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Glucocorticoids have significant effects on endothelium mediated vascular function throughout life. The baboon model has
xtensively to study cellular responses to glucocorticoids at several stages of the lifespan. Endothelial nitric oxide synthase (eNOS
egulator of endothelium dependent arterial vasodilation. We have previously demonstrated that synthetic glucocorticoids down reg
n the baboon placenta. We have now conducted studies to determine whether glucocorticoids would alter eNOS expression in ad
ascular endothelial cells in this important animal model. We explored this potential mechanism in endothelial cells from femor
f adult baboons at necropsy and cultured to the fourth passage. Endothelial cells were treated with 10–100 nM betamethason
7◦C. Vascular endothelial growth factor (VEGF) was used as a positive control and medium as negative controls. The role of gluc
eceptor mediation in betamethasone-induced eNOS changes was investigated with the glucocorticoid receptor antagonist mifepr
real-time quantitative RT-PCR) and protein (ELISA) were extracted and measured for eNOS. Expression and subcellular dist
lucocorticoid receptor were detected with fluorescence labeled antibody microscopy. eNOS mRNA and protein in baboon endo
ere downregulated 25% by betamethasone treatment. This effect was attenuated by pre-incubation with mifepristone (P < 0.01). VEGF
pregulated eNOS transcription and translation (P< 0.001), medium did not alter eNOS expression. We observed that mifepristone and

ncreased glucocorticoid receptor cytoplasmic accumulation by fluorescence microscopy. We conclude that betamethasone can d
NOS in cultured baboon endothelial cells via the glucocorticoid receptor pathway.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Glucocorticoids (GC) are central in the hypothalamo–
ituitary–adrenocortical axis and have regulatory roles at
ll stages of the lifespan in nearly all biological systems

ncluding the vasculature. Administration of either natural or
ynthetic GC has clear benefits in many clinical situations.
ndogenous GC secreted by the fetal adrenal plays an

∗ Corresponding author. Tel.: +1 713 798 5485; fax: +1 713 798 1705.
E-mail address:xlwang@bcm.tmc.edu (X.L. Wang).

indispensable role in the maturation of the fetal cardio
cular system[1]. Glucocorticoid administration to the fe
sheep accelerates the peripheral vasoconstrictor resp
to endothelin that occur naturally as the fetus mature
late gestation[2,3]. Synthetic glucocorticoids are routine
administered to accelerate fetal lung maturation in preg
women who are at risk of premature delivery between
and 34 weeks gestation. Preterm birth occurs in 10%
all live births and is a major cause of neonatal morta
and morbidity. Antenatal synthetic GC therapy reduces
risk of infant mortality by approximately 30%, the risk
neonatal respiratory distress syndrome by approxim
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50%, and the risk of both intracranial hemorrhage and
periventricular leukomalacia by approximately 70%[4].

Despite these clear benefits, exposure of the fetus to inap-
propriately high levels of GC for the current stage of gestation
raises fetal blood pressure and has significant effects on the
fetal peripheral vasculature. Fetal blood pressure is elevated
by 30% within 24 h of commencing infusion of synthetic GC
to fetal sheep[5] and fetal nonhuman primates[6] or follow-
ing maternal administration in the pregnant sheep. Elevated
GC exposure in fetal life may also affect the function of blood
vessels in postnatal life[7]. Various fetal vascular regulatory
systems have been shown to be affected by GC including
NOS [8], endothelin[2] and the renin–angiotensin system
[8,9].

Exposure of adult humans to excess GC, either as a
result of external administration or endogenous produc-
tion during disease states, produces hypertension[10]. In
one recent study, men aged 23–33 years with hyperten-
sion showed several indications of increased activity of the
hypothalamo–pituitary–adrenocortical axis such as enhanced
GC sensitivity, cortisol secretion and synthetic GC binding
to leucocytes. Thus, understanding the effects of GC on the
vasculature at all life stages is critically important.

Whilst some studies demonstrated GC could repress ex-
pression of eNOS[11], other studies suggest that GC could
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with 0.1% collagenase before the other end was cannulated.
The closed artery was incubated at 37◦C for 15 min for
digestion. After completion of digestion, the vessel was
massaged gently, flushed with medium, and the released
cells were collected by centrifugation and resuspended in
medium. The cells were seeded immediately on 1.0% gelatin
coated culture plates. The medium was F-12K supplemented
with 20% fetal calf serum (FCS) (GIBCO-BRL), 75�g/mL
EGCS (Sigma, St. Louis, MO), 50�g/mL heparin, 10 mM
HEPES, 2 mM glutamine and antibiotics. Confluent cells
were passaged by 0.05% trypsin and versene solution
(GIBCO-BRL), and sub-cultured in a three-fold dilution,
i.e. 1:3 split sub-culture. For the current study, we only used
up to four passages during culture. The endothelial cells
were treated with betamethasone (BM) (10, 50 and 100 nM
in 70% ethanol and 20�L BM solution was added to 2 mL
culture medium) for 24 h at 37◦C. Vascular endothelial
growth factor (VEGF) was applied as a positive control, and
0.7% ethanol (diluent of BM) or culture medium only was
used as a negative control. To investigate the role of GR in
BM-induced eNOS changes, the GR antagonist mifepristone
(RU486, Sigma) in doses of 1, 100 and 1000 nM was added
30 min before betamethasone treatment. All experiments
were conducted in triplicate in two separate assays (n = 6).
The study was approved by Institutional Animal Care and
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ither downregulate[12] or have no[13,14]effect on eNOS
xpression in the adult vasculature. While the fetal and
heep have been extensively investigated in relation to
ffects of GC there are few studies on nonhuman prim

hat provide related data. In the current study we soug
etermine whether GC affect endothelial eNOS expressi
dult baboon femoral artery endothelial cells cultured in v
nd to determine whether any effects observed are med
ia the GC receptor (GR).

. Experimental

.1. Baboon femoral artery endothelial cell culture

Primary baboon femoral artery endothelial c
BFAECs) were isolated from four baboons (two ma
nd two females) that were maintained by the South
ational Primate Research Center at the Southwest F
ation for Biomedical Research in San Antonio. Segm
f femoral arteries approximately 1–3 cm in length w
ollected from baboons by sterile methods during necr
or research reasons. Baboon femoral artery endoth
ells were harvested no longer than 2 h after the ve
ere excised. The cell isolation procedure was base
revious reports with modifications[15]. The artery wa
laced in a large sterile dish, and the surface was wiped
% antibiotic/antimycotic solution (GIBCO-BRL, Gra

sland, NY) in PBS. The artery was then gently cannul
t one end with a short blunt needle and flushed with PB
emove any blood remaining inside the vessel. It was inje
se Committee (IACUC) of the Southwest Foundation
iomedical Research.

.2. eNOS mRNA quantitation by real time (RT)-PCR

At the end of experiment, total RNA (50 ng), extrac
ith Trizol (Invitrogen), was reverse transcribed in a 100�L

eaction containing High-Capacity cDNA Archive Kit (A
lied Biosystems Cat. No. 4322171), followed by RT-P
sing human eNOS specific primers (Applied Biosyst
ssay ID; Hs00167166ml) which were developed for u
ith TaqMan Universal PCR master mix (Applied Bios

ems Cat. No. 4304437) and target cDNA. We used a hu
-actin specific primer as an endogenous control. A fl

escent probe, which contained a Fam reporter molecu
ached to the 5′ end and a non fluorescent quencher lin
t the 3′ end were used. For each reaction the amount o
rescence was detected as the function of the quantity
eporter dye (Fam) that was released. For the relative q
ification of gene expression, the comparative threshold c
Ct) method was employed as described in User Bulletin
BI PRISM® 7700 Sequence Detection Systems. Ct sh

he PCR cycle at which an increase in reporter fluoresc
bove a background signal can first be detected (10 time
tandard deviation of the baseline). First, endogenous co
t values were subtracted from the gene of interest Ct v

o derive a�Ct value. The relative expression of the g
f interest was then evaluated using the expression 2-��Ct,
here the value for��Ct was obtained by subtracting t
Ct of the calibrator from each�Ct, using the mean of th
egative control as the calibrator. All samples were ass
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in separate tubes in one run together with the endogenous
control.

2.3. eNOS protein quantification by ELISA

Cells were rinsed three times with cold PBS before being
lysed with osmotic lysis buffer (10 mM Tris, pH 7.4, 9.3%
SDS, 5 mM MgCl2, 50�g/mL RNase, 50�g/mL DNase) for
30 min on ice. The total soluble protein concentration in the
supernatant was determined by the Bradford method (Bio-
Rad, Cat. No. 500-0006). The extracted proteins were di-
luted to the same concentration for all samples in the ELISA
procedures. We used an eNOS ELISA kit (R&D systems,
Cat. No. DEN00). This assay employs the quantitative en-
zyme immunoassay technique in which a monoclonal an-
tibody specific for human eNOS has been pre-coated onto
a microplate. We have used this method to measure eNOS
protein in the baboon arterial wall[16]. Standards and sam-
ples were pipetted into the wells and any eNOS present was
bound by the immobilized antibody. After washing away any
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unbound substances, an enzyme-linked polyclonal antibody
specific for human eNOS was added to the wells. Following
a wash to remove any unbound antibody-enzyme reagent,
a substrate solution was added to the wells and color de-
veloped in proportion to the amount of eNOS bound in the
initial step. The color development was stopped after 10 min
and the intensity of the color was measured. The eNOS con-
centration of each sample was calculated from a standard
curve.

2.4. Immunofluorescence identification of intracellular
GR distribution

To explore the intracellular distribution of GR under dif-
ferent treatments, 200�L of endothelial cell suspension was
seeded on Lab-Tek culture chambers (Nunc, NY) coated with
1.0% gelatin before they were treated with various condi-
tions described above. At the end of 24 h of treatment, cells
were fixed in 2% formalin in PBS at room temperature for
20 min. After they were air-dried, cells were blocked with
ig. 1. Dose-dependent changes in eNOS mRNA and protein levels when ba
RNA changes after adjusted by the house-keeping�-actin mRNA levels; **P < 0
T-PCR using assay-on-demand (ABI). Primers and probes are designed b

n eNOS protein levels relative to the total cellular protein in the extracts; **P < 0.
boon femoral endothelial cells were treated with BM. (a) Represents relative eNOS
.01 by ANOVA test. mRNA levels were measured by real-time quantitative
ased on conservative regions of human eNOS and�-actin. (b) Represents changes
01 by ANOVA test.
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Table 1
Mean± S.E.M. eNOS protein (pg/�g of total protein,n = 6) and mRNA levels (arbitrary units adjusted by�-actin mRNA levels) in baboon endothelial cells
treated with different conditions

Control medium VEGF 10 ng/mL Ethanol 0.7% BM 100 nM RU 1�M BM 100 nM; RU 1�M

Protein 52.7± 1.8 73.2± 3.8∗∗∗ 56.6± 6.3 41.7± 3.5∗ 55.3± 3.1 56.9± 1.3
mRNA 1.24± 0.11 2.53± 0.17∗∗∗ 1.18± 0.13 0.67± 0.03∗∗∗ 1.30± 0.03 1.38± 0.07

RU: mifepristone; BM: betamethasone.∗∗∗P < 0.001,∗P < 0.05 compared with control cells treated with culture medium only.

10% normal serum from the same species in which the sec-
ondary antibody was raised. Cells were then incubated with
primary antibodies at 4◦C overnight. Anti-human GR (Alexis
Corp, San Diego, CA) at a dilution of 1:400 was used to de-
tect GR in BFAECs. The primary antibody was detected by
FITC-labeled secondary antibody (Santa Cruz, CA) and im-
ages were taken under a NIKON Eclipse E800 microscope.
Nuclei were stained blue with 4′6-diamidino-2-phenylindole
dihydrochloride (DAPI) (Sigma, Cat. No. 32670). The fluo-
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d
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g

rescence reaction was allowed to progress in complete dark-
ness.

2.5. Statistical analysis

Results are presented as mean± S.E.M. and compared by
Student’st-test for between groups and by univariate ANOVA
for three or more groups. Two-tailedP < 0.05 was regarded
as statistically significant.
ig. 2. Fluorescence microscopic views of changes in GR staining using F
ifferent conditions as described in Experimental Section 2.4 were viewed u
uorescence color. For each treatment condition, left side picture is the comp
reen GR staining only in order to demonstrate more clearly the nuclear GR
ITC-labeled anti-human GR antibody (stained green color). Cells treated under
sing a fluorescence microscope (400×). Nuclei were stained with DAPI as blue
osite of green GR staining and DAPI nuclear staining; the right side picture is the
distribution.
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3. Results

3.1. Effects of betamethasone on eNOS expression

There was a dose-dependent decline in eNOS expression
with increasing doses of BM (Fig. 1,P< 0.01). This decrease
was much more dramatic in eNOS mRNA (Fig. 1a, from 1.24
± 0.11 to 0.67± 0.03, representing a 46% reduction,P <
0.01) than in protein levels (Fig. 1b, from 52.7± 1.7 to 41.7
± 3.5 pg/�g total proteins, representing a 21% reduction,P
< 0.01). As a positive control, 10 ng/mL VEGF significantly
increased eNOS protein (38% increase) and mRNA (two-
fold increase) levels, whereas the vehicle ethanol at the final
concentration of 0.7% had no effect on eNOS protein and
mRNA levels (Table 1).

3.2. Role of GR in BM-induced eNOS depression

In order to investigate the mechanisms of BM-induced
eNOS depression, we pre-incubated the baboon endothelial
cells with the GR antagonist mifepristone (RU486). Whilst
RU486 had no effect by itself on eNOS expression, it did
attenuate the inhibiting effect of BM on eNOS (Table 1,
P < 0.01). This effect appeared to be at the transcriptional
level since the same degree of restoration of expression was
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[18,19]. This decrease in placental vascular endothelial eNOS
occurs in the presence of increased fetal blood pressure,[6] a
situation that should increase eNOS as a response to increased
sheer stress on the vascular endothelium.

In the present study using adult baboon femoral artery
endothelial cells, we have shown the same depressive effect
on eNOS mRNA and protein levels. This effect is BM dose-
dependent. Similar to our previous in vivo data,[18] the de-
crease of mRNA levels was much more dramatic than of pro-
tein levels. This observation is consistent with the mechanism
of action being reduced transcription rather than translation.

Our current results suggest that this inhibiting effect may
be mediated through the GR receptor pathway since we
have further shown that the effect on eNOS expression is
largely attenuated when endothelial cells are preconditioned
by RU486. GR is a nuclear receptor which mediates the ge-
nomic responses to the hormones[20]. When cells are ex-
posed to steroid hormones, such as BM, GR binds with BM
and translocates to nucleus to fulfill its transcriptional func-
tion [21]. Short-term incubation with BM (5 h) may cause a
decrease in GR level[22]. However, after prolonged incuba-
tion (24 h), this effect may be diminished[21]. This result is
consistent with our observation of little effect on GR expres-
sion 24 h after BM treatment.

Our experiments have further shown that cells treated with
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lso observed at eNOS mRNA level. We further exam
he expression and distribution of GR receptors. As sh
n Fig. 2, there was a low level of GR expression in
lei as well as cytoplasm of control cells. VEGF treatm
ppeared to increase GR expression as shown by incr

evels in both nuclei and cytoplasm in a diffuse form. Tr
ent with BM appeared to have little effect on GR exp

ion, but RU486 caused more GR diffuse into the cytopla
t the high RU486 concentration (100 nM), the cytop
ic GR clustered around the perinuclear region. Howe

he nuclear content of GR did not appear to change, e
ially when compared with the fluorescence intensity of
pecific staining in the nuclei of VEGF treated endothe
ells. However, it should be noted that these conclus
re not quantitatively based but mainly derived from vis
bservations.

. Discussion

As discussed in the introduction both the sheep and th
oon have been used extensively to follow the effects o
n the vasculature at different stages of life. We have sh

hat exposure of the fetal sheep and baboon to syntheti
ocorticoids alters endothelium dependent responses of
eripheral vessels[2,17]. With the wide spread use of GC
arious clinical conditions, it is important to understand
otential side effects that are caused by GC administrati
ll stages of development and postnatal life. Results o
revious study with baboon fetal placental vessels dem
trated a decreased eNOS expression and enzyme a
R inhibitor RU486 in presence of 100 nM BM had increa
ytoplasmic GR concentrations (Fig. 2). RU486 is a dual an
agonist with both antiprogesterone and antiglucocortico
iod function. Its antiglucocorticosteriod effect is likely to
ediated through the formation of a heterooligomeric c
lex with GR, which impedes or slows down the formatio

he activated receptor form observed after binding an ag
20]. Therefore, more RU486–GR complexes are prese
ytoplasm, and GR function is inhibited. As shown inFig. 2,
t a high concentration of RU486, clustered accumulatio
R was observed in the perinuclear location as comp

o cytoplasmic and nuclear distribution at lower RU486 c
entrations. This may be inconsistent with the observatio
chaaf and Cidlowski in which they observed both BM
U486 caused nucleus translocation of GR[23]. Whilst it

s still under investigation, the cell type specificity and
reatment of BM and RU486 could be the reason for
ytoplasmic sequestration in our experiment. We also
he significant nuclear GR staining in our control exp
ent, which could be due to the presence of glucocortic

<15.6 nM) in fetal calf serum used in our culture med
24].

Whilst it is known that glucocorticoids reduce VEGF
ression,[22,25–28]we, for the first time, show that VEG
ay upregulate GR expression, especially nuclear GR

entrations (Fig. 2). At the same time, VEGF, as a posit
ontrol, has also upregulated eNOS expression. It is not
owever, whether the upregulated GR expression by V

s associated with high or low GR function. If the funct
f GR is upregulated by VEGF, it would then be difficult
econcile the inhibiting effect by GR agonist, such as B
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on eNOS expression as observed by us and Wallerath et al.
[12]. It is tempting to propose that VEGF may act similarly
as RU486. Although the GR levels may appear to be high
when exposed to VEGF, the GR function may be inhibited.
However, more quantitative investigations will be needed in
order to confirm the findings.

In summary, we confirm that BM downregulated eNOS,
as observed in vivo in pregnant baboons. Thus, GC appear
to have similar effects on the vascular endothelium in both
fetal and adult life. This downregulation is mediated via the
GR pathway as shown by the attenuating effect of the RU486
treatment. Our findings of increased GR accumulation when
cells were treated by VEGF, in a similar pattern to those
treated by RU486, is intriguing and deserves more investiga-
tion.
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