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Dehydroepiandrosterone (DHEA) is an endogenous adrenal
steroid hormone with controversial actions in humans. We pre-
viously reported that DHEA has opposing actions in endothelial
cells to stimulate phosphatidylinositol (PI) 3-kinase/Akt/endo-
thelial nitric-oxide synthase leading to increased production of
nitric oxide while simultaneously stimulating MAPK-depend-
ent secretion of the vasoconstrictor ET-1. In the present study
we hypothesized that DHEA may stimulate PI 3-kinase-depend-
ent phosphorylation of FoxO1 in endothelial cells to help regu-
late endothelial function. In bovine or human aortic endothelial
cells (BAEC and HAEC), treatment with DHEA (100 nm) acutely
enhanced phosphorylation of FoxO1. DHEA-stimulated phos-
phorylation of FoxO1 was inhibited by pretreatment of cells
with wortmannin (PI 3-kinase inhibitor) or H89 (protein kinase
A (PKA) inhibitor) but not ICI182780 (estrogen receptor
blocker), or PD98059 (MEK (MAPK/extracellular signal-regu-
lated kinase kinase) inhibitor). Small interfering RNA knock-
down of PKA inhibited DHEA-stimulated phosphorylation of
FoxO1. DHEA promoted nuclear exclusion of FoxO1 that was
blocked by pretreatment of cells with wortmannin, H89, or by
small interfering RNA knockdown of PKA. DHEA treatment of
endothelial cells increased PKA activity and intracellular cAMP
concentrations. Transfection of BAEC with a constitutively
nuclear FoxO1 mutant transactivated a co-transfected ET-1
promoter luciferase reporter. Treatment of BAEC with DHEA
inhibited transactivation of the ET-1 promoter reporter in cells
overexpressing FoxO1. ET-1 promoter activity and secretion in
response to DHEA treatment was augmented by PI 3-kinase
blockade and inhibited by MAPK blockade. We conclude that
DHEA stimulates phosphorylation of FoxO1 via PI 3-kinase-
and PKA-dependent pathways in endothelial cells that nega-
tively regulates ET-1 promoter activity and secretion. Balance
between PI 3-kinase-dependent inhibition and MAPK-depend-
ent stimulation of ET-1 secretion in response to DHEA may
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determine whether DHEA supplementation improves or wors-
ens cardiovascular and metabolic function.

Dehydroepiandrosterone (DHEA),” a precursor in the bio-
synthesis of testosterone and estrogen, is an abundant circulat-
ing adrenal steroid hormone whose levels decline with increas-
ing age (1, 2). Epidemiological studies correlate decreased
circulating levels of DHEA with increased cardiovascular risk
(3—6). Some human clinical investigations and animal studies
show beneficial actions of DHEA administration to improve
cardiovascular function (7-9). However, other carefully per-
formed human studies are unable to document beneficial met-
abolic or cardiovascular effects of DHEA supplementation
(10-13). Thus, putative health benefits of DHEA supplemen-
tation remain controversial. This is due in part to a poor under-
standing of the molecular mechanisms of action for DHEA.
Some biological actions attributed to DHEA may be secondary
to effects mediated indirectly by sex hormone derivatives of
DHEA (14, 15) or regulation of expression of sex hormone
receptors (16). However, an increasing body of evidence sug-
gests that DHEA rapidly activates intracellular signaling path-
ways to mediate biological actions that are independent of sec-
ondary effects of sex hormones (17-20).

We recently reported that DHEA has acute non-genomic
actions in primary vascular endothelial cells to stimulate phos-
phorylation of Akt and endothelial nitric-oxide synthase via PI
3-kinase-dependent pathways resulting in increased produc-
tion of the vasodilator nitric oxide (NO) (19). In addition, we
demonstrated that DHEA has opposing vascular actions to
stimulate secretion of the vasoconstrictor ET-1 in a MAPK-de-
pendent manner (19). Akt is known to phosphorylate the fork-
head transcription factor FoxO1 leading to its nuclear exclu-
sion (21, 22). FoxO1 helps to regulate cellular proliferation,
differentiation, apoptosis, and glucose homeostasis (23-25).
FoxO1 also plays important roles in regulating vascular home-
ostasis. Mice lacking FoxO1 die in utero from improper devel-

2 The abbreviations used are: DHEA, dehydroepiandrosterone; Pl, phospha-
tidylinositol; MAPK, mitogen-activated protein kinase; MEK, MAPK/extra-
cellular signal-regulated kinase kinase; siRNA, small interfering RNA; BAEC,
bovine aortic endothelial cells; HAEC, human aortic endothelial cells; PKA,
protein kinase A; PBS, phosphate-buffered saline; ELISA, enzyme-linked
immunosorbent assay; IBMX, 3-isobutyl-1-methylxanthine; OD, optical
density.

VOLUME 283 -NUMBER 43 +OCTOBER 24, 2008



opment of the vasculature (26). Overexpression of FoxO1 in
primary endothelial cells impairs cell migration and tube for-
mation, whereas knockdown of this transcription factor using
siRNA enhances angiogenic functions (27, 28). FoxOl1 is also a
transcriptional repressor of endothelial nitric-oxide synthase
(27). Other genes regulated by FoxO1 in endothelium include
p27 kip1 (29), angiopoietin-2 (27, 30), and hydroxymethylglu-
taryl-CoA reductase (31). Taken together these findings sug-
gest that FoxO1 integrates various cell signals at the transcrip-
tional level that are relevant to endothelial function. In the
present study, to elucidate additional downstream targets for
DHEA-activated Akt in endothelial cells, we investigated
whether FoxO1 regulates vasoactive actions of DHEA.

MATERIALS AND METHODS

Cell Culture—Bovine aortic endothelial cells (BAEC) (Cell
Applications, San Diego, CA) or human aortic endothelial cells
(HAEC) (Lonza, Walkersville, MD) in primary culture were
grown in endothelial growth medium EGM-MV (BAEC,
Lonza) or EGM-2 (HAEC, Lonza) and used between passages 3
and 6 as previously described (32).

Immunoblotting—Endothelial cells were grown in 60-mm
dishes and serum-starved overnight (BAEC) or for 6 h (HAEC)
in endothelial basal medium (Lonza). Cells were treated with
DHEA (100 nm) (Sigma) for various times as indicated in the
figure legends. Some cells were pretreated with 1CI182780
(Tocris, Ellisville, MO), wortmannin (Sigma), H89 (Sigma),
PD98059 (Sigma), PP2 (Calbiochem), SB203580 (EMD), or per-
tussis toxin (Sigma) before treatment with DHEA as indicated
in the figure legends. Whole cell lysates were made with lysis
buffer (100 mm NaCl, 20 mm Hepes, pH 7.9, 1% Triton X-100, 1
mM NazVO,, 4 mMm sodium pyrophosphate, 10 mm EDTA, 10
mMm NaF, 1 mm phenylmethylsulfonyl fluoride, and complete
protease inhibitor mixture (Roche Diagnostics). Lysates were
immunoblotted according to standard methods (32) using
antibodies against FoxO1 (Santa Cruz Biotechnology), phos-
pho-FoxO1-Thr** (Cell Signaling Technology), PKA (PKA
C-aisoform, Cell Signaling Technology), or B-actin (Sigma).
Immunoblots were quantified by scanning densitometry (GE
Healthcare).

siRNA—HAECs were transfected with siRNA specifically
targeting the catalytic subunit of human PKA with four
sequences (1) GAA CAC ACC CUG AAU GAA A; 2) GAA
CAC AGC CCA CUU GGA U; 3) CAA GGA CAA CUC AAA
CUU A; 4) GCU AAG GGC AAA UGA ACG A (catalog
#M-004649-01; gene official symbol, human PRKACA; Dhar-
macon, Chicago, IL)) or control scrambled siRNA (catalog
#D-001210-03-05, Dharmacon) using Lipofectamine/PLUS
Reagent (Invitrogen) for 3 h. Two days after transfection cells
were serum-starved for 6 h and then treated with vehicle or
DHEA (100 nm) for 30 min. Cells were lysed for immunoblot-
ting as described above or fixed for immunohistochemistry as
described below.

Immunohistochemistry—BAECs or HAECs were grown to
90% confluence in Lab-Tek chamber slides and serum-starved
overnight (BAEC) or for 6 h (HAEC) in endothelial basal
medium. Cells were then treated with vehicle or DHEA (100
nM, 30 or 60 min). Some cells were pretreated with wortmannin
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(100 nm) or H89 (25 uMm) for 1 h before treatment with vehicle or
DHEA. In some experiments, HAECs transfected with siRNA
targeting PKA or scrambled siRNA were serum-starved for 6 h
followed by treatment with vehicle or DHEA. Cells were then
fixed with 4% paraformaldehyde at room temperature for 15
min and blocked in 0.05% Triton X-100 with 10% horse serum
at room temperature for 15 min. The fixed cells were washed 3
times with PBS and incubated overnight at 4 °C with primary
polyclonal rabbit antibodies (1:200 dilution) against phospho-
FoxO1 (Cell Signaling Technology) or FoxO1 (Santa Cruz Bio-
technology). The following day cells were washed three times
with PBS and incubated with secondary antibodies (Alexa Fluor
586-conjugated goat anti-rabbit IgG; Molecular Probes,
Eugene, OR) for 1 h at room temperature. Nuclear staining was
performed by incubating cells with 4,6-diamidino-2-phenylin-
dole (Molecular Probes) for 10 min. For visualization cells were
washed three times with PBS and treated with ProLong Gold
anti-fade reagent (Invitrogen). Images were evaluated using an
Olympus IX81 epifluorescent microscope with appropriate fil-
ters and an attached charge-coupled device camera (Retiga Exi,
Burnaby, British Columbia, Canada) in conjunction with IP
Labs software (Scanalytics, Fairfax, VA).

PKA Activity Assay—PKA kinase activity was measured
using a nonradioactive ELISA-based protein kinase assay kit
(EMD Chemicals, Gibbstown, NJ). Briefly, BAECs cultured in
60-mm dishes were serum-starved overnight and then treated
for 1 h with vehicle, DHEA (100 nm), or 3-isobutyl-1-methylx-
anthine (IBMX, 100 wm) (Sigma). Cells were washed twice with
ice-cold PBS, and cell lysates were prepared with sample prep-
aration buffer (50 mm Tris-HCl, 10 mM benzamidine 5 mm
EDTA, 10 mM EGTA, and 1 mm phenylmethylsulfonyl fluoride,
pH 7.5) and sonicated on ice for 10 s (5 times). Samples were
then centrifuged at 100,000 X g for 1 h at 4 °C. The supernatant
(cytosolic fraction) was collected, and protein concentration
was measured with BCA reagent (Pierce). 50 mm 3-mercapto-
ethanol was added to each sample, and samples were incubated
on ice for 30 min before kinase assay. 12-ul samples were used
in each well, and assays were performed following the manu-
facturer’s protocol. In some assays, bisindolylmaleimide 1 (150
uM, EMD) was preincubated with the cytosolic sample for 1
min at room temperature to compete with ATP binding. All
samples were assayed in duplicate. Optical density (OD) of each
sample was determined using a microplate reader, Power Wave
X (Bio-Tek Instruments, Winooski, VT), and KC4 software
(Bio-Tek) at a wavelength of 492 nm. PKA activity was
expressed by normalizing OD reading to ug of sample used in
each well.

cAMP Assay—Intracellular cAMP concentrations were
measured in BAECs using an ELISA kit (R&D Systems, Minne-
apolis, MN) according to the manufacturer’s protocol. Briefly,
BAECs at 90% confluence in 60-mm dishes were serum-starved
overnight. Cells were then treated with vehicle, DHEA (100 nm
for0, 5,15, or 30 min) or IBMX (100 um, 1 h). Cells were washed
3 times with ice-cold PBS and lysed in provided cell lysis buffer.
Samples were subjected to 3 freeze/thaw cycles and centrifuged
at 600 X gfor 10 min to remove debris. 100 ul of cell lysate from
each sample was subjected to cAMP ELISA assay. A standard
curve was prepared using provided cAMP standard with cali-
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bration dilution buffer. All samples, controls, and standards
were assayed in duplicate. OD for each sample was determined
at wavelengths of 450 and 540 nm as described above under
“PKA Activity Assay.” The final OD was obtained by subtract-
ing readings at 540 nm from readings at 450 nm to correct for
optical imperfections in the plate. cAMP concentration in each
sample was calculated by comparison with the standard curves.

ET-1 Promoter Activity—The human full-length ET-1 pro-
moter in pGL2-firefly luciferase reporter vector (ET-1-luc) was
kindly provided by Dr. Cam Patterson (University of North
Carolina, Chapel Hill, NC) and has been described previously
(33). pcDNA3-FLAG expression vectors for FoxO1 were kindly
provided by Dr. Eric Tang (University of Michigan Medical
School, Ann Arbor, MI) and have been previously described
(34, 35). These included constructs containing the full-length
open reading frame of wild-type FoxO1 (FoxO1-WT), the con-
stitutively nuclear mutant FoxO1-AAA (3 Akt phosphorylation
sites replaced by alanine, T24A/S256A/S319A), and FoxO1-
H215R (point mutant with disrupted DNA binding site).

BAECs were grown to 80% confluence in 24-well plates, and
each well of cells was co-transfected with 0.2 pg of ET-1-luc
DNA and 0.1 pug of FoxO1-WT, FoxO1l-AAA, or FoxOl-
H215R using Lipofectamine/PLUS reagent for 3 h according to
the manufacturer’s protocol. To normalize for background
luciferase activity, cells were also co-transfected with 10 ng of
renilla luciferase reporter (pRL-TK, Promega). In some exper-
iments cells were transfected with only ET-1-luc and pRL-TK
DNA without FoxO1 constructs. Transfected cells were cul-
tured in complete medium for 24 h and then serum-starved
overnight. Cells were next treated with vehicle, DHEA (100
nm), or insulin (100 nM, Humulin, Eli Lilly) for 8 h. Some cells
were treated with wortmannin (100 nm) or PD98059 (12.5 um)
with or without DHEA or insulin for 8 h. Luciferase activity was
determined using the Dual-luciferase Reporter Assay System
(Promega) in conjunction with a Lumat LB9501 luminometer
(Berthold Technologies, Oak Ridge, TN). ET-1 promoter lucif-
erase activity was normalized to renilla luciferase activity
(internal control).

ET-1 Assay—BAECs grown in 35-mm dishes were serum-
starved overnight. The next day media were replaced with fresh
endothelial basal medium before treatment. BAECs were pre-
treated with vehicle, wortmannin (100 nm), or PD98059 (12.5
um) for 1 h followed by treatment with vehicle or DHEA (100
nM) for 30 min. Conditioned media were collected from each
dish, and cell lysates were prepared to determine protein con-
centration. For each sample, measurement of ET-1 in 100 ul of
diluted conditioned media (1:1 dilution with PBS) was per-
formed using an ELISA kit (Assay Designs, Ann Arbor, MI)
according to the manufacturer’s protocol. All samples were
assayed in duplicate. The OD of each well was determined as
described above under “PKA Activity Assay” at 450 and 580 nm.
The reading at 450 nm was corrected by subtracting readings at
580 nm to correct for optical imperfections in the plate. Results
were determined by comparison to standard curves and nor-
malized to total protein concentration of cells in each well.

Statistical Analysis—Data are expressed as mean = S.E. of
multiple independent experiments. Unpaired ¢ tests were used
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FIGURE 1. DHEA acutely stimulated phosphorylation of FoxO1 in endo-
thelial cells in a time-dependent manner. A, BAECs were serum-starved
overnight and then treated with DHEA (100 nm) for the durations indicated in
panel B. Whole cell lysates were immunoblotted with antibodies against
phospho-FoxO1 or FoxO1. Representative immunoblots are shown for exper-
iments that were repeated independently four times. B, immunoblots from
four independent experiments were quantified by scanning densitometry,
and the amounts of phospho-FoxO1 were normalized to total FoxO1 in each
lane. Results in the bar graph are the mean = S.E. The amount of phospho-
FoxO1 in cell lysates was significantly increased over basal after treatment of
cells with DHEA for 30 (p < 0.0001) or 60 min (p < 0.04).

to evaluate differences where appropriate. p values <0.05 were
considered to indicate statistical significance.

RESULTS

DHEA Acutely Stimulates Phosphorylation of FoxO1 in Vas-
cular Endothelial Cells via PI 3-Kinase- and PKA-dependent
Signaling—W'e previously demonstrated that DHEA has acute
non-genomic actions to stimulate phosphorylation of Akt in
BAEC (19). The transcription factor FoxOl1 is a downstream
target phosphorylated by Akt (24). Therefore, in the present
study we examined the ability of DHEA to acutely stimulate
phosphorylation of FoxO1 in BAECs. Treatment of cells with
DHEA (100 nwm) significantly enhanced phosphorylation of
FoxO1 at Thr** in a time-dependent manner with a maximal
~2-fold effect after 30 min (Fig. 1). DHEA, a precursor of estra-
diol, weakly binds to the estrogen receptor (36, 37), and previ-
ous studies have implicated pertussis toxin-sensitive pathways
in non-genomic actions of DHEA in endothelial cells (38, 39).
To help rule out the possibility that effects of DHEA to stimu-
late phosphorylation of FoxO1 are mediated by the estrogen
receptor or pertussis-toxin sensitive pathways, we stimulated
BAEC with DHEA without or with pretreatment with
ICI182780 (estrogen receptor inhibitor) or PTX (pertussis
toxin) (Fig. 2, A and B). DHEA (100 nm, 30 min) and -estradiol
(20 nM, 5 min) both stimulated phosphorylation of FoxO1 when
compared with vehicle-treated control cells (Fig. 2, A and B,
lanes 1-3). Pretreatment of cells with ICI182780 only blocked
the effect of B-estradiol, but not DHEA, to stimulate phospho-
rylation of FoxO1 (Fig. 2, A and B, lanes 4 and 5). Moreover,
PTX pretreatment for 2 h (Fig. 2, A and B, lanes 7 and 8) or 24 h
(data not shown) was unable to significantly block DHEA-stim-
ulated phosphorylation of FoxO1. These results suggest that
DHEA-stimulated phosphorylation of FoxO1 in endothelial
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FIGURE 2. Phosphorylation of FoxO1 in response to DHEA in endothelial cells was not mediated through
estrogen receptor or G; but requires activation of Pl 3-kinase and PKA. A, BAECs were serum-starved
overnight and then treated with vehicle (lane 7), DHEA (100 nm, 30 min; lanes 2,4, 7, and 8), or B-estradiol (E,, 20
nm, 5 min; lanes 3 and 5). Some cells were pretreated with estrogen receptor antagonist IC1182780 (10 um, 30
min; lanes 4 and 5) or PTX (100 ng/ml, 2 h; lane 8) before DHEA or E, treatment. Whole cell lysates were
immunoblotted with antibodies against phospho-FoxO or FoxO1. Representative immunoblots are shown for
experiments that were repeated independently three times. B, immunoblots from three independent experi-
ments were quantified by scanning densitometry, and the amounts of phospho-FoxO1 were normalized to
total FoxO1 in each lane. Results are plotted as a bar graph (mean = S.E.). The amount of phospho-FoxO1 in the
cell lysates was significantly increased over basal after treatment of cells with DHEA or B-estradiol (p < 0.001
and 0.005, respectively). Pretreatment with ICI182780 or PTX did not significantly block this effect of DHEA (p >
0.6 and 0.5, respectively). PTX, pertussis toxin. C, BAECs were serum-starved overnight and then treated with
vehicle (lane 1) or DHEA (100 nm, 30 min; lanes 2-7). Some cells were pretreated for 1 h with the Pl 3-kinase
inhibitor wortmannin (100 nm; lane 3), PKA inhibitor H89 (25 um; lane 4), MEK inhibitor PD98059 (25 um; lane 5),
Src-family kinase inhibitor PP2 (1 um; lane 6), or p38 MAPK inhibitor SB203580 (10 um; lane 7) before DHEA
treatment. D, immunoblots from four independent experiments were quantified by scanning densitometry,
and the amounts of phospho-FoxO1 were normalized to total FoxO1 in each lane. Results in the bar graphs are
the mean = S.E. The amount of phospho-FoxO1 in cell lysates was significantly increased over basal after
treatment of cells with DHEA. Pretreatment with wortmannin or H89 (but not other inhibitors) significantly
blocked this effect of DHEA (p < 0.02 when compared with DHEA treatment alone). Veh, vehicle.

lanes 1-4). By contrast, pretreat-
ment with PD98059 (MEK inhibi-
tor), PP2 (Src inhibitor), or
SB203580 (p38 MAPK inhibitor)
did not significantly impair the
ability of DHEA to stimulate phos-
phorylation of FoxO1 (Fig. 2, C and
D, lanes 5-7). To further assess the
role of PKA in DHEA-stimulated
phosphorylation of FoxO1, we used
siRNA oligonucleotides specifically
targeting the human PKA catalytic
subunit to reduce PKA expression
in human endothelial cells. In pre-
liminary experiments, a fluores-
cently tagged control oligonucleo-
tide was used to determine the
transfection efficiency of siRNA in
HAEC under our conditions. We
observed >90% transfection effi-
ciency with our control oligonu-
cleotides (data not shown). When
compared with a control scrambled
siRNA (Fig. 3A, third panel, lanes
1-3), siRNA targeting PKA specifi-
cally reduced PKA protein expres-
sion in transfected HAECs (Fig. 34,
third panel, lanes 4-6). Impor-
tantly, DHEA-stimulated phos-
phorylation of FoxO1 was substan-
tially impaired in cells transfected
with siRNA- PKA (Fig. 3, A, top
panel, lanes 4—6, and B). Expres-
sion of FoxOl protein was not
affected by transfection with either
the scrambled siRNA or siRNA tar-
geting PKA (Fig. 3A, second panel).
Taken together, our results sug-
gest that DHEA-stimulated phos-
phorylation of FoxO1 in endothelial
cells is mediated by both PI 3-ki-
nase- and PKA-dependent signaling
pathways.

DHEA  Treatment Promotes
Nuclear Exclusion of FoxOl in
Endothelial Cells—One mechanism
for regulation of FoxO1l function
involves its nuclear exclusion in
response to phosphorylation by Akt

cells does not require activation of estrogen receptors or PTX-
sensitive pathways.

We next treated BAECs with a variety of chemical inhibitors
including wortmannin, H89, PD98059, PP2, or SB203580 for
1 h before treatment with DHEA to determine which signaling
pathways may be involved in DHEA-stimulated phosphoryla-
tion of FoxO1. Pretreatment with either wortmannin (PI 3-ki-
nase inhibitor) or H89 (PKA inhibitor) completely blocked
DHEA -stimulated phosphorylation of FoxO1 (Fig.2, C and D,
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(24). Therefore, we assessed the effect of DHEA treatment on
subcellular localization of FoxO1 using immunohistochemistry
(Fig. 4). Treatment of BAECs with DHEA for 30 or 60 min
significantly increased the amount of phosphorylated FoxO1 in
the cytoplasm (Fig. 44). Moreover, in HAECs, nuclear exclu-
sion of FoxO1 caused by DHEA treatment for 30 min was sig-
nificantly blocked by pretreatment of cells with either wort-
mannin or H89 (Fig. 4B). Because H89 may have other
nonspecific actions in addition to inhibiting PKA, we also used
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FIGURE 3. siRNA knockdown of PKA inhibited DHEA-stimulated phos-
phorylation of FoxO1. A, HAECs were transfected with scrambled control
siRNA (lanes 1-3) or siRNA specifically targeting PKA (lanes 4-6). 48 h after
transfection, cells were serum-starved for 6 h and treated with vehicle or
DHEA (100 nm, 30 min) as indicated. Whole cell lysates were immunoblotted
with antibodies against phospho-FoxO1, FoxO1, PKA, or B-actin. Represent-
ative immunoblots are shown for experiments that were repeated independ-
ently three times. B,immunoblots from three independent experiments were
quantified by scanning densitometry, and the amounts of phospho-FoxO1
were normalized to total FoxO1. Results in the bar graph are the mean = S.E.

siRNA to specifically knock down PKA. Similar to non-trans-
fected HAECs (Fig. 4B), DHEA treatment promoted FoxO1
translocation from the nuclei to cytoplasm in HAECs trans-
fected with scrambled control siRNA (Fig. 4C). However, in
cells transfected with siRNA targeting PKA, DHEA-stimulated
translocation of FoxO1 from the nucleus to the cytosol was
substantially inhibited (Fig. 4C). These results support roles for
both PI 3-kinase and PKA signaling in DHEA-stimulated trans-
location of FoxO1.

DHEA Treatment Increases PKA Activity and cAMP Concen-
tration in Endothelial Cells—To evaluate whether DHEA acti-
vates PKA in endothelial cells, PKA activity was examined in
cytosolic fractions isolated from BAECs treated with DHEA.
Using an ELISA-based kinase assay with a PKA-specific peptide
substrate, we found that DHEA treatment (100 nM, 1 h) induced
an ~70% increase in PKA activity above basal (Fig. 54, p < 0.01)
similar to that achieved with IBMX treatment (positive con-
trol). Effects of DHEA or IBMX on activation of PKA were
inhibited by preincubation of samples with bisindolylmaleim-
ide 1, an ATP binding competitor. DHEA-stimulated increases
in PKA activity were not associated with changes in levels of
expression of PKA protein (data not shown). Because cAMP is
a primary intracellular activator of PKA, we also evaluated the
ability of DHEA to increase cAMP levels in endothelial cells
(Fig. 5B). When serum-starved BAEC were treated with DHEA
(100 nm for 0, 5, 15, or 30 min), we observed a time-dependent
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increase in intracellular cAMP. Taken together, these data sug-
gest that DHEA stimulates activation of PKA in endothelial
cells through a mechanism that likely involves increased intra-
cellular concentrations of cAMP.

DHEA Inhibits ET-1 Promoter Activity Regulated by FoxO1—
FoxOl is an important transcription factor in endothelial cells
that may help to regulate angiogenesis and endothelial func-
tion. Recently, we identified a novel FoxO1 binding site in the
promoter of ET-1, a potent vasoconstrictor that contributes to
endothelial dysfunction (40). To determine whether DHEA
regulates ET-1 promoter activity through FoxO1, we assessed
transactivation of an ET-1 promoter luciferase reporter in
BAECs co-transfected with various FoxO1 expression vectors
inthe absence or presence of DHEA treatment for 8 h (Fig. 6). In
cells co-transfected with a constitutively nuclear FoxO1 mutant
(FoxO1-AAA) (without or with DHEA treatment), ET-1 pro-
moter activity was increased to ~2.5 times that observed in
cells co-transfected with wild-type FoxO1 in the absence of
DHEA treatment. In cells co-transfected with wild-type FoxO1,
DHEA treatment significantly inhibited ET-1 promoter activity
to alevel similar to that observed in cells co-transfected with an
inactive FoxO1 mutant with a disrupted DNA binding motif
(FoxO1-H215R). Taken together, these results suggest that the
ET-1 promoter is positively regulated by FoxO1, and phospho-
rylation of FoxOl in response to DHEA treatment negatively
regulates ET-1 promoter activity. Thus, one function for
DHEA-stimulated phosphorylation of FoxO1 in endothelial
cells may be to negatively regulate ET-1 promoter activity.

To further evaluate the effect of DHEA to regulate ET-1 pro-
moter activity, we next assessed transactivation of the ET-1
promoter luciferase reporter in BAECs treated for 8 h with
vehicle, DHEA, or insulin in the absence or presence of wort-
mannin or PD98059 (Fig. 7). When compared with vehicle-
treated cells, ET-1 promoter activity was significantly increased
in cells treated with either DHEA (Fig. 7A) or insulin (Fig. 7B)
alone. Treatment with wortmannin or PD98059 alone did not
significantly change ET-1 promoter activity when compared
with vehicle treatment (Fig. 7, A and B). Interestingly, co-treat-
ment of cells with wortmannin significantly enhanced effects of
both DHEA and insulin to stimulate ET-1 promoter activity
when compared with DHEA or insulin treatment alone. Con-
versely, co-treatment of cells with PD98059 and either DHEA
or insulin resulted in ET-1 promoter activity levels that were
comparable with those in vehicle-treated cells (Fig. 7, A and B).
These results suggest that both DHEA and insulin have oppos-
ing effects on ET-1 promoter activity, 1) to inhibit ET-1 pro-
moter activity through PI 3-kinase-dependent pathways and 2)
to stimulate ET-1 promoter activity through MAPK-dependent
pathways.

To determine whether the effect of DHEA on ET-1 promoter
activity is mirrored in regulation of ET-1 secretion, we meas-
ured ET-1 in conditioned media collected from BAECs that
were pretreated with vehicle, wortmannin, or PD98059 for 1 h
followed by treatment with vehicle or DHEA for 30 min (Fig. 8).
Consistent with our previously reported findings (19), DHEA
treatment significantly increased ET-1 secretion from BAECs
when compared with vehicle-treated control cells (Fig. 8, p <
0.03). Wortmannin or PD98059 alone did not significantly
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actions of insulin and other hor-
mones important for metabolic,
cardiovascular, and neurological
function (19, 45-49). Taken
together, these observations have
led to the hypothesis that DHEA
supplementation may have benefi-
cial health effects in humans to
oppose age-related declines in met-
abolic, cardiovascular, neurological,
and musculoskeletal function (50).
DHEA is widely used as a popular
nutritional supplement with puta-
tive anti-aging properties (51).
However, clinical trials evaluating
health benefits of DHEA supple-
mentation in humans have yielded

DHEA
(60 min)

DHEA (30 min)

PKA
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a-FoxO1+ DAPI

siRNA: Scrambled
DHEA: - + -
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FIGURE 4. DHEA stimulated phosphorylation of FoxO1 in intact endothelial cells and promoted nuclear
exclusion of FoxO1 in a Pl 3-kinase- and PKA-dependent manner. A, serum-starved BAECs were treated
with vehicle or DHEA (100 nm) for 30 or 60 min. Cells were immunostained with anti-phospho-FoxO1 antibody
as described under “Materials and Methods.” B, serum-starved HAECs were treated with vehicle or DHEA (100
nm, 30 min) as indicated. Some cells were pretreated for 1 h with vehicle, wortmannin (100 nm), or H89 (25 um)
before DHEA treatment. Cells were immunostained with FoxO1 antibody (top panels). Co-staining of the same
cellswith FoxO1 antibody and 4,6-diamidino-2-phenylindole (DAPI) is shown in the bottom panels. Veh, vehicle.
C, HAECs were transfected with siRNA targeting PKA or scrambled control siRNA. Two days after transfection,
cells were serum-starved for 6 h and treated with vehicle or DHEA (100 nm, 30 min) as indicated. Cells were
immunostained with FoxO1 antibody (top panels). Co-staining of the same cells with 4,6-diamidino-2-phenyl-

indole is shown in the bottom panels.

change ET-1 secretion when compared with vehicle treatment.
However, pretreatment of cells with wortmannin further
enhanced the ability of DHEA to stimulate ET-1 secretion (p =
0.05), whereas pretreatment of cells with PD98059 significantly
reduced ET-1 secretion to the basal levels (p < 0.02, DHEA
versus DHEA/PD98059; p > 0.4, DHEA/PD98059 versus vehi-
cle). Thus, as with the effect of DHEA on ET-1 promoter activ-
ity, DHEA has opposing effects to inhibit ET-1 secretion
through PI 3-kinase-dependent pathways and stimulate ET-1
secretion through MAPK-dependent pathways.

DISCUSSION

DHEA is an abundant adrenal steroid hormone whose
molecular mechanisms of action are poorly understood. Circu-
lating DHEA levels decrease with increasing age (4, 41). This is
coupled with age-associated increases in insulin resistance, car-
diovascular diseases, neurological disorders, and musculoskel-
etal frailty (42—44). Moreover, DHEA has biological actions in
cell-based systems and animal models that mimic many of the

OCTOBER 24, 2008+VOLUME 283+NUMBER 43

mixed results. Some studies report
beneficial effects of DHEA to
improve metabolic, cardiovascular,
and neurological function (9, 48, 49,
52, 53). Nevertheless, other care-
fully performed, well powered clini-
cal investigations using state-of-
the-art methodology have found no
benefit to DHEA supplementation
in humans (10-13).

The underlying reasons for con-
troversial and contradictory find-
ings in well performed, adequately
powered, clinical investigation of
DHEA supplementation are not
clear. One possibility is that DHEA
supplementation may be beneficial
only in certain physiological con-
texts, whereas it is ineffective or
even harmful in other pathophysio-
logical contexts. Our recent find-
ings that DHEA regulates opposing
vasoactive actions in vascular endothelium to stimulate pro-
duction of the vasodilator NO by a PI 3-kinase-dependent
mechanism while enhancing secretion of the vasoconstrictor
ET-1 by MAPK-dependent pathways may be relevant for
understanding the conflicting results of clinical trials with
DHEA (19). That is, the net vasoactive action of DHEA supple-
mentation (vasodilation or vasoconstriction) may be deter-
mined, in part, by the prevailing balance between distinct intra-
cellular PI 3-kinase and MAPK signaling pathways present in a
given physiological or pathophysiological context. For example,
in SHR rats (a model of human metabolic syndrome with
hypertension, insulin resistance, and overweight), hyperten-
sion, endothelial dysfunction, and insulin resistance are related
to increased MAPK tone and decreased PI 3-kinase tone in the
vascular endothelium (54). Interestingly, treatment of SHR rats
with the insulin sensitizer rosiglitzone, the angiotensin con-
verting enzyme (ACE) inhibitor enalapril, or the green tea poly-
phenol epigallocatechin gallate (EGCG) restores balance
between MAPK and PI 3-kinase signaling in the endothelium
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FIGURE 5. DHEA increased PKA activity and intracellular cAMP in endo-
thelial cells. A, serum-starved BAECs were treated for 1 h with vehicle, DHEA
(100 nm), or IBMX (100 um). Cytosolic fractions were isolated and assayed for
PKA activity using a nonradioactive kinase activity assay kit as described
under “Materials and Methods.” Results of PKA activity are presented as per-
cent basal (mean = S.E. of five independent experiments performed in dupli-
cate). In some assays an ATP binding competitor (bisindolylmaleimide 1, 150
um) was preincubated with cytosolic fractions for 1 min at room temperature.
Both IBMX and DHEA significantly increased PKA activity when compared
with basal levels (IBMX versus basal, p < 0.005; DHEA versus basal, p < 0.01).
These effects of DHEA and IBMX were completely blocked by bisindolylmale-
imide 1. B, serum-starved BAECs were treated with DHEA (100 nm for 0, 5, 15,
or 30 min) or IBMX (100 um, 1 h). cAMP concentrations were measured in cell
lysates using an ELISA-based kit as described under “Materials and Methods.”
DHEA treatment significantly increased intracellular cAMP concentrations at
30 min when compared with 0 min (p < 0.01). Data shown are the mean = S.E.
from seven independent experiments performed in duplicate.

resulting in decreased blood pressure, improved endothelial
function, and enhanced insulin sensitivity (55, 56). In the pres-
ent study we have discovered an additional mechanism
whereby DHEA may favor vasodilator actions through PI 3-ki-
nase and PKA-dependent inhibition of ET-1 synthesis and
secretion. Our results suggest that opposing vascular actions of
DHEA that are dependent on complex pathway-selective regu-
lation of intracellular signal transduction pathways may help to
determine whether DHEA supplementation has beneficial or
detrimental effects on metabolic and cardiovascular health in
humans. The concentrations of DHEA we use in the present
study (100 nm) are higher than physiological circulating con-
centrations in humans (10 -20 nm) (57, 58). However, this is not
uncommon in biochemical studies of hormone actions where
in vitro model systems are not as sensitive as in vivo conditions.

DHEA-stimulated Phosphorylation of FoxOI—In the present
study we found that treatment of vascular endothelial cells with
DHEA caused an acute time-dependent increase in phospho-
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FIGURE 6. DHEA inhibited the effect of FoxO1 to transactivate the ET-1
promoter. BAECs cultured in 24-well plates were co-transfected with an ET-1
promoter luciferase reporter construct and expression vectors for FoxO1-WT,
FoxO1-AAA (constitutively nuclear mutant missing three Akt phosphoryla-
tion sites), or FoxO1-H215R (point mutant disrupting DNA binding site). One
day after transfection, cells were serum-starved overnight and then treated
with vehicle (open bars) or DHEA (100 nm, 8 h, closed bars) as indicated. A
dual-luciferase reporter assay system was used to measure luciferase activity
(mean = S.E. of five independent experiments performed in triplicate), and
data were normalized to the vehicle-treated FoxO1-WT group. DHEA treat-
ment significantly blunted the effect of FoxO1-WT to transactivate the ET-1
promoter (p < 0.05).

rylation of FoxO1 at the Akt phosphorylation site Thr?%, This is
consistent with our previous finding that DHEA acutely stim-
ulates phosphorylation and activation of Akt in vascular endo-
thelial cells (19) and the fact that FoxO1 is a substrate for Akt in
other cell types (24). The phosphorylation of FoxO1 in response
to DHEA treatment that we observed was not mediated by acti-
vation of the estrogen receptor or pertussis toxin-sensitive
pathways. Using relatively specific chemical inhibitors we also
ruled out roles for MAPK, Src-family kinases, and p38 MAPK.
However, experiments using wortmannin and H89 suggested
that activation of PI 3-kinase and PKA are required for DHEA-
stimulated phosphorylation of FoxO1. Because Akt is down-
stream from PI 3-kinase, our results with wortmannin are
not surprising. To further support the role of PKA, we dem-
onstrated that specific and substantial reduction of PKA
expression using siRNA blocked DHEA-stimulated phos-
phorylation of FoxO1.

Using immunohistochemistry, we demonstrated that DHEA
treatment of endothelial cells resulted in acute phosphorylation
of FoxO1 in intact cells that led to translocation of FoxO1 from
the nucleus to the cytosol. Similar to our immunoblotting
results, these effects were blocked in intact cells by pretreat-
ment with wortmannin or H89 and in cells transfected with
siRNA specifically targeting PKA. Our results in intact cells are
consistent with previous studies showing that stimulation of
cells with growth factors including insulin results in activation
of Akt and other kinases that then phosphorylate specific ser-
ine/threonine motifs in FoxO1 leading to its exclusion from the
nucleus and subsequent proteasomal degradation (34, 59— 61).

DHEA Increased PKA Activity and Intracellular cAMP—In
the present study we found that DHEA stimulated increased
intracellular cAMP concentrations and elevated PKA activity
without altering PKA expression in endothelial cells. These
results suggest that PKA-dependent phosphorylation of FoxO1
is mediated by activation of PKA in response to DHEA treat-
ment that increases intracellular cAMP levels in addition to
DHEA-stimulated activation of PI 3-kinase signaling.
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FIGURE 7. Activation of ET-1 promoter in response to DHEA or insulin treatment was augmented by Pl
3-kinase blockade and inhibited by MAPK blockade. BAECs grown in 24-well plates were transfected with
ET-1 promoter luciferase reporter and renilla luciferase (internal control). One day later cells were serum-
starved overnight and then treated for 8 h with vehicle, DHEA (100 nm), or insulin (100 nm) without or with
wortmannin (100 nm), PD98059 (12.5 um). Luciferase activity in each group was normalized to that in the group
treated with DHEA alone (panel A, mean = S.E. of eight independent experiments in triplicate) or insulin alone
(panel B, mean = S.E. of eight independent experiments in triplicate). When compared with cells treated with
vehicle alone, ET-1 promoter activity was significantly increased in cells treated with either DHEA (panel A, p <
0.001) or insulin (panel B, p < 0.001). When compared with cells treated with DHEA or insulin alone, ET-1
promoter activity was further increased in cells co-treated with wortmannin (panel A, p < 0.03; panel B, p =
0.05) and inhibited in cells co-treated with PD98059 (panel A and B, p < 0.0001).

62). Moreover, FoxOl1 is the pre-
dominant FoxO isoform expressed
in vascular endothelial cells (27).
Therefore, it seems likely that
DHEA -stimulated phosphorylation
of FoxOl1 in endothelial cells may
play an important role in regulation
of endothelial function. Indeed, we
observed that overexpression of
a constitutively nuclear FoxOl
mutant (missing Akt phosphoryla-
tion sites) strongly transactivated a
human ET-1 promoter reporter
construct. Furthermore, consistent
with our findings that DHEA-stim-
ulated phosphorylation of FoxO1
leads to its nuclear exclusion (Fig. 4)
and that the ET-1 promoter is
a transcriptional target for FoxOl
(40), DHEA treatment of endothelial
cells overexpressing wild-type FoxO1
significantly diminished transactiva-
tion of a co-transfected ET-1 pro-
moter reporter. Finally, expression of
an inactive DNA binding domain
mutant of FoxO1l also diminished
transactivation of the ET-1 promoter
reporter. Taken together, our re-
sults suggest that DHEA negatively
regulates ET-1 promoter activity
through phosphorylation of FoxO1
by a PI 3-kinase/Akt-dependent
mechanism.

ET-1 is a potent vasoconstrictor
(63) that plays important roles in vas-
cular pathophysiology in part by
mediating changes in endothelial per-
meability (64—67). Therefore, our
results demonstrating DHEA-stimu-
lated phosphorylation of FoxO1 neg-
atively regulates ET-1 promoter
activity are consistent with studies in
Akt-1 knock-out mice that have a
marked cardiovascular phenotype
with increased vascular permeability,
enhanced angiogenesis, and im-
paired vessel maturation (68). Our
results are also concordant with
previous studies demonstrating that
DHEA treatment improves endo-
thelial function and insulin sensitiv-
ity by a sex hormone receptor-inde-
pendent mechanism (20, 69) and

Effects of DHEA to Regulate ET-1 Synthesis and Secretion that DHEA protects endothelial cells against apoptosis through
through FoxOl1—In a related study we previously identified a activation of PI 3-kinase/Akt signaling (39).
novel FoxO1 binding site on the human ET-1 promoter (40). In a previous study we found that DHEA treatment of endo-
Genetic deletion of the gene for the FoxO1 transcription factor thelial cells leads to an increase in ET-1 secretion that requires
results in embryonic lethality due to a vascular phenotype (26, activation of MAPK (19). Consistent with this earlier finding, in
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the present study we observed that ET-1 promoter activity was
also enhanced in response to insulin treatment of cells and that
this effect was inhibited by pretreatment of cells with PD98059.
Similarly, we observed that both ET-1 promoter activity and
ET-1 secretion were enhanced in response to DHEA treatment
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FIGURE 8. DHEA-stimulated increase in ET-1 secretion is augmented by PI
3-kinase blockade and inhibited by MAPK blockade. BAECs grown in
35-mm dishes were serum-starved overnight and then pretreated with vehi-
cle, wortmannin (100 nm), or PD-98059 (12.5 um) for 1 h followed by treatment
of DHEA (100 nm) or vehicle for 30 min. ET-1 concentration was measured in
conditioned media using ELISA (mean = S.E. of six independent experiments
performed in duplicate). When compared with vehicle treatment, DHEA
treatment significantly increased ET-1 secretion (p < 0.03), whereas wort-
mannin or PD98059 alone did not significantly change ET-1 concentration in
conditioned media. When compared with DHEA treatment alone, wortman-
nin pretreatment enhanced the effect of DHEA to increase ET-1 secretion (p =
0.05), whereas PD98059 blocked the ability of DHEA to stimulate ET-1 secre-
tion (p < 0.02).

plasma membrane

and that these effects were inhibited by pretreatment of cells
with PD98059. Importantly, pretreatment of cells with wort-
mannin significantly enhanced the ability of DHEA to stimulate
ET-1 promoter activity and ET-1 secretion. Thus, in endothe-
lial cells DHEA has opposing effects of stimulating ET-1 syn-
thesis and secretion via MAPK-dependent pathways while
inhibiting ET-1 synthesis and secretion via PI 3-kinase-depend-
ent pathways that stimulate phosphorylation of FoxO1.

Our present results suggest a second mechanism for
DHEA-stimulated activation of PI 3-kinase to favor vasore-
laxant actions in the vasculature. That is, in addition to PI
3-kinase/Akt/endothelial nitric-oxide synthase activation
leading to increased production of the vasodilator NO (19),
PI 3-kinase/Akt/FoxO1 signaling may lead to a relative
decrease in synthesis and secretion of the vasoconstrictor
ET-1. Therefore, it seems likely that the balance between PI
3-kinase (vasodilator) and MAPK (vasoconstrictor) signal-
ing in the cell in response to DHEA (or insulin) determines
the net vasoactive action of DHEA (or insulin) (Fig. 9). The
unequivocal identification and characterization of a specific
cell-surface receptor for DHEA remains elusive despite
intensive investigations for more than 50 years. The scope of
our present study does not include identification of a DHEA
receptor. However, we have elucidated a number of novel
findings related to DHEA action in endothelial cells includ-
ing a PKA-dependent pathway that is required in addition to
PI 3-kinase pathways to regulate FoxO1 function to influ-
ence ET-1 promoter activity and secretion.

Our results may help to explain some of the contradictory
findings among human therapeutic intervention studies with
DHEA. That is, beneficial cardio-
vascular and metabolic effects of
DHEA treatment may result if study
subjects have PI 3-kinase tone out-
weighing MAPK tone in intracellu-
lar signaling pathways. Conversely,
DHEA may have neutral or

g even detrimental cardiovascular

and metabolic actions under patho-

\ logical conditions of insulin resist-

ance and endothelial dysfunction

MAPK where MAPK tone predominates

+) over PI 3-kinase tone in the vascula-

ture (54 -56, 70, 71). Thus, our find-
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FIGURE 9. Schematic model of signaling pathways that acutely regulate vascular actions of DHEA. As
described previously (19), DHEA acutely activates Pl 3-kinase/Akt/endothelial nitric-oxide synthase (eNOS) to
stimulate production of the vasodilator NO. In addition, DHEA activates MAPK signaling to stimulate secretion
of the vasoconstrictor ET-1. In the present study we demonstrated that DHEA acutely stimulates phosphoryl-
ation of FoxO1 using signaling pathways involving PKA and PI 3-kinase. Phosphorylated FoxO1 is excluded
from the nucleus and translocated to the cytosol where it is unable to bind and activate the ET-1 promoter.
Thus, a complex signaling network regulates opposing vascular actions of DHEA, and the net vasoactive action
of DHEA is determined in part by the balance between PI 3-kinase- and MAPK-dependent signaling.
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of DHEA efficacy in humans. For
example, in insulin-resistant states
including aging, obesity, hyperten-
sion, and diabetes where PI 3-kinase
signaling may be diminished and
MAPK signaling may be enhanced
(54-56, 70, 72), it may be helpful to
evaluate combination therapy con-
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sisting of DHEA plus compounds that increase PI 3-kinase sig-
naling in metabolic and vascular tissues (e.g. thiazoladinediones
or ACE inhibitors).

In summary, we found that DHEA stimulates phosphoryla-
tion of FoxO1 via PI 3-kinase- and PKA-dependent signaling
pathways in primary vascular endothelial cells that leads to
decreased synthesis and secretion of ET-1. This represents an
additional PI 3-kinase-dependent mechanism for DHEA to
improve endothelial function (in addition to DHEA-stimulated
production of NO). This complexity in the molecular mecha-
nisms of vascular actions of DHEA may help to explain contra-
dictory results from human intervention studies and may
importantly inform the optimal design of future therapeutic
trials.
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