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Abstract

Glucocorticoids have significant effects on endothelium mediated vascular function throughout life. The baboon model has been used
extensively to study cellular responses to glucocorticoids at several stages of the lifespan. Endothelial nitric oxide synthase (eNOS) is a major
regulator of endothelium dependent arterial vasodilation. We have previously demonstrated that synthetic glucocorticoids down regulate eNOS
in the baboon placenta. We have now conducted studies to determine whether glucocorticoids would alter eNOS expression in adult systemic
vascular endothelial cells in this important animal model. We explored this potential mechanism in endothelial cells from femoral arteries
of adult baboons at necropsy and cultured to the fourth passage. Endothelial cells were treated with 10-100 nM betamethasone for 24 h at
37°C. Vascular endothelial growth factor (VEGF) was used as a positive control and medium as negative controls. The role of glucocorticoid
receptor mediation in betamethasone-induced eNOS changes was investigated with the glucocorticoid receptor antagonist mifepristone. RNA
(real-time quantitative RT-PCR) and protein (ELISA) were extracted and measured for eNOS. Expression and subcellular distribution of
glucocorticoid receptor were detected with fluorescence labeled antibody microscopy. eNOS mRNA and protein in baboon endothelial cells
were downregulated 25% by betamethasone treatment. This effect was attenuated by pre-incubation with miféprsfode) (VEGF
upregulated eNOS transcription and translati®r 0.001), medium did not alter eNOS expression. We observed that mifepristone and VEGF
increased glucocorticoid receptor cytoplasmic accumulation by fluorescence microscopy. We conclude that betamethasone can downregulate
eNOS in cultured baboon endothelial cells via the glucocorticoid receptor pathway.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction indispensable role in the maturation of the fetal cardiovas-
cular systenl]. Glucocorticoid administration to the fetal
Glucocorticoids (GC) are central in the hypothalamo— sheep accelerates the peripheral vasoconstrictor responses
pituitary—adrenocortical axis and have regulatory roles at to endothelin that occur naturally as the fetus matures in
all stages of the lifespan in nearly all biological systems late gestatiori2,3]. Synthetic glucocorticoids are routinely
including the vasculature. Administration of either natural or administered to accelerate fetal lung maturation in pregnant
synthetic GC has clear benefits in many clinical situations. women who are at risk of premature delivery between 24
Endogenous GC secreted by the fetal adrenal plays anand 34 weeks gestation. Preterm birth occurs in 10% of
all live births and is a major cause of neonatal mortality
and morbidity. Antenatal synthetic GC therapy reduces the
* Corresponding author. Tel.: +1 713 798 5485; fax: +1 713 798 1705.  [isk of infant mortality by approximately 30%, the risk of
E-mail addressxlwang@bcm.tmc.edu (X.L. Wang). neonatal respiratory distress syndrome by approximately

0960-0760/$ — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jsbmb.2004.05.004



220 K. Aida et al. / Journal of Steroid Biochemistry & Molecular Biology 91 (2004) 219-224

50%, and the risk of both intracranial hemorrhage and with 0.1% collagenase before the other end was cannulated.
periventricular leukomalacia by approximately 7045 The closed artery was incubated at°&7 for 15 min for
Despite these clear benefits, exposure of the fetus to inap-digestion. After completion of digestion, the vessel was
propriately high levels of GC for the current stage of gestation massaged gently, flushed with medium, and the released
raises fetal blood pressure and has significant effects on thecells were collected by centrifugation and resuspended in
fetal peripheral vasculature. Fetal blood pressure is elevatednedium. The cells were seeded immediately on 1.0% gelatin
by 30% within 24 h of commencing infusion of synthetic GC coated culture plates. The medium was F-12K supplemented
to fetal sheep5] and fetal nonhuman primatggd or follow- with 20% fetal calf serum (FCS) (GIBCO-BRL), p®/mL
ing maternal administration in the pregnant sheep. ElevatedEGCS (Sigma, St. Louis, MO), 50g/mL heparin, 10 mM
GC exposure in fetal life may also affect the function of blood HEPES, 2mM glutamine and antibiotics. Confluent cells
vessels in postnatal lif@]. Various fetal vascular regulatory  were passaged by 0.05% trypsin and versene solution
systems have been shown to be affected by GC including (GIBCO-BRL), and sub-cultured in a three-fold dilution,
NOS [8], endothelin[2] and the renin—angiotensin system i.e. 1:3 split sub-culture. For the current study, we only used
[8,9]. up to four passages during culture. The endothelial cells
Exposure of adult humans to excess GC, either as awere treated with betamethasone (BM) (10, 50 and 100 nM
result of external administration or endogenous produc- in 70% ethanol and 2QL BM solution was added to 2 mL
tion during disease states, produces hypertenfioh In culture medium) for 24h at 3. Vascular endothelial
one recent study, men aged 23-33 years with hyperten-growth factor (VEGF) was applied as a positive control, and
sion showed several indications of increased activity of the 0.7% ethanol (diluent of BM) or culture medium only was
hypothalamo—pituitary—adrenocortical axis such as enhancedused as a negative control. To investigate the role of GR in
GC sensitivity, cortisol secretion and synthetic GC binding BM-induced eNOS changes, the GR antagonist mifepristone
to leucocytes. Thus, understanding the effects of GC on the(RU486, Sigma) in doses of 1, 100 and 1000 nM was added
vasculature at all life stages is critically important. 30 min before betamethasone treatment. All experiments
Whilst some studies demonstrated GC could repress ex-were conducted in triplicate in two separate assays 6).
pression of eNO$L1], other studies suggest that GC could The study was approved by Institutional Animal Care and
either downregulatgl2] or have nd13,14]effect on eNOS Use Committee (IACUC) of the Southwest Foundation for
expression in the adult vasculature. While the fetal and adult Biomedical Research.
sheep have been extensively investigated in relation to these
effects of GC there are few studies on nonhuman primates2.2. eNOS mRNA quantitation by real time (RT)-PCR
that provide related data. In the current study we sought to
determine whether GC affect endothelial eNOS expressionin At the end of experiment, total RNA (50 ng), extracted
adult baboon femoral artery endothelial cells cultured in vitro with Trizol (Invitrogen), was reverse transcribed in a 1020
and to determine whether any effects observed are mediatedeaction containing High-Capacity cDNA Archive Kit (Ap-
via the GC receptor (GR). plied Biosystems Cat. No. 4322171), followed by RT-PCR
using human eNOS specific primers (Applied Biosystems
Assay ID; Hs0016716@nl) which were developed for use

2. Experimental with TagMan Universal PCR master mix (Applied Biosys-
tems Cat. No. 4304437) and target cDNA. We used a human
2.1. Baboon femoral artery endothelial cell culture B-actin specific primer as an endogenous control. A fluo-

rescent probe, which contained a Fam reporter molecule at-

Primary baboon femoral artery endothelial cells tached to the 5end and a non fluorescent quencher linked
(BFAECs) were isolated from four baboons (two males atthe 3 end were used. For each reaction the amount of flu-
and two females) that were maintained by the Southwestorescence was detected as the function of the quantity of a
National Primate Research Center at the Southwest Foun+eporter dye (Fam) that was released. For the relative quan-
dation for Biomedical Research in San Antonio. Segments tification of gene expression, the comparative threshold cycle
of femoral arteries approximately 1-3cm in length were (Ct) method was employed as described in User Bulletin 2 for
collected from baboons by sterile methods during necropsy ABI PRISM® 7700 Sequence Detection Systems. Ct shows
for research reasons. Baboon femoral artery endothelialthe PCR cycle at which an increase in reporter fluorescence
cells were harvested no longer than 2h after the vesselsabove a background signal can first be detected (10 times the
were excised. The cell isolation procedure was based onstandard deviation of the baseline). First, endogenous control
previous reports with modificationd5]. The artery was  Ctvalues were subtracted from the gene of interest Ct values
placed in a large sterile dish, and the surface was wiped withto derive aACt value. The relative expression of the gene
2% antibiotic/antimycotic solution (GIBCO-BRL, Grand of interest was then evaluated using the expressiomZt,
Island, NY) in PBS. The artery was then gently cannulated where the value fon ACt was obtained by subtracting the
at one end with a short blunt needle and flushed with PBS to ACt of the calibrator from eachCt, using the mean of the
remove any blood remaining inside the vessel. It was injected negative control as the calibrator. All samples were assayed
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in separate tubes in one run together with the endogenousunbound substances, an enzyme-linked polyclonal antibody

control. specific for human eNOS was added to the wells. Following
a wash to remove any unbound antibody-enzyme reagent,
2.3. eNOS protein quantification by ELISA a substrate solution was added to the wells and color de-

veloped in proportion to the amount of eNOS bound in the

Cells were rinsed three times with cold PBS before being initial step. The color development was stopped after 10 min
lysed with osmatic lysis buffer (10 mM Tris, pH 7.4, 9.3% and the intensity of the color was measured. The eNOS con-
SDS, 5 mM MgC$, 50ug/mL RNase, 5¢ug/mL DNase) for centration of each sample was calculated from a standard
30 min on ice. The total soluble protein concentration in the curve.
supernatant was determined by the Bradford method (Bio-
Rad, Cat. No. 500-0006). The extracted proteins were di- 2.4. Immunofluorescence identification of intracellular
luted to the same concentration for all samples in the ELISA GR distribution
procedures. We used an eNOS ELISA kit (R&D systems,
Cat. No. DENO0O). This assay employs the quantitative en-  To explore the intracellular distribution of GR under dif-
zyme immunoassay technique in which a monoclonal an- ferent treatments, 2Q0L of endothelial cell suspension was
tibody specific for human eNOS has been pre-coated ontoseeded on Lab-Tek culture chambers (Nunc, NY) coated with
a microplate. We have used this method to measure eNOS1.0% gelatin before they were treated with various condi-
protein in the baboon arterial wgll6]. Standards and sam- tions described above. At the end of 24 h of treatment, cells
ples were pipetted into the wells and any eNOS present waswere fixed in 2% formalin in PBS at room temperature for
bound by the immobilized antibody. After washing away any 20 min. After they were air-dried, cells were blocked with
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Fig. 1. Dose-dependent changes in eNOS mRNA and protein levels when baboon femoral endothelial cells were treated with BM. (a) Represen@Selative eN

mRNA changes after adjusted by the house-keep#agtin mRNA levels; *P < 0.01 by ANOVA test. mRNA levels were measured by real-time quantitative
RT-PCR using assay-on-demand (ABI). Primers and probes are designed based on conservative regions of humarBe&iis. §bpRepresents changes
in eNOS protein levels relative to the total cellular protein in the extrac®:<9.01 by ANOVA test.
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Table 1
Mean+ S.E.M. eNOS protein (pg/Q of total proteinn = 6) and mMRNA levels (arbitrary units adjusted fyactin mRNA levels) in baboon endothelial cells
treated with different conditions

Control medium VEGF 10 ng/mL Ethanol 0.7% BM 100 nM Ry BM 100nM; RU 1pM
Protein 527+ 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: betamethasori&*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-rescence reaction was allowed to progress in complete dark-
ondary antibody was raised. Cells were then incubated with ness.

primary antibodies at4C overnight. Anti-human GR (Alexis

Corp, San Diego, CA) at a dilution of 1:400 was used to de- 2.5. Statistical analysis

tect GR in BFAECSs. The primary antibody was detected by

FITC-labeled secondary antibody (Santa Cruz, CA) and im-  Results are presented as mea8.E.M. and compared by
ages were taken under a NIKON Eclipse E800 microscope. Student'd-test for between groups and by univariate ANOVA
Nuclei were stained blue with@-diamidino-2-phenylindole  for three or more groups. Two-taild®l< 0.05 was regarded
dihydrochloride (DAPI) (Sigma, Cat. No. 32670). The fluo- as statistically significant.

Culture Medium VEGE, 10 ng/ml
BM, 100nM 100 nM BM + 1 nM RU486

100 nM BM + 10 nM RU486 100 nM BM + 100 nM RU486

Fig. 2. Fluorescence microscopic views of changes in GR staining using FITC-labeled anti-human GR antibody (stained green color). Cellsereated und
different conditions as described in Experimental Section 2.4 were viewed using a fluorescence microscopeN{#ei were stained with DAPI as blue
fluorescence color. For each treatment condition, left side picture is the composite of green GR staining and DAPI nuclear staining; the rigin¢ sscka@ic

green GR staining only in order to demonstrate more clearly the nuclear GR distribution.
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3. Results [18,19] This decrease in placental vascular endothelial eNOS
occurs in the presence of increased fetal blood presé@jre,
3.1. Effects of betamethasone on eNOS expression situation thatshould increase eNOS as aresponseto increased

sheer stress on the vascular endothelium.

There was a dose-dependent decline in eNOS expression In the present study using adult baboon femoral artery
with increasing doses of BMF{g. 1, P< 0.01). This decrease endothelial cells, we have shown the same depressive effect
was much more dramatic in eNOS mRNA. 1a, from 1.24 on eNOS mRNA and protein levels. This effect is BM dose-
4 0.11 to 0.67+ 0.03, representing a 46% reductidh< dependent. Similar to our previous in vivo dgteg] the de-
0.01) than in protein level$-(g. 1b, from 52.7+ 1.7 to 41.7 crease of MRNA levels was much more dramatic than of pro-
+ 3.5 pgfug total proteins, representing a 21% reductiBn, teinlevels. This observation is consistent with the mechanism
<0.01). As a positive control, 10 ng/mL VEGF significantly of action being reduced transcription rather than translation.
increased eNOS protein (38% increase) and mRNA (two-  Our current results suggest that this inhibiting effect may
fold increase) levels, whereas the vehicle ethanol at the finalbe mediated through the GR receptor pathway since we
concentration of 0.7% had no effect on eNOS protein and have further shown that the effect on eNOS expression is

MRNA levels [able 1. largely attenuated when endothelial cells are preconditioned
by RU486. GR is a nuclear receptor which mediates the ge-
3.2. Role of GR in BM-induced eNOS depression nomic responses to the hormori@8]. When cells are ex-

posed to steroid hormones, such as BM, GR binds with BM
In order to investigate the mechanisms of BM-induced and translocates to nucleus to fulfill its transcriptional func-
eNOS depression, we pre-incubated the baboon endotheliation [21]. Short-term incubation with BM (5 h) may cause a
cells with the GR antagonist mifepristone (RU486). Whilst decrease in GR lev§®2]. However, after prolonged incuba-
RU486 had no effect by itself on eNOS expression, it did tion (24 h), this effect may be diminishg®l]. This result is
attenuate the inhibiting effect of BM on eNOSable 1 consistent with our observation of little effect on GR expres-
P < 0.01). This effect appeared to be at the transcriptional sion 24 h after BM treatment.
level since the same degree of restoration of expression was Our experiments have further shown that cells treated with
also observed at eNOS mRNA level. We further examined GR inhibitor RU486 in presence of 100 nM BM had increased
the expression and distribution of GR receptors. As shown cytoplasmic GR concentrationBi(. 2). RU486 is a dual an-
in Fig. 2, there was a low level of GR expression in nu- tagonist with both antiprogesterone and antiglucocorticoste-
clei as well as cytoplasm of control cells. VEGF treatment riod function. Its antiglucocorticosteriod effect is likely to be
appeared to increase GR expression as shown by increasethediated through the formation of a heterooligomeric com-
levels in both nuclei and cytoplasm in a diffuse form. Treat- plex with GR, whichimpedes or slows down the formation of
ment with BM appeared to have little effect on GR expres- the activated receptor form observed after binding an agonist
sion, but RU486 caused more GR diffuse into the cytoplasm. [20]. Therefore, more RU486—GR complexes are present in
At the high RU486 concentration (100 nM), the cytoplas- cytoplasm, and GR function is inhibited. As showrfig. 2,
mic GR clustered around the perinuclear region. However, at a high concentration of RU486, clustered accumulation of
the nuclear content of GR did not appear to change, espe-GR was observed in the perinuclear location as compared
cially when compared with the fluorescence intensity of GR to cytoplasmic and nuclear distribution at lower RU486 con-
specific staining in the nuclei of VEGF treated endothelial centrations. This may be inconsistent with the observation by
cells. However, it should be noted that these conclusions Schaaf and Cidlowski in which they observed both BM and
are not quantitatively based but mainly derived from visual RU486 caused nucleus translocation of ZR]. Whilst it
observations. is still under investigation, the cell type specificity and co-
treatment of BM and RU486 could be the reason for the
cytoplasmic sequestration in our experiment. We also note
4. Discussion the significant nuclear GR staining in our control experi-
ment, which could be due to the presence of glucocorticoids
As discussed in the introduction both the sheep and the ba-(<15.6 nM) in fetal calf serum used in our culture medium
boon have been used extensively to follow the effects of GC [24].
on the vasculature at different stages of life. We have shown  Whilst it is known that glucocorticoids reduce VEGF ex-
that exposure of the fetal sheep and baboon to synthetic glu-pression[22,25-28]we, for the first time, show that VEGF
cocorticoids alters endothelium dependent responses of smalmay upregulate GR expression, especially nuclear GR con-
peripheral vessel®,17]. With the wide spread use of GC in  centrations Fig. 2). At the same time, VEGF, as a positive
various clinical conditions, it is important to understand the control, has also upregulated eNOS expression. Itis not clear,
potential side effects that are caused by GC administration athowever, whether the upregulated GR expression by VEGF
all stages of development and postnatal life. Results of ouris associated with high or low GR function. If the function
previous study with baboon fetal placental vessels demon-of GR is upregulated by VEGF, it would then be difficult to
strated a decreased eNOS expression and enzyme activityeconcile the inhibiting effect by GR agonist, such as BM,
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on eNOS expression as observed by us and Wallerath et al[10] J.A. Whitworth, M.A. Brown, J.J. Kelly, P.M. Williamson, Mecha-
[12]. It is tempting to propose that VEGF may act similarly nisms of cortisol-induced hypertension in humans, Steroids 60 (1995)
as RU486. Although the GR levels may appear to be high __ 76-80.

. s s [11] D.G. Johns, A.M. Dorrance, N.L. Tramontini, R.C. Webb, Gluco-
when exposed to VEGF, the GR function may be inhibited. corticoids inhibit tetrahydrobiopterin-dependent endothelial function,

However, more quantitative investigations will be needed in Exp. Biol. Med. (Maywood) 226 (2001) 27-31.
order to confirm the findings. [12] T. Wallerath, et al., Down-regulation of the expression of endothe-
In summary, we confirm that BM downregulated eNOS, lial NO synthase is likely to contribute to glucocorticoid-mediated
as observed in vivo in pregnant baboons. Thus, GC appear hypertension, Proc. Natl. Acad.‘ Sci. U.S.A. 96 (1999) 13357-13362.
. . . [13] B.O. Okoye, P.D. Losty, M.J. Fisher, I. Wilmott, D.A. Lloyd, Effect
to have similar effects on the vascular endothelium in both

. . . ) . of dexamethasone on endothelial nitric oxide synthase in experimen-
fetal and adult life. This downregulation is mediated via the tal congenital diaphragmatic hernia, Arch. Dis. Child Fetal Neonatal

GR pathway as shown by the attenuating effect of the RU486 Ed. 78 (1998) F204—F208.
treatment. Our findings of increased GR accumulation when [14] M.W. Radomski, R.M. Palmer, S. Moncada, Glucocorticoids inhibit
cells were treated by VEGE. in a similar pattern to those the expression of an inducible, but not the constitutive, nitric oxide

L . . synthase in vascular endothelial cells, Proc. Natl. Acad. Sci. U.S.A.
:Ireated by RU486, is intriguing and deserves more investiga- g7 (1990) 10043-10047.
on.

[15] Q. Shi, J. Wang, X.L. Wang, J.L. VandeBerg, Comparative analysis
of vascular endothelial cell activation by TNF-alpha and LPS in
humans and baboons, Cell. Biochem. Biophysics 40 (2004) 289-303.
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