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Glucocorticoids stabilize the blood–brain barrier (BBB), leading to attenuation of vasogenic brain edema.
However, the action mechanism of glucocorticoids has been poorly elucidated. To elucidate the mecha-
nism, we investigated whether dexamethasone (Dex), a synthetic glucocorticoid hormone, regulates the
levels of key permeability regulating factors such as angiopoietin-1, angiopoietin-2, and vascular endo-
thelial growth factor (VEGF) in the three types of cells comprising BBB. Dex increased the level of angio-
poietin-1 mRNA and protein and decreased VEGF mRNA and protein in brain astrocytes and pericytes, but
not in endothelial cells. The mRNA and protein of angiopoietin-2 were detected only in endothelial cells
and not regulated by Dex. The Dex-induced regulation of angiopoietin-1 and VEGF was inhibited by
RU486, suggestive of glucocorticoid receptor mediation. The mRNA stability of angiopoietin-1 and VEGF
was not changed by Dex treatment, implying that Dex increases angiopoietin-1 and decreases VEGF
through transcriptional regulation. This is the first study showing the coordinate regulation of angiopoie-
tin-1 and VEGF by glucocorticoids, suggesting a novel mechanism underlying glucocorticoids-induced
stabilization of BBB.

� 2008 Elsevier Inc. All rights reserved.
The blood–brain barrier (BBB) is a diffusion barrier essential for
the normal function of the central nervous system (CNS) [1,2]. The
BBB restricts the nonspecific flux of ions, proteins, and other harm-
ful substances and selectively allows the uptake of essential mole-
cules from the blood into the CNS microenvironment. It is mainly
comprised of three cellular elements of the brain microvascula-
ture: endothelial cells, astrocyte end-feet, and pericytes [1–3].
Endothelial cells are directly responsible for formation of barriers,
while astrocytes and pericytes regulate the barrier function of
endothelial cells. Compared to endothelial cells in other tissues,
the BBB endothelial cells have more extensive tight junctions,
sparse pinocytic vesicular transport, and no fenestrations [1,3].
Astrocytic end-feet tightly ensheathe the vessel wall and appear
to be crucial for the induction and maintenance of the tight junc-
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tion barrier, although astrocytes themselves are not thought to
have a barrier function [1]. Pericytes embrace capillary endothe-
lium, contributing to maturation of vessels [4] and are regarded
as one of the critical components for establishment of an in vitro
BBB model [5].

The key factors that regulate the stability of BBB are vascular
endothelial growth factor (VEGF), angiopoietin-1 (Ang-1), and
angiopoietin-2 (Ang-2) [6–9]. VEGF is a key regulator of angiogen-
esis and was initially identified as vascular permeability factor ow-
ing to its potent property of increasing the permeability of vascular
wall [10]. VEGF disrupts endothelial cell–cell junctions, leading to
increased vascular permeability, which results in breakdown of
BBB [6,11]. Angiopoietins are ligands for Tie-2, which is a receptor
tyrosine kinase expressed on endothelial cells and hematopoietic
stem cells [12–14]. Among angiopoietins, the best characterized
are Ang-1 and Ang-2 [14]. Ang-1 induces autophosphorylation of
Tie-2, while Ang-2 acts as a natural antagonist in endothelial cells
in the presence of Ang-1 [15]. Ang-1 precludes blood vessels from
leaking [14,16], while Ang-2 destabilizes the vessels. Ang-1 se-
creted by brain astrocytes and pericytes contributes to formation
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of the BBB [7,8], whereas Ang-2 directly results in breakdown of
the BBB [9].

Pathological conditions such as ischemia, brain tumors, or head
injury are accompanied by breakdown of the BBB and consequent
increase in permeability [6,17]. As a result, plasma components
leak from the blood into the extracellular space of the brain, which
causes the development of vasogenic cerebral edema. Glucocorti-
coids are the mainstay of the treatment for vasogenic brain edema,
and dexamethasone (Dex) is the most commonly used glucocorti-
coid [6]. However, the action mechanism of Dex on the stability of
BBB has yet to be elucidated.

In an attempt to elucidate the action mechanism of glucocorti-
coids for stabilization of the BBB, we investigated if Dex, a syn-
thetic glucocorticoid, regulates the expression levels of three key
factors regulating BBB, i.e., VEGF, Ang-1, and Ang-2 in BBB-com-
prising cells such as human brain astrocytes (HBAs), human brain
pericytes (HBPs), and human brain microvascular endothelial cells
(HBMECs). Here, we demonstrate for the first time that Dex upreg-
ulates angiopoietin-1 and downregulates VEGF in HBAs and HBPs,
suggesting a novel mechanism underlying Dex-induced stabiliza-
tion of BBB.

Materials and methods

Cell culture. Primarily cultured HBAs, HBPs, and HBMECs were
purchased from Cell Systems (Kirkland, WA) and cultured in CSC
media (Cell Systems) in the presence of attachment factors (Cell
Fig. 1. Effect of Dex on the expression levels of Ang-1 and VEGF in astrocytes. Human
various concentrations for 24 h (B–D). (A–C) Total RNA was isolated using Trizol. The mR
normalized to those of b-actin. Each bar represents the mean Ang-1 (A and B) or VEGF (C)
VEGF mRNA and increased Ang-1 mRNA (*P < 0.05, *P < 0.01, ***P < 0.001 vs solvent contro
were determined using ELISA. Each bar represents the mean amount of secreted Ang-1
protein in a dose-dependent manner (**P < 0.01 vs solvent control, n = 4).
Systems). Cells were grown at 37�C in a humidified atmosphere
of 5% CO2.

Real-time reverse transcription-polymerase chain reaction (RT-
PCR). Cells were stimulated with various concentrations of Dex
(Sigma Chemical, St. Louis, MO) for 24 h or indicated time. Total
RNA was isolated from the cells using Trizol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruction. The RT
reaction was carried out as previously described [18]. Quantitative
real-time PCR was performed using the 7900 HT sequence detec-
tion system (Applied Biosystems, Foster City, CA) and SYBR Green
master mix (Applied Biosystems). Primer pairs for the real-time
PCR were as follows: for human b-actin, forward 50-GCCCAGTC
CTCTCCCAAGTC-30, reverse 50-GGCACGAAGGCTCATCATTC-30; for
human VEGF, forward 50-GTTTCGGGAACCAGATCTCTCA-30, reverse
50-GGACTGTTCTGTCGATGGTGATG-30; for human Ang-1, forward
50-GGAAGGGAACCGAGCCTATT-30, reverse 50-TTCCTGCTGTCCCAGT
GTGA-30; for human Ang-2, forward 50-CAGCATCAGCCAACCAGGA
A-30, reverse 50-CAAACCACCAGCCTCCTGTTAG-30.

Determination of protein levels of Ang-1, Ang-2, and VEGF in the
cell culture supernatants. After exposure to Dex, the supernatants
of cell culture were collected, centrifuged at 3000g for 5 min to
remove any cellular debris and stored at �70�C until assayed.
Ang-1, Ang-2, and VEGF concentrations were determined using
ELISA kits (R&D systems, Inc., Minneapolis, MN) according to
the manufacturer’s instruction.

RU486 inhibition test. Cells were stimulated with various con-
centrations of Dex in the presence of various concentrations of
brain astrocytes were stimulated with Dex at 100 nM for indicated times (A) or at
NA levels of VEGF, Ang-1, and Ang-2 were determined using real-time RT-PCR and
mRNA level ±SD relative to solvent control-treated cells. Dex significantly decreased

l, n = 3–7 (A), n = 9 (B), n = 7 (C)). (D) The concentrations of Ang-1 in the supernatants
±SD normalized to that of total cellular protein. Dex significantly increased Ang-1
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RU486 for 24 h and the supernatants were collected and ana-
lyzed as described above.

mRNA stability analysis. Cells were exposed to 100 lM Dex for
24 h and actinomycin D (10 lg/ml) was added to stop RNA syn-
thesis. Total RNA was isolated at the indicated time points and
analyzed by real-time RT-PCR as described above.

Statistical analysis. The results are expressed as means ± SD.
Significance was determined by ANOVA followed by multiple
comparisons by Tukey’s method using SPSS for Windows (SPSS
Inc., Chicago, IL). We took P < 0.05 to be statistically significant.
Fig. 2. Effect of Dex on the expression levels of Ang-1 and VEGF in pericytes. Human brai
concentrations for 24 h (B–E). (A–C) Ang-1 and VEGF mRNA were determined as described
level ±SD relative to solvent control-treated cells. Dex significantly increased Ang-1 and
(A), n = 7–10 (B), n = 7 (C)). (D,E) The concentrations of Ang-1 and VEGF in the supernata
Ang-1 (D) and VEGF (E) ±SD normalized to that of total cellular protein. Dex significantly
(**P < 0.01 vs solvent control, each n = 3).
Results

The expression levels of Ang-1, Ang-2, and VEGF in HBPs, HBAs, and
HBMECs

To determine the basal expression levels of Ang-1, Ang-2, and
VEGF in the three kinds of cells responsible for the formation of
the BBB, we quantified secreted proteins in the cell culture
supernatants. In HBAs and HBMECs, only Ang-1 and Ang-2 pro-
teins were significantly detected, respectively (Supplementary
n pericytes were stimulated with Dex at 100 nM for indicated times (A) or at various
in the legend to Fig. 1. Each bar represents the mean Ang-1 (A,B) or VEGF (C) mRNA

decreased VEGF mRNA (*P < 0.05, **P < 0.01, ***P < 0.001 vs solvent control, n = 3–10
nts were determined using ELISA. Each bar represents the mean amount of secreted

increased Ang-1 protein and decreased VEGF protein in a dose-dependent manner
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Fig. 1). In HBPs, we detected significant amount of Ang-1 and
VEGF protein, but not Ang-2. In case of mRNA levels, real-time
RT-PCR revealed that Ang-1 and VEGF mRNA were expressed
in all of the three types of cells although the expression level
of Ang-1 in HBMECs was �50- and �70-fold lower than those
in HBAs and HBPs, respectively (data not shown). In contrast,
Ang-2 mRNA was detectable in HBMECs, but not in HBAs and
HBPs. Further studies were carried out based on these expression
levels.

Dex increases Ang-1 mRNA and protein but decreases VEGF mRNA in
HBAs

To investigate whether Dex affects the level of Ang-1 and
VEGF in HBAs, we treated HBAs with 100 nM of Dex for various
times and determined the level of Ang-1 mRNA by real-time RT-
PCR. Dex upregulated Ang-1 mRNA in HBAs in a time-dependent
manner (Fig. 1A) and the maximal response of 1.64 ± 0.30 fold
was obtained at 24 h. Then, we stimulated HBAs with various
concentrations of Dex for 24 h and found that Dex increase
Ang-1 also in a dose-dependent manner with maximal response
of 1.70 ± 0.33 fold at 100 nM and 2.0 ± 0.6 at 10 lM (Fig. 1B). In
contrast, Dex decreased VEGF mRNA in HBAs in a dose-depen-
dent manner to 0.69 ± 0.11 fold at 100 nM and 0.70 ± 0.07 at
10 lM (Fig. 1C). Because Ang-1 protein is expressed in HBAs,
we also examined the protein levels of Ang-1 after treatment
with Dex. As in mRNA level, Dex increased Ang-1 protein in a
dose-dependent manner (Fig. 1D). Neither mRNA nor protein of
Ang-2 was detected in HBAs.
Fig. 3. Effect of Dex on the expression levels of Ang-1, Ang-2, and VEGF in endothelial cel
concentrations for 24 h. (A-C) Ang-1, Ang-2, and VEGF mRNA were determined as descri
VEGF (C) mRNA level ±SD relative to solvent control-treated cells. The mRNA levels of Ang
of Ang-2 in the supernatants were determined using ELISA. Each bar represents the mean
concentrations of Dex did not change the level of Ang-2 protein (n = 3).
Dex increases Ang-1 mRNA and protein but decreases VEGF mRNA and
protein in HBPs

Next, we examined if Dex affects the mRNA and protein levels
of Ang-1 and VEGF in HBPs. As in HBAs, Dex also increased Ang-
1 mRNA level in a time- and dose-dependent manner with maxi-
mal response of 2.3 ± 0.5 fold at 100 nM Dex for 24 h and decreased
VEGF mRNA level to 0.45 ± 0.13 fold at 100 nM and 0.41 ± 0.11 at
10 lM in HBPs (Fig. 2A–C). As in mRNA level, Dex also decreased
Ang-1 and VEGF protein in a dose-dependent manner (Fig. 2D
and E). Neither mRNA nor protein of Ang-2 was detected in HBPs.

Dex does not change the levels of Ang-1, Ang-2, and VEGF in HBMECs

Various concentrations of Dex failed to significantly affect the
mRNA levels of VEGF, Ang-1, and Ang-2 in HBMECs (Fig. 3). Dex
did not influence the Ang-2 protein levels in HBMECs, either.

RU486 completely inhibits the Dex-induced regulation of Ang-1 and
VEGF

Most effects of glucocorticoids on cells are mediated by activa-
tion of glucocorticoid receptor (GR) [19]. To examine whether Dex-
induced increase in Ang-1 and decrease in VEGF are GR-mediated,
we stimulated HBPs with 100 nM Dex in the presence of RU486, a
GR antagonist. Addition of equimolar concentration of RU486 sig-
nificantly attenuated the effects of Dex (P < 0.001 for Ang-1,
P < 0.05 for VEGF) and 100-fold higher concentration of RU486
led to complete abrogation (Fig. 4). Various concentrations of
ls. Human brain microvascular endothelial cells were stimulated with Dex at various
bed in the legend to Fig. 1. Each bar represents the mean Ang-1 (A), Ang-2 (B), and
-1, Ang-2, and VEGF were not affected by Dex (each n = 7–9). (D) The concentrations
amount of secreted Ang-2 ± SD normalized to that of total cellular protein. Various
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RU486 in the absence of Dex did not affect Ang-1 and VEGF protein
levels in HBPs. Dose-dependent inhibition by RU486 indicates that
Dex upregulates Ang-1 and downregulates VEGF through a GR-
mediated mechanism.

Dex does not affect the mRNA stability of Ang-1 and VEGF

To elucidate the mechanism by which Dex upregulates Ang-1
mRNA and downregulates VEGF mRNA, we measured the mRNA
stability of Ang-1 and VEGF in HBPs. Ang-1 mRNA was very stable
and remained unchanged for 12 h (Fig. 4C), which is compatible
with the previous report of high stability of Ang-1 mRNA in retinal
pigment epithelial cells [20]. In contrast, VEGF mRNA decreased
rapidly under the same experimental conditions (Fig. 4D). Note
that Dex treatment did not affect Ang-1 and VEGF mRNA stability
in HBPs, implying that the regulations of Ang-1 and VEGF by Dex
are mediated by transcriptional activation and inhibition,
respectively.

Discussion

In our study, we showed that Dex coordinately regulates the
expression of Ang-1, Ang-2, and VEGF in three types of cells com-
prising BBB. The most salient findings in the current study are as
follows. First, we demonstrated, for the first time, that Dex
increased Ang-1 and decreased VEGF levels in HBAs and HBPs,
but not in HBMECs, suggesting a novel mechanism of Dex-induced
stabilization of BBB. Second, Dex-induced regulation of Ang-1 and
Fig. 4. The mechanism underlying the Dex-induced regulation of Ang-1 and VEGF. (A,B
antagonist for 24 h. The concentrations of Ang-1 in the supernatants were determined us
±SD normalized to that of total cellular protein. The Dex-induced increase in Ang-1
attenuated to basal level by addition of RU486 in a dose-dependent manner (+P < 0.05, +

were treated with 100 nM Dex for 24 h followed by cotreatment with 10 lg/ml actinom
addition of actinomycin D and the levels of Ang-1 and VEGF mRNA were determined as d
(D) mRNA level ±SD relative to the 0 h value in logarithmic scale. Ang-1 mRNA was very
changed by Dex stimulation (n = 7).
VEGF was attenuated by RU486, indicative of a GR mediation.
Third, Dex did not change the mRNA stability of Ang-1 and VEGF,
implying transcriptional regulation of Ang-1 and VEGF by Dex.

Most of the effects of glucocorticoids on cells are through GR,
which is activated by binding to its specific ligands such as gluco-
corticoid hormone and Dex [19]. In our study, RU486, a GR antag-
onist, completely inhibited the Dex-induced regulation of Ang-1
and VEGF, indicating the mediation by GR (Fig. 4A and B). The well
known mode of action of activated GR is through the regulation of
gene transcription [19,21] although the effects of GR without tran-
scriptional modulation are recently being revealed [22]. In this
study, the transcriptional regulation of Ang-1 and VEGF may medi-
ate the upregulation of Ang-1 and downregulation of VEGF by Dex
because Dex did not affect mRNA stability of Ang-1 and VEGF (Fig.
4C and D).

Ang-2 mRNA was not detected in either HBAs or HBPs, while
the level of Ang-1 mRNA in HBMECs was observed at much lower
levels than in HBAs and HBPs. This is in fair agreement with previ-
ous reports stating that Ang-1 is expressed mainly in mesenchymal
cells, such as pericytes, astrocytes, smooth muscle cells, and solid
tumor cells of mesenchymal origin [7,23–25], whereas Ang-2 is in-
duced in endothelial cells, particularly within actively sprouting
vessels or zones of vessel regression [15,25]. In addition, the
expression of Ang-1 in endothelial cells seems to vary depending
on the organs and types of endothelial cells: Ang-1 mRNA is barely
expressed in bovine aortic endothelial cells [26], whereas rat pitu-
itary endothelial cells and bovine choroidal microvascular endo-
thelial cells express Ang-1 [27,28]. The difference in Ang-1
) HBPs were treated with 100 nM Dex in the presence or absence of RU486, a GR
ing ELISA. Each bar represents the mean amount of secreted Ang-1 (A) and VEGF (B)
and decrease in VEGF (***P < 0.001, **P < 0.01 vs solvent control) were completely

+P < 0.01, +++P < 0.001 vs 100 nM Dex without RU486 group, n = 3). (C and D) HBPs
ycin D to stop RNA synthesis. Total RNA was isolated at the indicated times after

escribed in the legend to Fig. 1. Each point represents the mean Ang-1 (C) and VEGF
stable compared to that of VEGF and the stability of Ang-1 and VEGF mRNA was not
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expressions by endothelial cells from different tissues can be ex-
plained by the heterogeneity of endothelial cells depending on
the tissues [29,30].

There are several reports showing glucocorticoid-induced
downregulation of VEGF in various cell types including keratino-
cytes [31], hypoxic brain microvascular endothelial cells [32],
chondrocytes [33], and Müller cells [34]. However, the mechanism
for Dex-induced downregulation of VEGF mRNA vary depending on
the cell type and oxygen status: Dex decreases mRNA stability in
cultured keratinocytes and cobalt-treated Müller cells [31,34],
whereas Dex does not affect VEGF mRNA stability in chondrocytes
and hypoxic porcine BMECs, suggesting an involvement of tran-
scriptional inhibition [32,33]. In our study, Dex did not change
mRNA stability of Ang-1 and VEGF, implying transcriptional
regulation.

When Dex was routinely administered at doses effective in pre-
venting brain edema, the mean concentrations of Dex in human
brain tumor tissues was 225 ng/g, ranging 12–2093 ng/g [35],
which is equivalent to 573 nM, ranging 31–5332 nM. These con-
centrations of Dex in human brain tissues are comparable to those
at which Dex increased Ang-1 and decreased VEGF in vitro (Figs. 1
and 2). This raises the possibility that Dex may increase Ang-1 and
decrease VEGF in HBPs and HBAs in human patients in vivo when it
is used as an anti-edema drug.

In conclusion, Dex upregulated Ang-1, a strong BBB-stabilizing
factor, whereas it downregulated VEGF, a strong permeabilizing
factor, in HBAs and HBPs. In addition, Dex failed to significantly
influence the levels of VEGF, Ang-1, and Ang-2 in HBMECs. Further-
more, the concentrations of Dex at which it increased Ang-1 and
decreased VEGF in vitro were comparable to those in brain tissue
in vivo when Dex is used as anti-edema drug. The Dex-induced in-
crease in Ang-1 and decrease in VEGF may provide a novel mech-
anism underlying glucocorticoids-induced stabilization of the BBB.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2008.05.025.
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