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Aims Hypertensive and other effects of excess glucocorticoids might be in part mediated by the suppres-
sion of endothelial nitric oxide synthase (eNOS) expression. We studied the transcriptional and bio-
chemical mechanisms that mediate or modulate the suppression of eNOS expression by glucocorticoids.
Methods and results We found that a mere three-fold increase in the concentration of the natural
glucocorticoid cortisol (from 30 to 100 nmol/L) significantly decreased the expression level of eNOS
in human endothelial cells. Deletion analysis of the eNOS promoter indicated that the segment
within 2119 bp upstream from the transcription start site was significantly involved in the effect of
cortisol. Site-directed mutagenesis and chromatin immunoprecipitation analyses demonstrated the pre-
sence of a suppressive glucocorticoid response element (GRE) at 2111 to 2105 bp. 11b-hydroxysteroid
dehydrogenases (11b-HSD) catalyse the interconversion of active and inactive glucocorticoids. The sup-
pression of 11b-HSD2 using small interfering RNA markedly exacerbated the inhibition of eNOS by cor-
tisol. The suppression of 11b-HSD1 abolished the inhibition of eNOS expression by cortisol.
Conclusion We identified the first GRE in the eNOS promoter region and demonstrated that endogenous
11b-HSD1 and 11b-HSD2 play significant and distinct roles in modulating the effect of glucocorticoids on
eNOS expression.
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1. Introduction

Systemic excess of glucocorticoids is known to cause hyper-
tension and other abnormalities.1 The effect of glucocorti-
coids may be in part mediated by the suppression of
endothelial nitric oxide synthase (eNOS),2 the product of
which, nitric oxide (NO), plays an important role in cardio-
vascular and renal functions.3 Acute administration of gluco-
corticoids, however, may have beneficial effects on the
cardiovascular system in part through non-transcriptional
activation of eNOS.4

Dexamethasone, a synthetic glucocorticoid, as well as
cortisol, has been shown to suppress the expression of
eNOS in several types of vascular endothelial cells.2,5,6

Both transcriptional inhibition and a reduction in mRNA
stability may contribute to this effect.2 Glucocorticoids typi-
cally bind to glucocorticoid receptors. Activated glucocorti-
coid receptors are translocated from the cytosol to the
nucleus, where they bind to glucocorticoid response
elements (GREs) and regulate gene expression.7,8 However,
no GREs have been identified in the eNOS promoter.

The action of glucocorticoids might also be modulated by
local metabolism. Local tissue metabolism of glucocorticoids
is mainly regulated by 11b-hydroxysteroid dehydrogenases
(11b-HSD).9–13 11b-HSD has two main isoforms. 11b-HSD1
acts predominantly as a reductase in vivo in many tissues,
regenerating biologically active glucocorticoids (mainly cor-
tisol in human and corticosterone in rodents) from their
inactive forms (cortisone in human and 11-dehydrocortico
sterone in rodents). 11b-HSD2, on the contrary, is a dehydro-
genase that inactivates glucocorticoids.

11b-HSDs and local metabolism of glucocorticoids have
emerged recently as an important mechanism in the regu-
lation of cardiovascular and metabolic functions. Abnor-
mally low levels of 11b-HSD2 or high levels of 11b-HSD1 in
monogenic diseases or gene-targeting models can cause
local glucocorticoid excess and have detrimental conse-
quences including the development of hypertension and
insulin resistance.9–13 There is also suggestive, although
not yet conclusive, evidence indicating a possible role for
11b-HSDs in the development of common forms of hyperten-
sion.14–21 It would be highly significant to understand the
role of 11b-HSDs in the regulation of eNOS, given the
importance of both 11b-HSDs and NO in cardiovascular and
renal functions. The role of the two kinetically distinct
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isoforms of 11b-HSD in the effect of glucocorticoids on eNOS
expression, however, remains unknown, in part due to the
lack of specific inhibitors for each isoform.

The goal of this study was to obtain new insights into the
molecular and biochemical mechanisms that mediated or
modulated the important effect of glucocorticoids on eNOS
expression. We used promoter and mutagenesis analysis to
identify the cis elements involved in the transcriptional inhi-
bition of eNOS by glucocorticoids. Furthermore, we utilized
RNA interference approaches to demonstrate important but
distinct roles for 11b-HSD1 and 11b-HSD2 in the regulation
of eNOS expression.

2. Methods

2.1 Chronic monitoring of arterial blood pressure in
rats and renal medullary interstitial infusion

The experiments were performed as described previously22,23 in
male Sprague–Dawley rats. The investigation conformed with the
Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No. 85–23,
revised 1996). The protocol was approved by the Institutional
Animal Care and Use Committee.

2.2 Cell culture

Human umbilical vein endothelial cells (HUVEC) and dermal micro-
vascular endothelial cells (HMEC-d) were obtained from Cambrex
(East Rutherford, NJ, USA) and cultured as described,24 except
that the glucocorticoid content in the culture medium was
adjusted.

2.3 Promoter and deletion segment constructs

Human genomic DNA was isolated from HUVEC and used as the tem-
plate for polymerase chain reaction (PCR) amplification of eNOS
promoter segments. The eNOS promoter segments from 22091,
2848, 2430, 2168, or 2119 to 22 bp, relative to the transcription
start site, were cloned into the XhoI–HindIII site of pGL4.81
[hRlucCP/Neo] (Promega, Madison, WI, USA). This process gener-
ated constructs in which a promoter segment was linked to the
Renilla luciferase reporter gene. The insertions were verified by
DNA sequencing.

2.4 Site-directed mutagenesis

Site-directed mutagenesis was performed with the QuickChange
II XL Site-Directed Mutagenesis Kit (Stratagene), following the pro-
tocol suggested by the company. Mutations were introduced
at 2516 to 2513 or 2110 to 2107 bp and verified by DNA sequencing.

2.5 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) analysis was performed
essentially as we described previously.25 HUVEC were treated with
0 or 100 nM cortisol for 2 h. After crosslinking, genomic DNA was iso-
lated and sonicated. DNA fragments were immunoprecipitated with
non-specific mouse IgG or specific antibodies. The antibodies for
glucocorticoid receptor and Sp1 were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). DNA fragments prior to (input) or
after immunoprecipitation were used as templates for PCR reac-
tions. PCR primers that covered region around the predicted GRE
at 2111 to 2105 bp were as follows: forward, 50-GGCTTGTTCCT
GTCCCATTGTGTAT-30, reverse:50-TTAGGAAGAGGGAGGGGACCGAGAG-03.

2.6 Transfection and reporter gene analysis

HUVEC at 60–70% confluency were transfected with reporter gene
constructs using lipofectin (Invitrogen), following the protocol
suggested for HUVEC. pGL2 containing the firefly luciferase gene
was used to normalize the Renilla luciferase activity to control for
transfection efficiency.

2.7 RNA interference

siRNAs were designed, synthesized, and transfected using Oligofec-
tamine (Invitrogen) as described previously.24–26

2.8 Real-time polymerase chain reaction

Real-time PCR analysis was carried out using the Taqman 50 nuclease
method as described previously.23–27

2.9 Western blot

Western blot analysis was performed essentially as described pre-
viously.23–26,28–30 Primary antibodies for eNOS, 11b-HSD1, and
11b-HSD2 were obtained from BD Biosciences (San Jose, CA, USA),
Cayman Chemical (Ann Arbor, MI, USA), and Alpha Diagnostic Inter-
national (San Antonio, TX, USA), respectively.

2.10 Measurement of cyclic GMP

Cyclic GMP (cGMP) was measured using an EIA method following
acetylation (Cayman Chemical).

2.11 Statistics

Data shown are mean+ SEM. Student’s t-test or analysis of variance
followed by Holm–Sidak test was performed. P , 0.05 was con-
sidered significant.

An expanded Methods section is available in the Supplementary
material online.

3. Results

3.1 Carbenoxolone, a putative 11b-hydroxysteroid
dehydrogenase 2 inhibitor, suppressed endothelial
nitric oxide synthase expression in vivo

Renal medullary interstitial infusion of carbenoxolone, a put-
ative 11b-HSD2 inhibitor, at a subpressor dose (Figure 1A)
significantly reduced the level of eNOS mRNA in the renal
outer medulla by 53% (Figure 1B). The subpressor dose was

Figure 1 Renal medullary interstitial infusion of carbenoxolone at a sub-
pressor dose reduced the expression level of endothelial nitric oxide synthase
in the outer medulla in rats. (A) Renal interstitial infusion of carbenoxolone, a
putative 11b-hydroxysteroid dehydrogenase 2 inhibitor, at 6 mg/day, but not
3 mg/day, caused hypertension (n ¼ 5–8, *P , 0.05 vs. baseline). (B) Renal
interstitial infusion of carbenoxolone at 3 mg/day reduced the level of endo-
thelial nitric oxide synthase mRNA in the outer medulla (n ¼ 5, *P , 0.05 vs.
control). MAP, mean arterial pressure.
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selected to avoid any confounding effects of hypertension
on eNOS expression. Levels of eNOS mRNA in the renal
cortex or inner medulla did not appear to be altered (data
not shown).

Carbenoxolone is not specific for 11b-HSD2 and could sup-
press eNOS through mechanisms independent of glucocorti-
coids. However, we have previously shown that similar
administration of carbenoxolone in the renal medullary
interstitium led to corticosterone excess specifically in the
renal medulla.23 The in vivo suppression of eNOS expression
by carbenoxolone motivated us to perform further studies
on the relationship between glucocorticoids, eNOS, and
11b-HSDs.

3.2 Natural glucocorticoids suppressed endothelial
nitric oxide synthase expression

In cultured HUVEC, the natural glucocorticoid cortisol dose-
dependently reduced eNOS mRNA levels (Figure 2A). A mere
three-fold increase in cortisol concentration, from 30 to
100 nmol/L, was sufficient to significantly reduce eNOS
mRNA levels by �40%, a reduction further reflected at the

protein level (Figure 2B). Cortisol at 30 nmol/L did not
significantly affect eNOS mRNA levels compared with
0 nmol/L and was used as the control in several subsequent
experiments. The synthetic glucocorticoid dexamethasone
also reduced eNOS mRNA levels as reported previously2

and appeared more potent than cortisol (Figure 2A).
The cortisol-induced reduction of eNOS mRNA appeared to

be mediated by glucocorticoid receptors since the glucocor-
ticoid receptor antagonist RU486 (1 mmol/L), but not the
mineralocorticoid receptor antagonist spironolactone (0.1
or 1 mmol/L), attenuated the dose-dependent effect of
cortisol (Figure 2C).

3.3 Identification of cis elements involved in the
suppression of endothelial nitric oxide
synthase expression by cortisol

There were 22 predicted possible GREs within 2091 bp
upstream from the transcription start site of human eNOS
gene, according to Signal Scan (http://www-bimas.cit.nih.
gov/molbio/signal/). None of them, however, were typical
GREs. To identify promoter regions containing cis elements
important for the suppression of eNOS expression by corti-
sol, we generated reporter gene constructs containing del-
etion segments of the eNOS promoter of five different
lengths (Figure 3A). Basal promoter activities decreased
substantially from the 22091 segment to the 2848
segment (Figure 3B). Promoter activities further decreased
as the segments shortened, but the shortest segment
(2119 bp) still retained significant activities (Figure 3B).

Cortisol suppressed the activities of the 22091 and the
2848 segments by a similar extent of �40% (Figure 3C).
The effects of cortisol on the 2430, 2168, and 2119 seg-
ments were significantly less than the effect on the 2848
segment. Nonetheless, the activity of the shortest segment
of 2119 bp was still significantly suppressed by cortisol by
�30% (Figure 3C). The data suggested that there might be
suppressive GREs between 2848 and 2430 bp and, more
importantly, within the 2119 bp segment.

There are indeed a predicted GRE at 2516 to 2510 bp
and another at 2111 to 2105 bp. Alignment analysis indi-
cated that the sequence at 2111 to 2105 bp was conserved
between human, rat, and mouse, although the sequence
at 2516 to 2510 bp was not.

We introduced mutations into each of the two predicted
GREs in the 22091 segment of the eNOS promoter
(Figure 4A). The mutations had no or mild effects on the
basal activity of the promoter (Figure 4B). Compared with
the normal promoter (the 22091 segment), mutations
at 2110 to 2107 bp within the predicted GRE at 2111
to 2105 bp significantly blunted the suppression of the pro-
moter activity by cortisol by �30% (Figure 4C). Mutations
at 2516 to 2513 within the predicted GRE at 2516
to 2510 bp did not affect the suppression of the promoter
activity by cortisol (Figure 4C).

We then introduced similar mutations into the predicted GRE
at 2111 to 2105 bp within the shortest 2119 bp segment of
the promoter. The mutations abolished the suppressive effect
of cortisol on the 2119 segment (Figure 4D). The mutations
did not affect the basal activity of the 2119 segment.

ChIP analysis using a glucocorticoid receptor antibody, but
not non-specific mouse IgG, detected the binding of gluco-
corticoid receptors to the promoter region around the

Figure 2 Cortisol reduced the expression level of endothelial nitric oxide
synthase in human endothelial cells. Human umbilical vein endothelial cells
were treated with the indicated agents for 48 h. (A) Cortisol or dexametha-
sone, both in nM, dose-dependently reduced the mRNA expression level of
endothelial nitric oxide synthase in human umbilical vein endothelial cells
(n ¼ 6–8; *P , 0.05 vs. control; #P , 0.05 vs. cortisol at the same concen-
tration. (B) Cortisol (100 nmol/L) reduced the protein level of endothelial
nitric oxide synthase (n ¼ 6, *P , 0.05 vs. 30 nmol/L cortisol). (C) The
effect of cortisol was attenuated by RU486, a glucocorticoid receptor ant-
agonist, but not spironolactone (both at 1 mmol/L, n ¼ 4–7, P , 0.05 for
the effect of cortisol in the group ‘no inhibitor’ or ‘spironolactone’,
P . 0.05 for the group ‘RU486’).
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predicted GRE at 2111 to 2105 bp (Figure 4E). Importantly,
cortisol significantly increased the binding of glucocorticoid
receptors to this region of the promoter by �two-fold
(Figure 4E and F). The basal binding might be caused by
trace amounts of cortisol that remained in the cells after
cortisol removal. Cortisol did not significantly affect the
binding of Sp1, a positive transcriptional factor with a
binding site in the proximity of the GRE, to this region
(data not shown).

3.4 11b-hydroxysteroid dehydrogenase 2 buffered
the suppression of endothelial nitric oxide
synthase by cortisol

The suppression of eNOS by glucocorticoids might be
mediated in part by the GRE identified earlier. The next
question was whether the effect could be modulated by
11b-HSD isoforms that metabolize glucocorticoids. Western
blot analyses of 11b-HSD1 and 11b-HSD2 demonstrated
that these genes were expressed in HUVEC, consistent
with that reported by Brem et al.31 The protein expression
levels of 11b-HSD isoforms, however, were not significantly
altered by an increase of cortisol concentration from 30 to
100 nmol/L (data not shown).

At a final concentration of 90 nmol/L, siRNA targeting
human 11b-HSD2 (si-HSD2) substantially reduced the
protein expression level of 11b-HSD2 in HUVEC by .85%
after 48 h of transfection (Figure 5A). The expression level
of 11b-HSD1 was not affected by si-HSD2. A control siRNA
targeting luciferase (si-Luc) did not affect the expression

Figure 3 Effect of cortisol on the activity of human endothelial nitric oxide synthase promoter and its deletion segments. (A) Five endothelial nitric oxide synthase
promoter segments of various lengths were cloned and linked to a luciferase reporter gene. (B) Basal activity of endothelial nitric oxide synthase promoter segments
(n ¼ 8). Promoter activities were normalized by co-transfected control plasmid. (C) Cortisol significantly reduced the activity of endothelial nitric oxide synthase
promoter, and the effect of cortisol was significantly blunted in promoter segments shorter than 848 bp (n ¼ 8; *P , 0.05 vs. the 22091 bp segment).

Figure 4 Identification of a glucocorticoid response element in the human
endothelial nitric oxide synthase promoter. (A) Mutations at 2516 to 2513
and 2110 to 2107 bp were introduced into predicted glucocorticoid response
elements (shaded boxes) at 2516 to 2510 and 2111 to 2105 bp, respect-
ively. The locations and orientations of the primers used for site-directed
mutagenesis are shown with solid arrows, with the mutations shown in lower-
case letters. (B) Basal activity of the normal (the 22091 segment) and
mutated endothelial nitric oxide synthase promoters (n ¼ 4; *P , 0.05 vs.
normal promoter. (C) The suppression of the endothelial nitric oxide synthase
promoter (the 22091 segment) activity by cortisol was significantly blunted
by mutations at 2110 to 2107 within the predicted glucocorticoid response
element at 2111 to 2105 bp (n ¼ 4; *P , 0.05 vs. normal promoter). (D) The
suppression of the shortest 2119 segment by cortisol was abolished by
mutations at 2110 to 2107 bp (n ¼ 4; *P , 0.05 vs. the normal 2119
segment). (E) A chromatin immunoprecipitation analysis indicated that corti-
sol increased the binding of glucocorticoid receptors to the promoter region
around the putative glucocorticoid response element at 2111 to 2105 bp.
The result shown was a representative polymerase chain reaction using
genomic DNA templates immunoprecipitated from human umbilical vein
endothelial cells treated with or without cortisol (100 nM) for 2 h. NTC, no
template control; IgG, non-specific mouse IgG; Input, DNA prior to immuno-
precipitation; GR, DNA precipitated with a glucocorticoid receptor antibody.
(F) Quantification of the chromatin immunoprecipitation results (n ¼ 3;
*P , 0.05 vs. 0 nM cortisol).
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of either 11b-HSD1 or 11b-HSD2 in HUVEC. The suppression
of 11b-HSD2 by si-HSD2 persisted for at least another 48 h
after a change of the culture medium (Figure 5A), which
mimicked the time course of the cortisol treatment used
in subsequent experiments.

Remarkably, the cortisol-induced reduction of eNOS
expression in HUVEC was substantially exacerbated when
11b-HSD2 was suppressed by si-HSD2 (Figure 5B). The
protein level of eNOS in HUVEC that were treated with
si-HSD2 followed by 100 nmol/L cortisol was decreased to
,20% of the control.

The exacerbated suppression of eNOS caused by si-HSD2
occurred at the mRNA level in addition to the protein
level (Figure 5C). The exacerbated suppression was attenu-
ated by the mineralocorticoid receptor antagonist spiro-
nolactone, but not by RU486 (Figure 5C). However,
eplerenone (5 mmol/L), another mineralocorticoid receptor
antagonist, did not significantly attenuate the effect of
100 nM of cortisol in cells pre-treated with either si-Luc or
si-HSD2. Moreover, aldosterone did not significantly alter

eNOS mRNA levels in HUVEC when used at 1 or 100 nM con-
centrations (83+16 and 98+10%, respectively, of control,
n ¼ 5, NS vs. control).

We examined whether the changes in eNOS expression led
to any changes in the NO-producing capability of HUVEC. We
used bradykinin-induced increase of the cellular cGMP level
as an index of eNOS-dependent, biologically active NO pro-
duction. The average basal level of cGMP in HUVEC cultured
in the presence of 30 nM cortisol was found to be 0.18 pmol/
mg protein, similar to what had been reported previously.32

As shown in Figure 5D, treatment with 100 nM bradykinin for
3 min increased cGMP by �2.5-folds in control cells (30 nM
cortisol). Following the treatment with si-HSD2 and 100 nM
cortisol, the bradykinin-induced increase of cGMP was
nearly abolished. Treatment with si-HSD2 or 100 nM cortisol
alone tended to attenuate bradykinin-induced increases of
cGMP, but the effect did not reach statistical significance.
Cortisol at the concentrations we used did not have signifi-
cant effects on mRNA levels of guanylate cyclase 1B3 or bra-
dykinin receptor B1 or B2.

Figure 5 Suppression of 11b-hydroxysteroid dehydrogenase 2 markedly exacerbated the effect of cortisol on endothelial nitric oxide synthase. (A) siRNA target-
ing human 11b-hydroxysteroid dehydrogenase 2 significantly reduced the protein level of 11b-hydroxysteroid dehydrogenase 2, but not 11b-hydroxysteroid dehy-
drogenase 1, in human umbilical vein endothelial cells after 2 days of transfection (2 days). The effect persisted for at least another 2 days after a change of
culture medium (4 days) (n ¼ 6, *P , 0.05 vs. cells transfected with a control siRNA targeting luciferase. (B) The reducing effect of cortisol on the protein level of
endothelial nitric oxide synthase was significantly exacerbated in human umbilical vein endothelial cells pre-treated with siRNA targeting human
11b-hydroxysteroid dehydrogenase 2. The cells were transfected with siRNA targeting luciferase or siRNA targeting human 11b-hydroxysteroid dehydrogenase
2 in the presence of 30 nmol/L cortisol for 48 h and then treated with 30 or 100 nmol/L cortisol for another 48 h (n ¼ 6–7; *P , 0.05 vs. human umbilical
vein endothelial cells treated with siRNA targeting luciferase and 30 nmol/L cortisol; #P , 0.05 vs. human umbilical vein endothelial cells treated with siRNA
targeting luciferase and 100 nmol/L cortisol). (C) Effect of mineralocorticoid or glucocorticoid receptor antagonists on the exacerbated suppression of endo-
thelial nitric oxide synthase. The treatment protocol was similar to (B), except that spironolactone (1 mmol/L), eplerenone (5 mmol/L), or RU486 (1 mmol/L)
was included in the second 48 h treatment period. The data are expressed as per cent changes relative to cells treated with 30 nM cortisol (n ¼ 4–6; *P ,

0.05 vs. 30 nmol/L cortisol; #P , 0.05 vs. corresponding siRNA targeting luciferase). (D) Suppression of endothelial nitric oxide synthase expression was conco-
mitant with a reduction in bradykinin-induced cGMP production. The treatment protocol was similar to (B), except that one-half of the cells were treated with
bradykinin (100 nM) for 3 min prior to the preparation of cell lysate for cGMP analysis. The data are expressed as per cent changes caused by bradykinin (n ¼ 6–7;
*P , 0.05 vs. all other groups).
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3.5 11b-hydroxysteroid dehydrogenase 1 permitted
or enhanced the suppression of endothelial nitric
oxide synthase expression by cortisol

The siRNA targeting human 11b-HSD1 (si-HSD1), although not
as potent as si-HSD2, significantly suppressed the protein
expression of 11b-HSD1 in HUVEC by �70%, without affecting
the expression of 11b-HSD2 (Figure 6A). The effect of si-HSD1
again persisted for at least another 48 h after a change of the
culture medium. Importantly, pre-treatment with si-HSD1
abolished the reducing effect of 100 nmol/L cortisol on
eNOS expression (Figure 6B).

3.6 Roles of 11b-hydroxysteroid dehydrogenase
isoforms in human dermal microvascular
endothelial cells were similar to those in human
umbilical vein endothelial cells

We examined whether the 11b-HSD isoforms played a role in
endothelial cells of a different origin similar to their role in
HUVEC. In HMEC-d pre-treated with si-Luc, incubation with
100 nM cortisol for 48 h significantly reduced eNOS protein
levels to 77+3% (n ¼ 4, P , 0.05 vs. 30 nM). In cells pre-
treated with si-HSD2, eNOS protein levels were reduced to
70+8 and 33+2% in the presence of 30 and 100 nM cortisol,
respectively (n ¼ 4, P , 0.05 vs. si-Luc, and P , 0.05 for 30
vs. 100 nM). Pre-treatment with si-HSD1 tended to increase
eNOS protein levels and abolished the significant difference
between 30 and 100 nM cortisol (120+13 and 106+6%,
respectively). These results were, in general, similar to
those obtained from HUVEC shown in Figures 5B and 6B.

4. Discussion

This study provided novel insights into the molecular and
biochemical mechanisms that regulate the suppression
of eNOS by glucocorticoids. We identified a GRE in the
eNOS promoter region and demonstrated that endogenous

11b-HSD1 and 11b-HSD2 played significant and distinct
roles in modulating the effect of glucocorticoids on eNOS.

The concentrations of cortisol used in these experiments
were within the physiological range of the plasma level of
cortisol, suggesting that the findings of this study might be
physiologically relevant. Plasma levels of cortisol in normal
human subjects are commonly known to be at the level of
several 100 nmol/L and to fluctuate by several folds in a
normal circadian rhythm.33 We have determined that
plasma levels of corticosterone in male Sprague–Dawley
rats were in the same range.23

It appears that the effect of cortisol on eNOS is largely
mediated at the transcriptional level, as suggested by the
promoter analysis. A typical GRE contains a palindromic
sequence with the two binding sites separated by three
nucleotides. The presence of GREs in eNOS promoters has
not been reported. Indeed, bioinformatic analysis cannot
identify typical GREs in the human eNOS promoter.
However, GREs can exist and function in various fashions.7,8

The GRE at 2111 to 2105 bp of the eNOS promoter could be
a GRE half-site similar to those reported by a number of
studies.7 It is possible that the binding of GR to the GRE at
2111 to 2105 bp interferes with the activity of the adja-
cent positive regulatory domains34,35 and, thereby, sup-
presses eNOS expression. Although we did not detect
significant changes in the binding of Sp1, there are binding
sites for several other positive transcriptional factors in
this region. Moreover, negative GREs may reduce the
binding of positive transcriptional factors with binding
sites that are not in the proximity of the GRE.8 How the
GRE at 2111 to 2105 bp suppresses eNOS transcription
may be an interesting subject for future studies.

Mutations introduced into the GRE at 2111 to 2105 bp
significantly blunted, but did not completely abolish, the
suppression of the 22091 segment of the eNOS promoter
by cortisol. It suggests that additional, atypical GREs might
exist in other regions of the eNOS promoter.

Figure 6 Suppression of 11b-hydroxysteroid dehydrogenase 1 abolished the effect of cortisol on endothelial nitric oxide synthase. (A) siRNA targeting human
11b-hydroxysteroid dehydrogenase 1 significantly reduced the protein level of 11b-hydroxysteroid dehydrogenase 1, but not 11b-hydroxysteroid dehydrogenase 2,
in human umbilical vein endothelial cells after 2 days of transfection (2 days). The effect persisted for at least another 2 days after a change of culture medium
(4 days) [n ¼ 6; *P , 0.05 vs. cells transfected with a control siRNA targeting luciferase (si-Luc)]. (B) The reducing effect of cortisol on the protein level of endothelial
nitric oxide synthase was abolished in human umbilical vein endothelial cells pre-treated with siRNA targeting human 11b-hydroxysteroid dehydrogenase 1. The time
course of treatment was similar to that described in Figure 5 (n ¼ 6–7; *P , 0.05 vs. human umbilical vein endothelial cells treated with siRNA targeting luciferase and
30 nmol/L cortisol; #P , 0.05 vs. human umbilical vein endothelial cells treated with siRNA targeting luciferase and 100 nmol/L cortisol).
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The effect of glucocorticoids on eNOS expression appears
to be significantly modulated by endogenous 11b-HSDs.
11b-HSD2 represents a potent, physiological mechanism
that buffers the suppressing effect of natural glucocorticoids
on eNOS expression. 11b-HSD1, on the contrary, appears to
play a permissive or enhancing role for the cortisol-induced
suppression of eNOS. The novel link between 11b-HSDs and
NO has important physiological and pathophysiological
implications. It is widely accepted that 11b-HSD2 in the
distal nephron of the kidney is critical for preventing the
activation of mineralocorticoid receptors by glucocorti-
coids.11,36 The finding in this study suggests that 11b-HSD
isoforms might also play an important role in controlling
effects of cortisol in the vasculature. The finding also
suggests that the suppression of NO might be involved in
the development of pathological consequences of
11b-HSD2 deficiency or 11b-HSD1 overexpression, such as
hypertension. Furthermore, specific manipulations of each
11b-HSD isoform might be a valuable way to correct abnorm-
alities in the level of NO in settings compatible with 11b-HSD
manipulations.

The notion that 11b-HSDs may be important for vascular
function is fairly new. It is consistent with the study by
Souness et al.,37 in which 11b-HSD antisenses were shown
to affect the constrictive response of rat aortic rings to
phenylephrine. Interestingly, 11b-HSD1 antisense was
shown to enhance the constrictive response, similar to
11b-HSD2 antisense.37 The enhanced constrictive response
with 11b-HSD1 antisense might be due to factors other
than changes in endothelial NO or to the 11b-HSD1 kinetics
under the specific cellular and metabolic conditions of the
aortic ring preparation. Aortas from 11b-HSD2, but not
11b-HSD1, knockout mice exhibit enhanced vasoconstrictive
and reduced vasodilatory responses, suggesting impairments
of the NO system in 11b-HSD2 null mice.38 However, ques-
tions have been raised as to whether the changes observed
in these aortas might be secondary to long-term effects of
the knockout, such as hypertension.39

Both glucocorticoid and mineralocorticoid receptors have
been implicated in the suppression of eNOS expression. The
role of glucocorticoid receptors has been supported by the
ability of glucocorticoid receptor antagonists to attenuate
glucocorticoid-induced eNOS suppression.2 Mineralocorti-
coid receptor antagonists have been shown to increase
eNOS expression in vivo,40,41 although it is not entirely
clear whether the observed effect reflected direct or indir-
ect suppression of eNOS by activated mineralocorticoid
receptors. The interpretation of these studies as well as
the receptor antagonist data in this study may be compli-
cated by the non-specific nature of the antagonists. The dis-
covery of the GRE in this study supports a role for the
glucocorticoid receptors. However, further experiments
with the knockdown of each receptor or cells from receptor
null mice are needed to fully delineate the role of glucocor-
ticoid and mineralocorticoid receptors in the regulation of
eNOS expression.

Supplementary material

Supplementary material is available at Cardiovascular
Research online.
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