.A. DePinho, Z.P. Liu,
FoxO4 inhibits NF-kappaB and protects mice against colonic injury and
inflammation, Gastroenterology 137 (2009) 1403–1414.

http://refhub.elsevier.com/S0006-291X(14)01283-2/h0095
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0095
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0100
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0100
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0100
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0105
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0105
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0105
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0105
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0110
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0110
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0110
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0110
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0115
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0115
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0115
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0120
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0120
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0120
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0120
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0125
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0125
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0130
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0130
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0130
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0130
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0135
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0135
http://refhub.elsevier.com/S0006-291X(14)01283-2/h0135

	Hypoxia induces FoxO3a-mediated dysfunction of blood–brain barrier
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Endothelial cell monolayer permeability assay
	2.3 Reverse transcription polymerase chain reaction (RT-PCR)
	2.4 Western blot analysis
	2.5 Immunocytochemistry for translocation of FoxO3a
	2.6 Small interfering RNA (siRNA) transfection
	2.7 Statistical analysis

	3 Results
	3.1 Hypoxia promoted FoxO3a nuclear location
	3.2 FoxO3a regulates hypoxia-induced BBB hyperpermeability
	3.3 FoxO3a affects the degradation of VE-cadherin and claudin-5 in hypoxia model
	3.4 FoxO3a modulates expression of MMP-3 and MMP-9 in hypoxia model

	4 Discussion
	Acknowledgments
	References


