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Summary

Acute administration of estrogen results in the vasodilatation and in the release of
nitric oxide (NO) that occurs through activation of the serine-threonine kinase
Akt/protein-kinase-B (PKB), which is known to increase the eNOS activity. 10° M of
17-B-estradiol resulted in a left shift of the vasodilatory response to Ach in
preconstricted aortic rings from oophorectomized rats (ECso = 0.7 x 10 M with 17-8-
estradiol and 0.15 x 107 M of Ach without 17-B-estradiol, P<0.05). The effect was
blocked by pre-treatment with Wortmannin, a PI(3)K inhibitor. AKT / PKB was
phosphorylated in endothelial cells (EC) as early as 1-minute after estradiol-
stimulation. Phosphorylation of eNOS and NO release in EC treated with 17-B-
estradiol were also increased. We conclude that the AKT/PKB pathway is involved in

the acute release of NO by estrogen.



Résumé

L’administration aigué d’cestrogénes entraine la vasodilatation et la libération de
monoxyde d’azote (NO). Cette derniére est causée par I’activation de la voie de la
serine-threonine kinase Akt/protéine-kinase-B, qui serait impliquée dans
I’augmentation de Pactivité de la eNOS. 10° M de 17-B-cestradiol a causé le
déplacement vers la gauche de la courbe dose-réponse de vasodilatation a 1’Ach des
segments d’aorte précontractés, de rats ovariectomisés (EC50=O,7x10'8 M et 0,15x107
M avec et sans 17-B-cestradiol respectivement, p<0,05). Cet effet est aboli par un
prétraitement avec le Wortmannin, un inhibiteur de la PI(3)K. L’AKT/PKB est
activée dans les cellules endothéliales (CE) dés la premiére minute de stimulation a
’cestradiol. La phosphorylation de la eNOS et le dégagement de NO dans les CE
traitées avec 17-B-cestradiol, ont aussi augmenté. La voie de la AKT/PKB participe a

’action des cestrogénes sur la biodisponibilité du NO.
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1. Introduction and Literature Review

The incidence of cardiovascular disease differs significantly between men and
women, but the mechanism is not known. The incidence of atherosclerotic diseases is
low in premenopausal women and is increased in postmenopausal women but is
nonetheless markedly reduced in postmenopausal women receiving estrogen therapy
(1). However, some recent large observational studies, the Heart and Estrogen /
Progestin Replacement Study (HERS) (2), Estrogen Replacement and Arherosclerosis
randomized trial (ERA) (3) and some other studies (4-6), have not confirmed the
previously proposed protective effect of estrogens .

The atheroprotective effects of estrogen were initially attributed principally to lipid-
lowering effects of estrogens (1). This, however, only explains part of the benefits
(7). Recent data suggest that direct actions of estrogen on blood vessels contribute
substantially to their cardiovascular protective effects (8). Estrogen affects the vessel
wall by two different general mechanisms: it has rapid, non-genomic vasodilatory
effects, and slower long-term effects, which are through the traditional genomic
actions of estrogen. An important part of the effect of estrogen actions on the
vasculature is through an increase in endothelium-derived bioavailable NO, which

may be both through genomic and non-genomic mechanisms (7).

1.1. Genomic effect of estrogen (Transcriptional regulation)

Genomic effects of estrogens require hours to days for a modification in gene
expression to occur. The classical mode of action of a steroid hormone, such as
estrogen, is by the interaction of the activated receptor with the promoter of different
genes via activated steroid receptors and by transcriptional upregulation. The ligand-
activated estrogen receptor (ER) acts as a transcriptional factor (9). The attachment of
estrogen to the receptor causes activation and dimerization of receptors. The
palindromic DNA target sequence, within estrogen-responsive genes, is called an

estrogen response element (ERE). For example, the gene for nitric oxide synthase
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(NOS) contains 11 copies of the half-palindrome EREs often associated with an Spl
site (10;11). Estrogen increases the expression of genes for important vasodilator
enzymes such as NOS. Some of the rapid effects of estrogen may therefore be due to
longer-term increases in the expression of the genes for NOS in vascular tissues.
Long-term administration of estrogen increases Ach-mediated coronary
vasodilatation. The preventive effect of estrogen against atherosclerosis occurs over a
period of hours to days after estrogen treatment and is likely therefore at least partly

dependent on changes in gene expression in the vascular tissue.

1.2. Non-genomic effects of estrogen (Posttranscriptional regulation)

Besides transcriptional activities of estrogens, there is also increasing evidence for its
transcription-independent actions in target cells (12). The rapid effect of estrogens
was shown in osteoblasts and osteocytes (12;13), breast cancer cells (14) and cerebral
cortical cells (15;16).

The non-transcriptional effects of estrogen are mediated by membrane bound ERs
(17-20). The nongenomic stimulation by estrogen takes place through modulation in
the activity of signal transduction cascades, such as Src-Shc-Erk pathway
(13;14;16;20). 17-B-estradiol, stimulates tyrosine kinase and within seconds induces
protein phosphorylation (14;21;22).

Similarly to the effects of the growth factors, such as IGF-1, estrogen stimulates
phosphorylation of the antiapoptotic serine/threonine AKT/PKB pathway (23). Rapid
stimulations of EC by VEGF (24), by shear stress (25) and by estrogen (19;26;27),
activate PI(3)K and AKT kinase, induce downstream eNOS activity (17-19;26-28)
and subsequently leads to release of NO (24;25).

Estrogens mediate non-transcriptional effects in cells within seconds (14). Estrogen-
induced vasodilatation occurs 5 to 20 minutes after administration. This is too fast to
be dependent on changes in gene expression and therefore must involve a non-
genomic mechanism (8). For example, acute administration of estradiol produces a
rapid endothelium-dependent dilation of normal vessels and atherosclerotic arteries

which is believed to be dependent on the release of NO (8;29;30). As well, acute
16



estrogen exposure causes, within 20 minutes, and endothelium-dependent coronary
dilation in female primates (31). Estrogen administration also prevents coronary
arterial constriction in response to Ach in post-menopausal women (32).

In postmenopausal women with coronary artery disease, acute administration of 17-f-
estradiol caused within 20 minutes of exposure, a vasodilatation of the coronary
artery. This effect was not apparent in men of a similar age with the same
pathological condition (32). Sublingual administration of 1 mg of 17-B-estradiol to
postmenopausal women, produced an acute delay of exercise-induced myocardial
ischaemia, which gives indirect evidence for a vasodilatory effect of estrogen in
postmenopaual women (33). The mechanism, by which estrogen appears to inhibit
the development of atherosclerosis in females, is through the increased formation of
NO in vascular endothelium.

A direct vasodilating effect of estrogen at pharmacological doses, was observed on
the rat tail artery (34).

Estrogen also causes a rapid release of NO from cultured EC. This action is mediated
by plasma-membrane located estrogen receptors, inhibitable by specific ER
antagonist (18). In bovine aortic endothelial cells (BAEC) treated for 30 seconds
with 17-B-estradiol, there is a 3-fold increase in NO generation resulting from
functional activation of endothelial nitric oxide synthase (eNOS) (35). The short-term
effects of estradiol-mediated NO release, however, did not result from an increase in
eNOS protein expression (28).

In summary, vascular effects of estrogen are mediated at least in part through NO
(36) and are associated with increased production of NO (37).

Because NO has a multiple range of functions in biological systems, I will give here a

short outline of the nature of NO.
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2. Biology of Nitric Oxide
2.1. Main characterisctics of NO.

NO is a small lipophilic and chemically unstable molecule, which easily diffuses out
of one cell into one or more adjacent cells. A large source of NO synthesis is from the
vascular lining. NO is synthesized not only by vascular EC but also can be
synthesized by macrophages, neutrophils, hepatic Kupffer cells and brain tissue.

NO also plays a physiological role in local transcellular communication. For example,
NO acts as a potent activator of cytosolic guanylate cyclase (GC) and elevates tissue
cyclic guanylate monophosphate (cGMP) levels (38). Under these conditions NO has
been shown to stimulate c-GMP-dependent protein kinases which leads to increased
activity of Ca**-dependent K* (Kc.) channels (39-43). Several chemical messengers,
such as hormones and Ach, can activate NOS in cells, by binding to appropriate
receptors on the cell membrane. In vascular beds the NO formed by the EC, diffuses
freely into both the interior of the blood vessel and into underlying smooth muscle
cells (SMCs), where the NO can exert its effects (44).

2.2. Synthesis of nitric oxide.

The free radical NO is generated exclusively by the enzyme NOS. NO is synthesized
from the amino acid L-arginine through a five-electron oxidation step via the
formation of the intermediate N°-hydroxy-L-arginine. The conversion of L-arginine
to NO is specific because a number of analogues of L-arginine are not substrates,
including its D-enantiomer. NOS-mediated NO production requires the presence of
NADPH, tetrahydrobiopterin (BHj) and free Ca>*. The enzyme NOS contains binding
sites for heme and calmodulin, which are essential for the production of citrulline and
NO. NO binds to iron in the heme and activates GC. An increase in intracellular

calcium stimulates the constitutive NOS to form NO from L-arginine (45). As well,
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NO synthesis can be abolished by L- N°-monomethyl-L-arginine (L-NMMA), which
inhibits both the production of citrulline and the increase in cyclic GMP (46).

2.3. Biological role of NO in a vasculature

NO is a major endogenous vasodilator, which is produced by vascular endothelium.
Many investigators have showed the effect of NO release on vascular tone (10).
Initially, NO was named endothelium-derived relaxing factor (38). NO also
contributes to the control of platelet aggregation, the regulation of cardiac
contractility and adhesion molecules. Intact endothelium releases NO in response to
numerous agonists such as Ach and causes vasodilatation (47). Isolated preparations
of intact arteries, precontracted with norepinephrine, exhibit relaxation to the agonist
Ach. Ach acts on muscarinic receptor on EC. This increases intracellular calcium,
which activates NOS. In the rat aorta, endothelium-dependent vasorelaxation
produced by Ach is abolished by NOS inhibitors, indicating that the vasodilatation is
mediated by NO.

NO mediated vasodilatation is diminished in the forearm arteries of patients with
essential hypertension, and it decreases with increasing blood pressure. As well,
systemic vasodilatation evoked by hypoxia is prevented by L-NMMA (48). Thus, NO
is a major factor regulating peripheral resistance.

One of the first observations of NO mediated vasorelaxation (49), was increased basal
release of NO during vasodilatation in response to SOD, which is an Oy scavenger,
that decreases the breakdown of NO (50). Scavenging of NO by O; results in an
attenuation of NO signaling mechanism, such as those mediated through cGMP. In
tissues, the interaction of NO with O, results in the production of peroxynitrite
(ONOO) (51). |
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2.4. NOS isoforms

There are three, highly homologous isoforms of NOS. Two isoforms are
constitutively expressed, although their expression may be modulated: nNOS (or
NOSI1) is expressed primarily in neurons, and eNOS (NOS3) is expressed in EC,
cardiac myocytes and blood platelets. The expression of iNOS (NOS2) is induced by
various cytokines (52). Constitutive isoforms of NOS are activated by Ca®'/
calmodulin. In neurons, glycine and glutamate of N-methyl-D-aspartate (NMDA)
receptors, allows Ca’* to enter the cells. In EC, a variety of vasodilatory compounds
including bradykinin, adenosine, Ach, leukotriene D4, histamine, dopamine and the
calcium ionophore A23187, increase NO synthesis. NO synthesis depends on the

availability of L-arginine, BH4 and NADPH (53).
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3. Estrogen Receptors

There are two estrogen receptors, estrogen receptor & (ER-a) and estrogen receptor
(ER-P), both of which are members of the superfamily of steroid hormone receptors.
Estrogen receptors « and  have considerable homology in the DNA-binding domain
(96%) and in the hormone-binding domain (HBD)(53%) including hormone-
dependent transcriptional-activation function. The amino-terminal domains of the
ERs which contain a ligand-independent transcriptional-activation function, is unique
for each of the ERs. ERs are transcription factors that alter gene expression when they
are activated. ER-a is expressed mainly in vascular smooth muscle and endothelial
cells, ER-B is found in many other tissues (prostate, uterus, lung, brain). Functional
ER-B is found in myocardial cells, where it regulates the expression of NOS.
Estrogen-estrogen receptor complexes form homodimers and bind to specific gene

sites. In addition, ERs « and [ can form heterodimers with each other (54).

3.1. Background

Earlier studies described the presence of an ER in human coronary arteries and
human umbilical vein endothelial cells (HUVEC). The ER antagonist ICI 182,780
reduces estrogen enhancement of human EC proliferation (55). This effect was shown
by [*H]-thymidine incorporation assay. Estradiol-treated cells had twice the
incorporation of hormone-free cells. The increase in [’H]-thymidine incorporation
was prevented by adding the ER antagonist ICI 182,780 to the culture medium along
with the estradiol (55). The potential of EC to constitutively possess the potential for
transcriptional regulation of target genes by estrogen was demonstrated on HUVEC.
Cell lysates were separated into nuclear and cytosolic fractions and were subjected to
standard SDS-PAGE. A protein fraction with a molecular mass of 67 kDA was
identified by anti-ER antibody in the nuclear extracts from bovine and human EC.

The cytosolic fractions from all cell types, however, lack any distinctive
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immunostaining band for ERs. All EC types studied to date have demonstrated the
presence of abundant mRNA for the ER (56).

A novel nuclear receptor, the clone 29 was isolated from a rat prostate cDNA library.
Clone 29 protein is highly homologous to the rat ER protein in the DNA-binding
domain (95%) and in the C-terminal ligand-binding domain (55%). Clone 29cDNA
encodes a novel rat ER, which iss present in the secretory epithelial cells of the rat
prostate and also in granulose cells of the rat ovary. It was subsequently named ER-3
to distinguish it from the previously cloned ER (ER-¢) from rat uterus (57). Tissue
distribution of ERs in the wild type (WT) and ER-a knockout (ERKO) mouse was
established by RNAse protection assay. WT uterus showed the greatest concentration
of ER-o, whereas WT ovary possessed the highest level of ER-B. Adult females did
not express ER- in mammary glands and aorta but had slightly detectable levels of
ER-BmRNA in the hearts of both genders. (58) Endothelial denudation of rat carotid
artery resulted in a substantial upregulation of ER-BmRNA whereas ER-a expression
in the vascular intima increased only slightly. Because of preferential ligand binding
affinities of ER-f to the vascular tissue, this suggests it may play a vasculoprotective
role (59).

3.2. Estrogen receptors in non-genomic actions

The role of ER-a in the rapid response to 17-B-estradiol was determined by
overexpressing ER-a in pulmonary artery endothelial cells (PAEC) with ER-c
cDNA. In the presence of 17-B-estradiol, there was almost a 5-fold augmentation of
NOS activity as measured by [*H]-L-arginine conversion assay after ER-a
transfection. 17-B-estradiol caused a rapid increase in mitogen activated protein
kinase (MAPK) activity in PAEC, and this effect was prevented by two ER-
antagonists. A similar approach was used in COS-7 cells which do not constitutively
express either ER or eNOS and thus are not estrogen responsive. The transfection of
COS-7 cells with both eNOS and ER-a results in more than threefold increase in
eNOS activity upon acute stimulation with 17-B-estradiol. This effect was completely
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inhibited by a concomitant treatment with ICI 182,780. These data indicate that the
acute stimulation of eNOS by 17-B-estradiol and ER-o entails the activation of
tyrosine kinase/MAP kinase. The present observations indicate that ER-o may
mediate responses in a non-genomic fashion, independently of its known ability to
control transcription (18).

The effect of ER-a overexpression on basal eNOS activity transfected with sham
plasmid or ER-o¢. cDNA was measured by [°H]-L-arginine conversion to [°H]-L-
citrulline assay in intact nonstimulated cells. Basal eNOS activity was unchanged by
ER-0. overexpression. In addition, immunoblot analysis revealed that eNOS protein
abundance was not affected by ER-a overexpression.

Experiments were performed to determine the effect of enhanced ER-o expression on
the acute response to 17-B-estradiol. The acute response (measured as % of basal
NOS activity) to 17-B-estradiol stimulation was augmented four to fivefold in cells
transfected with ER-a compared to sham-transfected cells. The enhanced response
was inhibited completely by a concomitant acute treatment with 10 pM of ICI
182,780. These findings indicate that ER-a is capable of mediating the acute
response. The inhibitory effects of ICI 182,780 and Tamoxifen (TMX), which both
cause ER antagonism via interaction with the ER HBD, support the conclusion that
HBD of ER-¢ is required for the acute activation of eNOS by 17-B-estradiol. As well,
in COS-7 cells transfected with both ER-a and eNOS there was a more than threefold
increase in eNOS activity upon acute stimulation with 17-B-estradiol, whereas there
was no response in cells transfected with eNOS alone. As in native EC, the rapid
activation of eNOS by 17-8-estradiol in COS-7 cotransfected with either ER-a and
eNOS was abrogated by specific ER inhibitors indicating that the response is
mediated by acute ER-a activation. These findings confirm the role of ER-« in a
rapid non genomic activation of eNOS in cell types that do not constitutively express
either ER or eNOS and are not estrogen responsive.

Further, the role of extracellular calcium was tested. The inhibition of calcium influx
in H441 cells did not affect basal NOS acti\}ity, but fully blocked 17-B-estradiol

stimulated NOS activity. This is in controversy with reports of others (19;24;25)
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indicating that acute activation of NOS in EC represents Ca’* independent regulatory
mechanism for activation of eNOS. Studies in aortic endothelium have revealed that
estrogen acutely activates calcium-dependent potassium channels, resulting in a slow
increase in intracellular calcium levels through leaky membrane calcium channels
(41). The potential role of tyrosine-kinase-MAP kinase signaling in acute ER-o
mediated eNOS activation, has also been evaluated (60).

Engagement of cell membrane ERs in rapid endothelial NO release through a
phosphatidylinositol-3-OH--kinase-AKT-dependent (PI3K/AKT) pathway has been
demonstrated. A membrane-impermeant 17-f-estradiol conjugated to bovine serum
albumin (f-estradiol-17-hemisuccinate) (E;BSA) has been used to detect surface
binding sites for 17-B-estradiol Cell monolayers (EA.hy926 endothelial cell line)
were stimulated with E;BSA or vehicle. Cell lysates were subjected to SDS-PAGE,
probed with antiphospho-AKT antibody and reprobed with anti-AKT antibody.
E;BSA triggered AKT phosphorylation on serine 1177. A recruitment of cell-surface
ER corresponded with consequent increase in NO release. Cells, overexpressing
kinase-inactive AKT, did not generate E;BSA-stimulated NO production. PI3-kinase-
dependent AKT activation was not Ca?*-dependent. Specific Ser1177
phosphorylation enhances eNOS Ca’* sensitivity. Consequently, estrogen stimulated
endothelial NO generation does not require a rise in free intracellular Ca®* (19).

ER-o. and eNOS are organized and functionally linked in plasmalemmal caveolae.
Acute (15-60 minutes) stimulation with 17-B-estradiol caused ER-dependent
activation of eNOS in plasma membranes isolated from PAEC. The response in
plasma membranes was elicited without the addition of exogenous calcium,
calmodulin or eNOS cofactors during membrane preparation or the incubation for
NOS activity suggesting that increase in eNOS activity does not require a global rise
in cytosolic free calcium (17).

In cultured bovine aortic endothelial cells (BAEC), plasmalemmal caveolae-
associated ER-o. mediated the acute 17-B-estradiol stimulated NO production, which
was Ca”*-dependent. Following E;BSA treatment of BAEC, the existence of putative

binding components in the plasma membrane was observed by fluorescence
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microscopy. Pretreatment of cells with the weak ER-o. antagonist TMX (1 uM) did
not inhibit 17-B-estradiol stimulated NO production, while the pure ER-o. antagonist
ICI 182,780 (10 uM) completely attenuated 17-B-estradiol induced endothelial NO
formation (28).

Because the isolation and structural characterization of the membrane ER were not
defined, Chinese hamster ovary (CHO) cells, which normally do not express ER,
were transfected with cDNAs for ER-a and ER-B. By Northern analysis, transcripts
for ER-a or ER-f were detected. Cross-linking studies with radiolabeled 17-B-
estradiol bound to CHO-ER-a or CHO-ER-B were performed to identify both
membrane and nuclear receptors in pellets separated by SDS-PAGE. Proteins
corresponding to 69 kDa for ER-a and 60 kDa for ER-f were found in both,
membrane and nuclear fractions. This suggests, that both cell membrane and nuclear
receptor proteins result from expression of single cDNA for either ER subtype.
Further, to determine whether membrane ERs are G-protein-coupled receptors, cyclic
adenylate monophosphate (cAMP) was measured in membranes prepared from either
CHO-ER-0. or CHO-ER-B. There was significant increase in cAMP activity in
preparations of both receptors when they were stimulated with 17-B-estradiol in
physiological concentration compared to inactive controls (20). Interestingly, both
specific ER inhibitors, ICI and TMX, did not significantly inhibit cAMP activity and
actually significantly stimulated the adenylate cyclase activity. These ambiguous
findings indicate that ICI 182,780 is capable of inhibiting ER-mediated G-protein
activation but can also stimulate adenylate cyclase, perhaps by reducing the
Michaelis-Menton constant (Km) of the enzyme. Alternatively, ICI might prevent
cAMP degradation. G-protein activation by 17-B-estradiol stimulation in CHO-ER-«
or CHO-ER-B was assessed by binding of the non-hydrolyzable G-protein agonist
guanosine 5°-3-O-(thio) triphosphate (GTPyS) toGas or Gaq. In both ER-expressing
CHO, Gs and Gq protein activation was increased, and this was inhibited by the ER
antagonist ICI 182,780. Incubation with 17-a-estradiol had no effect on GTPyS
binding to the G-proteins in CHO-ER-oc or CHO-ER- membranes. It has also been
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shown that a single cDNA transcript results in the production of both membrane and
nuclear receptors and that membrane ERs are linked to G-protein (20).

ER-¢ interacted with p85c, a PI(3)K subunit, in a ligand-dependent manner in non-
transfected EC and p85a™ fibroblasts transfected with ER- and p85¢ cDNAs. This
interaction is blocked by ER specific inhibitor ICI 182,780 and is absent in p85a™
fibroblasts transfected with ER-a cDNA alone. This effect was not confirmed in ER-
which did not interact with p85a and did not recruit PI(3)K activity after estradiol
stimulation. Links between PI(3)K and ER suggest that ER may be involved in
reactions outside the nucleus (27). The effects of E;BSA, a membrane impermeable
conjugate of 17-B-estradiol, and actinomycin D, an inhibitor of gene transcription,
were tested in HUVEC and simian virus 40-transformed rat lung vascular endothelial
cells (TRLEC) to rule out the influence of nuclear ERs. NOS activity increased
similarly by treatment with E;BSA, as with 17-B-estradiol and was not altered by
actinomycin D. This indicates that the rapid 17-B-estradiol activation of eNOS does
not require the classical nuclear effects of the estrogens. CHO cells were transiently
transfected with cDNAs for estrogen receptors ER-a and ER-B. 17-B-estradiol
stimulated the activation of AKT in CHO cells expressing ER-a but not in CHO cells
expressing ER-B. These findings suggest that ER-a is capable of mediating the acute
response and rapid vasodilatation caused by estrogen (26).

The role of membrane ER in the vascular protective actions of estrogen was shown on
the rapid activation of heat shock protein 27 (Hsp27) by 17-B-estradiol via mitogen-
activated protein kinase-activated protein serine/threonine kinase-2 (MAPKAP-2
kinase) in primary cultures of BAEC (19). E;BSA within 10 minutes induced
activation of the p383 member of the MAP-kinases and lead to the activation of
MAPKAP-2 kinase and the phosphorylation of Hsp27. Further support for the role of
membrane bound ER in the modulation of signaling, is that there are no differences
between the effects of E;BSA and 17-B-estradiol by in vitro assay of kinase activities.
ER specific antagonist reversed the effects of 17-B-estradiol. E;BSA and 17-B-
estradiol stimulated the phosphorylation of endogeneous HSP27 via p38B-kinase
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BAEC transfected with dominant-negative adenoviral vector MAPKAP-2 kinase, or a

phosphorylation mutant HSP27 (61).

3.2.1. Tyrosine phosphorylation

Protein tyrosine phosphorylation is an important step in cellular signal transduction of
estrogen. This process is actively regulated by protein tyrosine kinase and
phosphotyrosine kinase phosphatase.  Tyrosine also phosphorylates estrogen
receptors (21).

Indeed, rapid stimulation of tyrosine phosphorylation is observed in cells treated with
17-B-estradiol for only 10 seconds (22) to 2 minutes (14). Stimulation of protein
tyrosine phosphorylation of human mammary cancer (MCF-7) cells peaked at 10
seconds and declined toward the basal level 60 minutes after treatment. This action
of 17-B-estradiol requires its occupancy of the receptor. 17-B-estradiol does not affect
tyrosine phosphorylation of nontarget cells. Furthermore, other steroids do not share
this effect on tyrosine phosphorylation (22). 17-B-estradiol in MCF-7 cells
immediately and reversibly affects tyrosine phosphorylation of MAP-kinases, erk-1
and erk-2, and its upstream associated protein p21™. Erk-2 kinase activity is very low
or absent in COS-7 cells, which do not express ER, and the level of this activity is
unaffected by 17-B-estradiol treatment. In contrast, when the COS-7 cells were
transiently transfected with human estrogen receptor-encoding plasmid, the kinase
activity was increased upon 17-B-estradiol treatment (14).

Tyrosine kinase inhibitors attenuate 17-B-estradiol-induced rapid increase in eNOS
activity, indicating that tyrosine phosphorylation is required for eNOS activation. It
has been observed, that 17-B-estradiol causes acute (within 5 minutes) activation of
eNOS in cultured EC. This was not altered by the inhibition of gene transcription
with actinomycin D. Thus, this process does not require the classical nuclear effects
of the hormone. Acute mediation of eNOS by 17-B-estradiol and ER can cause the
rapid activation of signaling pathways involving c-src-related tyrosine kinases and
MAP kinase (18).
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eNOS, which is localized in plasmalemmal caveolae, has been shown to interact with
caveolin-1, the coat protein of caveolae. To identify the phosphorylated residues
involved, immunoprecipitated **P-labeled eNOS was isolated from BAEC. Although
a majority of the label was incorporated into phosphoserine, clearly detectable
amounts of phosphotyrosine were also found. Identical results were described by
using phosphotyrosine antibody 4G10 (the anti-phospho-tyrosine monoclonal
antibody, which interacts with a broad range of phospho-tyrosine containing
proteins). Thus, tyrosine phosphorylation is a regulatory mechanism, which
influences eNOS activity, subcellular trafficking and interactions with other caveolin-
interacting proteins. This shows the importance of protein-protein interactions in NO
signal transduction (62).

Furthermore, in MCF-7 cells, synthesis of phosphatidylinositol and activation of

phosphatidylinositol kinases can occur in response to 17-B-estradiol treatment (23).
3.2.2. Heat shock protein 90 (Hsp90)

Hsp90 has been implicated in the modulation of steroid receptor function. Hsp90
belongs to the heat shock family of stress proteins, which constitute 1% to 2% of the
total soluble cytoplasmic proteins. This molecular chaperon actively participates in
cytoprotection in the cardiovascular system. Hsp90 is a component of the reaction
cycle involving newly synthesized proteins. Although their target proteins are steroid
hormone receptors, the activity associated with their expression via the ER-Golgi
pathway has not yet been very well determined (63). The interaction of the ER
ligand-binding domain with Hsp90 has been characterized by studying a destabilizing
mutation of the ligand-binding domain, which affects DNA binding and
transactivation properties (64).

Besides phosphorylation, the activity of eNOS has been shown to be regulated by
binding to heat shock protein90 (Hsp90). Involvement of Hsp90 in NO-dependent
relaxation of intact blood vessels was determined in rat aorta. Ach-induced
vasodilatation by NO was abrogated by geldanamycin, an ansamycin antibiotic,

which inhibits tyrosine kinase (54). Immunoprecipitation of eNOS from bovine
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microvascular endothelial cell (BMEC) lysates resulted in the coprecipitation of
Hsp90. Moreover, immunoprecipitation of eNOS from rat aorta coprecipitated Hsp90,
whereas precipitation of nNOS from rat cerebellum does not result in the association
of these proteins. Vascular endothelial growth factor (VEGF), histamine, or growth
factors, which increase the release of NO from EC, rapidly enhance the interaction
between eNOS and Hsp90. This effect corresponded with a functional measurement
of increased NO production. The rapid stimulus-dependent formation of the eNOS-
Hsp90 heterocomplex indicates that this interaction precedes or occurs
simultaneously with other signaling events, such as calcium mobilization or
activation of other downstream effectors required for NO release.

Rapid Hsp90-eNOS association was produced by treatment of HUVEC with 17-§-
estradiol. These endothelial cells secrete NO rapidly after stimulation with estrogen.
NO release is due to activation of endothelial form of NOS. This activation appears to
significantly reduce the calcium-calmodulin dependence of the enzyme (65). If we
consider the analogy of shear stress-induced AKT activation to estrogen responses,
this suggests that functional Hsp90-eNOS association is a critical downstream
mediator of eNOS activation. (19). Nonetheless, the role of Hsp90 in estrogen-

mediated activation of eNOS is still unclear at present (66).

3.2.3. Serine/threonine kinase AKT

AKT/PKB is a serine/threonine kinase (protein kinase-B) that requires a functional
phosphatidylinositol 3-kinase to be stimulated by insulin and by other growth factors.
It plays a role in protecting cells from apoptosis (67). The acute activation of AKT of
a mutant murine estrogen receptor stimulates the phosphorylation of a protein, which
regulates protein synthesis (PHAS-I) (68). AKT has been shown to be a downstream
effector of estrogen- and insulin-like growth factor-1 (IGF-1)-dependent proliferation
and survival in hormone-responsive MCF-7 breast carcinoma cells (23). NO
production by EC in AKT-dependent manner was induced by simvastatin, which is a
3-hydroxyl-3-methyl coenzyme A reductase (HMG-CoA) inhibitor. In BAEC

stimulated for 1 hour with simvastatin showed an increase in NO accumulation
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without a detectable change in the concentration of eNOS protein (69). The AKT
associated phosphorylation of eNOS and subsequent NO production were
demonstrated after shear stress (25),(70) as well, as VEGF stimulation (24). The
AKT pathway and its effects upon 17-B-estradiol stimulation and NO production
through phosphorylation of eNOS, will be discussed in details in a separate chapter.
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4. PI(3)K/AKT Signaling Pathway in 17-3-Estradiol Activation
4.1. Model of the serine/threonine kinase AKT activation

Originally identified as AKTS retrovirus, its cellular homologue v-AKT was found to
be a 57 kDa protein serine/threonine kinase. The N-terminus contains an Src
homology 2 (SH2)-like domain, called a pleckstrin homology (PH) domain. Protein
kinase B (PKB) is a downstream target of PI(3)K activation. PI(3)K phosphorylates
phosphoinositides (PtdIns) at the 3-position of the inositol ring, generating 3’-
phosphorylated phospholipids (PtdIns3P), phosphatidylinositol-3,4-bisphosphate
(PtdIns(3,4)P;) and phosphatidylinositol-3,4,5-triphosphate  (PtdIns(3,4,5)P3).
PtdIns3P mediate the PI(3)K activation. PKB activity is induced in a PI(3)K-
dependent manner. PtdIns(3,4)P, and PtdIns(3,4,5)Ps specifically associate with PH
domain. Recruitment to the plasma membrane is followed by a formation of PtdInsP.
Transphosphorylation or autophosphorylation of PKB occurs at two residues,
threonine 308 (Thr**®) within the P-loop of the protein kinase domain and serine 473
(Ser*™). An intermediate between PI(3)K and AKT is the protein kinase-1 (PDK1).
PDK1 is an enzyme dependent on PtdIns lipids; it is therefore termed PtdIns(3,4,5)-
dependent-PDK1. This enzyme specifically phosphorylates Thr’®®. PDK1 is
considered constitutively active and its function is instead regulated by subcellular

localization. PDK2 is a protein kinase that targets PKB at Ser*”

. This amino acid is
autonomously regulated and is not an autophosphorylation site dependent on Thr’®
phosphorylation. Transiently associating with PKB, PDK1 and PDK2 molecules are
attracted to the plasma membrane by the basal levels of phosphorylated PtdIns
molecules. These membrane-targeted PKB complexes gradually accumulate the
necessary phosphorylation energy for its activation. Growth factors activate PKB via
85 kDa regulatory subunit of PI(3)K (67).

Protein kinase B (PKB), also known as ¢-AKT or RAC-PK (different from the small
GTP-binding protein p21rac), is a proto-oncogene. A myristoylation causes relocation

of the PKB from the cytosol to the plasma membrane. Plasma membrane localization
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of PKB determines its constitutive activity. PKB contains a PH domain at its NH;-
terminus, which binds inositol lipids. In cells, the PKB is activated with mitogens
stimulating in signaling pathways initiated by the phosphorylation of PI(3)K. A
kinase activity that phosphorylates and activates PKB is revealed in the presence of
PtdIns(3,4,5)Ps. PtdIns(3,4,5)P; has two functions in the activation of PKB — direct
binding to the PH domain of PKB, which allows phosphorylation by the upstream
kinase, and direct activation of the upstream kinase itself. PtdIns(3,4)P; activates the
PKB directly, its effects on the upstream kinase is not confirmed. PI-3,4,5-
trisphosphate (PIP3) and PI-3,4-bisphosphate (PIP2) are biologically relevant
stereoisomers of PtdIns(3,4,5)P; and PtdIns(3,4)P, respectively, which stimulate
phosphorylation of PKB (71).

PTEN is a lipid phosphatase which dephosphorylates the PtdIns(3,4,5)Ps;. By
dephosphorylating PtdIns(3,4,5)P3;, PTEN acts in opposition to PI(3)K, the upstream
activator of AKT. PTEN acts below PI(3)K but above AKT in the PI(3)K/AKT
signaling pathway. When transfected into cells, levels of active phosphorylated AKT
are diminished. PTEN through dephosphorylation of PtdIns(3,4,5)P; is considered
one of a regulator of PI(3)K (72). The role of this tumor suppressor in the AKT
activation is shown in a prostate cancer cell line lacking the PTEN. Loss of a
functional PTEN results in high basal enzymatic activity of AKT. PTEN-lacking cells
exhibit a constitutively elevated AKT (73).

AKT is serine/threonine kinase that requires a functional PI(3)K to be stimulated by
growth factors. When directed to membranes by the addition of a src myristoylation
sequence, AKT becomes constitutively active. A conditionally active version of AKT
is constructed by fusing the AKT containing the myristoylation sequence to the HBD
of a mutant murine ER that selectively binds 4-hydroxytamoxifen. The chimeric
protein is expressed in NIH3T3 cells and is shown to be stimulated by hormone
treatment. Stimulated AKT-estrogen receptor (myrAkt A4-129-ER) fusion protein
induces the phosphorylation of a key regulatory site, Ser*””. The AKT-ER chimera
must be present in a membrane compartment to be activated by PIP3 and PIP2 (68).
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4.2, Effects of 17-p-estradiol on AKT/PKB signaling pathway

AKT is highly expressed in several human breast carcinoma cell lines and its activity
in MCF-7 cells is modulated by 17-B-estradiol and IGF-1. Overexpression and
activation of AKT in MCF-7 cells, sensitized by estrogen to the mitogenic effect of
IGF-1, controls an anti-apoptotic pathway. Wortmannin blocks the growth response
to 17-B-estradiol and IGF-1. Thus, AKT appears to be a common effector molecule
downstream of PI(3)K that links the mitogenic effects of growth factors (23). In
vascular smooth muscle cells (VSMC), PI(3)K is found to be a crucial upstream
mediator for angiotensin I (Ang IT)-induced AKT/PKB activation, inhibitable by the
specific PI(3)K inhibitors Wortmannin and LY294002. AKT1/PKB activation by Ang
II is redox-sensitive (74).

The predominant form of PI(3)K comprises p85a, an adapter/regulatory subunit of
relative molecular mass of 85 kDa and p110, which is a catalytic subunit of molecular
mass of 110kDa. PI(3)K catalyses the formation of lipid mediators through the
recruitment of signaling molecules containing PIP3 and PIP2. The activation of AKT
through phosphorylation of Thr'®*/Ser*” mediates many of the downstream cellular
effects of PI(3)K including activation of eNOS and cell survival pathways. For
example, 17-B-estradiol stimulated eNOS activity in murine fibroblasts, transfected
with ER-a and eNOS complementary DNAs, increases eightfold in wild- type but not
in p85a —deficient (p85a”") fibroblasts. p85a dominant negative fibroblasts
cotransfected with p85a cDNA lead to increase in 17-B-estradiol stimulated eNOS
activity. Wild type fibroblasts co-transfected with a p85a” cDNA decrease 17-f-
estradiol stimulated eNOS activity. Increases in PIP-s time-dependently correlate
with the ligand-dependent increases in ER-a-associated PI(3)K activity. These events
are blocked by ICI 182,780 and Wortmannin, but not by the MAP kinase inhibitor PD
98059, or by the transcriptional inhibitor actinomycin D. To determine if 17-B-
estradiol-stimulated eNOS activation is mediated by AKT, BAEC were transiently
transfected with adenoviruses containing constitutively active (myr) and dominant-

negative (dn) AKT mutants. Overexpression of myr-AKT causes substantial increase
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in eNOS activity, dn-AKT completely abolishes 17-B-estradiol-stimulated eNOS
activity (27).

The protein kinase AKT serves as a functional regulator of cell survival. The
PI(3)K/AKT signaling pathway implication in endothelial NO regulation is shown on
statins. Statins inhibit the activity of HMG-CoA reductase and are known for their
lipid-lowering activity. AKT phosphorylation at amino acid residue, Ser*”®, occurres
in HUVEC within 30 minutes of statins treatment. PI(3)K/AKT signaling pathway
inhibitors Wortmannin and LY294002 block statins-induced AKT (Ser*”)
phosphorylation. The specificity of the kinase assay is demonstrated by infecting
HUVEC cultures with an adenoviral vector encoding a dominant-negative form of
AKT (Ad-dnAKT) that blockes increases in kinase activity (69).

AKT through PI(3)K mediation activates ER-o in the absence of estrogen. AKT
ability to directly regulate ER-o activity is examined in transiently transfected ER-a-
positive human breast cancer epithelial cell line MCF-7. Measured activity in
cotransfected cells with constitutively active AKT expression vector results in 4.5-
and 15-fold increases in activity in the absence or presence of estrogen, respectively.
TMX has no effect. Therefore, AKT attributes estrogen-independent activity and
further increases estrogen-stimulated activity of ER-a (75).

The effects of estrogen on cell cycle progression are shown on a series of
pharmacological compounds that specifically inhibit signaling intermediates that have
been implicated in estrogen actions. Treatment of starved MCF-7 cells with 20 nM of
17-B-estradiol stimulates cell cycle progression and results in 3-4-fold increase in the
number of cells undergoing DNA synthesis. A disruption of the PI(3)K and MAPK
cascades by specific inhibitors [Wortmannin, a PI(3)K inhibitor, PD098059, an
inhibitor of MEK, the upstream activator of MAPK and antiestrogen ICI 182,780]
prevent or reduce the ability of MCF-7 cells to enter the S-phase of the cell cycle in
response to 17-B-estradiol. Interestingly, in this study, treatment with 17-B-estradiol
has only a moderate effect on phosphorylated PKB levels. Nevertheless these data
suggest that the activity of PI(3)K and MEK are implicated in the mitogenic effect of
estrogen (76).
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The fact, that estrogen is entering the AKT signaling pathway through PI(3)K is
demonstrated in a study on its synergistic effects with IGF-1 in promoting cell
proliferation of MCF-7. PI(3)K activity and AKT phosphorylation after IGF-1-

receptor activation are enhanced by 17-B- estradiol treatment of the cells (77).
4.3, Estradiol activation of eNOS via the AKT/PKB pathway

The phosphorylation of eNOS is thought to regulate the activity of this enzyme in a
Ca®*-independent manner. As PI(3)K and the downstream serine/threonine kinase
AKT/PKB are activated in EC by shear stress, the involvement of the PI(3)K/AKT
pathway in the regulation of eNOS activity is investigated in HUVEC in response to
shear stress. The rapid phosphorylation and activation of AKT assessed by western
blotting is dependent on the degree of shear stress. The PI(3)K-inhibitor Wortmannin
completely inhibits the induced increase in cyclic GMP levels. An overexpression of
constitutively active AKT, created on Thr 398 and Ser “™, results in 1.4 fold increase
in intracellular cGMP, whereas overexpression of a dominant negative AKT mutant
decreases basal cGMP levels by ~30%, indicating that eNOS can be activated by an
AKT-dependent pathway. The role of AKT in eNOS phosphorylation is tested. In a
model of bioassay, the Wortmannin completely abolishes the shear stress-induced NO
release by vasoconstriction in an endothelium-intact coronary artery segments. eNOS
is confirmed as a potential substrate for AKT phosphorylation by specific mutation of
the two putative AKT-kinase sites on eNOS at residues Ser 633 and Ser 177, to
aspartate (S633D, S1177D), which mimics continuous phosphorylation of the protein.
In transfected HUVEC, there are no differences in measured eNOS activity by
citrulline assay, between wild type and mutant eNOS. In contrast, overexpression of
eNOS phosphorylation on Ser 1177 (Serl177D, active mutant, aspartate), is
prevented by replacement with inactive mutant alanine (S1177A). Finally, AKT-
stimulated nitrite accumulation in COS cells transfected with wild type eNOS is
abolished by mutating Ser 1177. Thus, Ser 1177 represents the primary

phosphorylation site of eNOS in intact cells. Ser 1177 is an acceptor amino acid for
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AKT-mediated phosphorylation. Serum-induced phosphorylation of eNOS is
significantly decreased by PI(3)K inhibitor LY294002 or by co-transfection of a
dominant-negative AKT-mutant. Shear stress-stimulated phosphorylation of eNOS is
decreased by overexpression of a dominant-negative AKT mutant. These results
indicate that in vifro eNOS is a target of AKT. Calcium-independence of eNOS
phosphorylation is shown in cell lysates of wild type or mutant (S117D) eNOS
transfected HUVEC in the presence of calcium. Results show that the stimulation of
PI(3)K/AKT by shear stress or VEGF elicits the serine phosphorylation of eNOS, and
thereby enhances enzyme activity in a Ca**-independent manner. The activation of
eNOS by AKT is shown as an important physiological effect on apoptosis and
proliferation (25).

The direct phosphorylation of eNOS on serine 1179 by the AKT (but not in mutant
eNOS on S1179A) is shown on COS-7 cells, which do not express NOS but are co-
transfected with eNOS and wild type AKT or kinase-inactive AKT. AKT induced
eNOS phosphorylation, leads to the release of NO. AKT specifically phosphorylates
the eNOS isoform; cotransfection of cells with the nNOS or iNOS does not increase
NO production. In eNOS the presence of two putative AKT sites (serines 635 and
1179 in bovine eNOS and serines 633 and 1177 in human eNOS) is shown. Their
respective importance for eNOS phosphorylation by AKT is examined in COS cells
transfected with double mutant eNOS S635/1179A. Alanin (A) blockes the release of
NO. When alanin is used to mutate S635 instead, this does not negatively influence
the NO production. In contrast, serine 1179D (aspartate), which mimics the
phosphorylation, when inserted into eNOS, augmentes the NO production induced by
AKT. Cells transfected with both eNOS and AKT, when pre-treated with PI(3)K
inhibitor Wortmannin, abolishe the AKT-induced increase in eNOS phosphorylation.
The phosphorylation of eNOS by AKT does not require enhanced levels of calcium
(24).

The involvement of AKT1/PKB signaling in eNOS phosphorylation is a novel
mechanism, which applies to stimuli such as estrogen, VEGF or shear stress. The
effects of an increase in eNOS serine phosphorylation are demonstrated using the

okadaic acid, a specific serine/threonine phosphatase inhibitor. The eNOS serine
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phosphorylation in the absence of the okadaic acid is associated with increase in NO
production as determined by the accumulation of cyclic GMP. The eNOS
phosphorylation is time-dependent and its maximum occurs after 5 minutes of
tyrosine-residues phosphorylation following shear stress. Under Ca**-free conditions,
the extent of the overall eNOS phosphorylation is lower than that observed in the
presence of Ca®*. A dominant-negative AKT mutant in transfected HUVEC inhibits
the shear stress induced eNOS phosphorylation, as detected by phosho-serine eNOS
specific antibody in western immunoblotting (70).

Simvastatin-induced AKT mediated phosphorylation of eNOS is examined by
incubating HUVEC with inorganic **P. Endogenous eNOS phosphorylation is
assessed by immunoprecipitation and visualized by autoradiography. Overexpression
of dominant negative AKT in cells abrogates phosphorylation of eNOS.
Alternatively, adenoviral infection with constitutively active AKT (myr-AKT) 24
hours before radiolabeling stimulates phosphorylated eNOS expression by
autoradiography. In COS-7 cells, co-transfected with wild type eNOS and HA-AKT
expression plasmid, simvastatin induces phosphate incorporation into eNOS. This
process is inhibited when Ser 1179 in eNOS is mutated to an alanine residue S1179A
(69).

Rapid eNOS activation by 17-B-estradiol, but not 17-c-estradiol, is evaluated by
determination of NOS activity. HUVEC and TRLEC are treated with 17-B-estradiol
in the range 10™° — 107 M for 15 minutes. 17-B-estradiol induces the activation of
eNOS in a dose-dependent manner. This effect, however, is not observed with

supraphysiological concentration of 17-B-estradiol, 10° M (26).
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5. Rationale

As shown by F.Auricchio & A.Migliaccio (1986), 17-B-estradiol, complexed with
estrogen receptor, stimulates in vifro a 67-kDa tyrosine kinase (14;21;22). Similarly
to the effects of the growth factors, they found that 17-B-estradiol directly stimulated
tyrosine kinases and acutely induced protein phosphorylation by activating G-coupled
protein receptors and tyrosine kinases in intact cells. (14;22) This mechanism of
activation by 17-B-estradiol-ER complex involves the serine/threonine MAP kinase
cascade.

Several studies have reported that different agonists responsible for proliferation
could activate by phosphorylation other signaling pathways, such as the
serine/threonine AKT/PKB pathway. As well, IGF-1 synergistically with 17-8-
estradiol activate AKT in MCF-7 cells (23). The downstream AKT/PKB stimulation
in EC, following an increase of NO production by eNOS phosphorylation, can also be
induced by VEGF (24) and by shear stress (25;70). Shear stress induces NO release in
a bioassay system with endothelium-intact pig epicardial artery segments. Release of
NO from the endothelium can be elicited by vasoconstriction to increase shear stress
at constant flow and the NO-mediated relaxant response to the shear stress is
abolished by Wortmannin. Inhibition of PI(3)K prevents as well the shear stress-
induced cGMP increase, and thereby the NO release, in HUVEC exposed to shear
stress in the presence or absence of Wortmannin. Additionally, in VSMC, AKT/PKB
via PI(3)K-dependent mechanisms, is stimulated by angiotensin and by exogenous
H,0; involving reactive oxygen species (ROS) in this mediation (74). Thus, ROS and
the shear stress induced activation of eNOS involve the activation of the PI(3)K/AKT
pathway (25).
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6. Hypothesis

Activation of PI(3)K by tyrosine receptors can phosphorylate the serine threonine
kinase AKT/PKB which then increases eNOS-phosphorylated activity. Since estrogen

activates the membrane tyrosine kinase receptor, they could activate this pathway.

o Therefore we examined whether the activation of PI(3)K by estrogen
phosphorylates the AKT/PKB and increases the NO production and a

vasodilatation.

7. Materials and Methods

7.1. Materials

17-B-estradiol soluble in ethanol, water-soluble 17-f3-estradiol (estradiol in
cyclodextrin) and Wortmannin, were purchased from Sigma. ICI 182,780 and
Tamoxifen were a kind gift from Dr Giguére, Dept of Oncology, Royal Victoria
Hospital, MUHC. Anti e-NOS (N30020) antibody were purchased from Transduction
Laboratories and anti phospho-eNOS (Ser1177), anti AKT and anti phospho-AKT
(Ser 473) from Cell Signaling Technology. Chemiluminescence detection kit Lumi-
Light™ Western Blotting Substrate was obtained from Boehringer Mannheim. We
used the Tris-Glycine Sample Buffer (Novex™) and SeeBlue™ Pre-stained Standard
(Invitrogen). L-[2,3- *H]-Arginine (specific activity 53.4 Ci/mmol) was purchased
from NEN™ Life Science Products. All other reagents were purchased from Sigma.
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7.2, Cell culture

We used cell cultures near confluence < 90%, although studies from others have
shown that 17-B-estradiol stimulated eNOS activity and NO production occurs in

cells cultured to semi-confluence (78).

7.2.1. BAMEC

Immortalized BAMEC were plated (4x10* cells/plate) onto 100-mm plates in
complete minimal essential medium (Eagle’s) with 2 mM L-glutamine, 1.5 g/L
sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate,
100 u/ml penicillin / streptomycin and supplemented with 10% of heat inactivated
fetal bovine serum (FBS). Cells were cultured at 37°C in a humidified atmosphere
containing 5% (v/v) CO;. Culture medium was changed every 2-3 days. Near
confluent cells were detached by trypsinisation (0.05% trypsin) and passaged. 72-48
hours before stimulation the culture medium was replaced by complete MEM with
10% FBS, but without phenol red. Cultures were checked regularly under microscope
for alterations in morphology, both during routine culture and prior to and after

experimentations.

7.2.2. HUVEC

HUVEC were purchased from Clonetics BioWhittaker. The primary cells were
routinely passaged in a standard cell culture medium as described (79) previously
with slight modifications. These modifications consisted of using endothelial cell
basal medium (EBM) supplemented with 20% FBS, 3 mg/ml bovine brain extract, 10
pug/ml human recombinant epidermal growth factor (hEGF), 50 mg/ml gentamicin,
amphotericin-B 50 pg/ml, 2 mM glutamine, 5 U/ml heparin and 1 mg/ml
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hydrocortisone in a water saturated atmosphere of 95% O, an 5% CO;. Cell growth
was routinely checked under a microscope and displayed the typical cobblestone
appearance of endothelial cells (80). Subconfluent HUVEC monolayers grown in T-

75 culture flasks, were studied within 5 passages.

For cell stimulation, in both BAMEC and HUVEC, we used only phenol-red free
media and charcoal-stripped (CS) fetal bovine serum (FBS).

Charcoal-stripped FBS is an estrogen-depleted serum, prepared by adding PBS-rinsed
Dextran-70 and charcoal at a 1:100 (wt/vol) and 1:10 (wt/vol) dilutions, respectively.

The mixture was incubated at 55°C for 1 hr, centrifuged and subjected to filter
sterilization. The content of < 2.6 x 10"' M of estrogen residue is considered adequate

for hormone removal by using described technique (81).

7.3. Cell stimulations

7.3.1. Time-dependence

At 90% of confluence, BAMEC were switched for 48 hours to a hormone-depleted
growth medium prepared with phenol red-free Eagle’s minimum essential medium
(MEM) and supplemented with 10% charcoal-stripped (CS) FBS. Cells were starved
24 hours at 37°C before experiments in the above medium with 2% of charcoal-
stripped FBS. Before stimulation, cells were rinsed once with phosphate-buffered
saline (PBS). Control BAMEC cultures, incubated in parallel, received only medium
or the vehicle in which the reagent solutions were prepared. Cells were incubated
(with slight modifications) as described (14;22), for 1, 30 and 60 minutes with 17-§-
estradiol (10 nM) at 37°C, or the vehicle (ethanol and DMSO) alone. The final
concentration of ethanol in all cell cultures was < 0.01%. The inhibitory effects to
Wortmannin (50 uM) were assessed by exposing cells with 17-B-estradiol (10 nM)
for 30 minutes. Parallel plates received similar dilutions of vehicles only, both DMSO
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and ethanol in combination. Some cells were treated with the inhibitor Wortmannin
alone or DMSO (as its vehicle) alone. All experiments were done in duplicates. Cell

layers were harvested and lysed with ice-cold cell lysis buffer (CLB).

7.3.2. Estradiol-dose — response assay

48 hours prior to estradiol stimulation, HUVEC were cultured on 2%-gelatin-coated
plates (2% gelatin solution in PBS), in phenol red-free medium M199 and in 10% of
CS estrogen-depleted FBS. Nearly confluent HUVEC were starved overnight in 2%
of CS-FBS. Cells were then stimulated with various concentrations of water-soluble
17-B-estradiol (17-B-estradiol in cyclodextrin, stocks prepared in PBS) ranging from
0.1 nM to 0.1 pM. Cells were conditioned with 17-B-estradiol during 60 minutes at
37°C. Some plates were exposed to specific estrogen receptor inhibitors, either ICI
182,780 (1 pM) or Tamoxifen 1 uM, or to the PI(3)K inhibitor Wortmannin (50 uM),
30 minutes prior to the stimulation with 17-B-estradiol 10 nM (18;23). Controls for
the vehicle consisted of cells conditioned in medium only, in PBS-diluted
cyclodextrin or in DMSO. Experiments were done in duplicates. Supernatants of
stimulated cells were collected for NO;™ analysis. Total cell lysate was prepared by
scraping the cells in 800 ul of CLB and centrifuged at 10,000 rpm for 10 minutes.
CLB contained (in mM) 50 HEPES (pH 7.5), 5.0 EDTA, 2H;0, 0.5% Triton X-100,
150 NaCl, 100 NaF, 10 Na-pyrophosphate, 100 Na;VO, and protease inhibitors
leupeptin 1 mg/ml aprotinin 2 mg/ml and pepstatin 1 mg/ml. Immunodetection by
western analysis and NOS assays were determined in cell lysates. The protein

measurements of all samples were performed with the Bradford assay.

7.4. Animals preparation

All procedures were approved by the Ethics Subcommittee of the University Animal
Care Committee. We used female, oophorectomized Sprague-Dawley rats.

Ovariectomy was performed by the supplier (Charles River Laboratories, St.
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Constants, QC) in 8-week-old animals (200 - 225 gr) and shipped on the fifth day
after surgery. A further 5 - 7 days of recovery were allowed in our Animal Center
Department. Housing was provided for two rats per cage with access to water and
food ad libitum, no special diet has been required. Animals were sacrificed by an
intraperitonealy injection of dose 80 - 100 mg of sodium pentobarbital (MTC
Pharmaceuticals). The aorta was quickly harvested and put into ice-cold Krebs-
bicarbonate solution containing (in mM): 118.4 NaCl, 25.0 NaHCO;, 4.7 KCl, 1.1
CaCl,, 1.2 KH;POq, 1.2 MgS0y,, 5.6 Glucose.

7.5. Aorta rings bioassay

We studied an acute vasodilatory effects of estrogen on induced NO release in
isolated rat aortic segments. Therefore, our primary objectives were:

1. To determine the NO release from endothelium of 17-B-estradiol-incubated aortics
rings compare to the rings incubated without 17-B-estradiol, and 2. To determine the
effect of AKT/PKB inhibitor Wortmannin on 17-B-estradiol-induced NO increase (if
it was a case).

The vessel was cleaned of adventitial adipose and connective tissue and cut into ~3
mm segments. Aortic rings were mounted horizontally between two stainless steel
parallel hooks for the measurement of isometric tension (a force transducer Grass-
FT03) and were suspended in organ bath (18 ml) filled with 37°C warm and
continuously oxygenated (95% O / 5% CO,) Krebs-bicarbonate (pH 7.4) buffer (82).
Vessels were equilibrated about 40 minutes before they reached optimal resting
tension. The resting tension is the optimal point of the vessel’s cross-sectional length-
tension relationship. To define a resting tension, vessels are progressively stretched
until the contraction is maximal to 60 mM of KCl solution applied in the organ bath
bathing the vessel ring (83). As determined from our previous experiments, the
resting tension of the rat aorta is 2 gr.

For the first condition, resting vessels were preconstricted with a;-adrenergic agonist

phenylephrine, in the concentration 107 M. The integrity of the endothelium was
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assessed by increasing Ach concentrations in a range of 0.1 nM — 100 uM (84).
Magnitude of these dilations was expressed as percentage of maximum contraction
provoked by 107 M Phe. After 40-minutes of preincubation with 107 M 17-B-
estradiol dissolved in ethanol (<0.01%), which was added to an organ bath, the aortic
rings were preconstricted again with Phe 107 M and exposed to the same vasodilator
concentrations as in previous step. An Ach relaxation dose-response curve was
created again. After washout, the equilibrated vessels were preconstricted again and
increasing doses (10° — 10> M) of 17-B-estradiol were added to verify its direct
dilatory effects.

In the second condition, we tested the inhibition of estradiol-induced nitric oxide
production by AKT/PKB inhibitor Wortmannin. The vessels were preincubated for
10 minutes with 107 M of Wortmannin, before the first Phe preconstriction.
Vasodilatory dose-response curve with increasing concentrations of Ach was made.
Vessels were then preincubated with 17-B-estradiol, preconstricted with Phe and
endothelium-related vasodilatation was verified with Ach in increasing concentrations
(10 - 10”° M). Wortmannin efficiently abolished the 17--estradiol-stimulated NO
increase and blocked subsequent vascular relaxation previously seen in aortic
segments incubated with 17-B-estradiol.

In our preliminary experiments, a cumulative dose-response of Phe (10'° — 10* M
(85)) was created to measure sensitivity and determine the dose that would give a
70% constriction for each individual arterial ring. Since the vessel constriction is
maximal and reaches plateau with Phe 10*- 10 M, the concentration of Phe 107 M
is a concentration, which produces 70% of the maximum contraction. This
pharmacological dose was used to constrict the aortic ring to achieve a baseline from

which were measured subsequent relaxation responses (50).
7.6. Determination of HUVEC NO; release

Cells were stimulated with 17-B-estradiol for 60 minutes at 37°C. Supernatants of
conditioned cells were collected in separated tubes for nitrite measurement. Tubes

were stored at -80°C before measurements of nitrite.
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Deproteinized samples (zinc-sulphate 30%, 1:20 v/v) were passed through a
copperized cadmium reduction column in which NO;. was reduced to NO,. which
reacts with Griess reagent (1% sulfonamide in 5% H3;PQO4, 0.1% N-naphtylethyl-
ethylendiamine dihydrochloride in deionized distilled water) to form a purple azo
dye. 300 pl of media supernatant was added the equal amount of Griess reagent.
Absorbance at 540 nm was detected by spectrophotometer against the NaNO,
standard curve (78;86;87). The blank absorbance obtained in wells which were
treated and incubated identically, but which lacked cells, was subtracted. Since
dimethyl sulfoxide (final concentration of 0.01% in the culture medium), the solvent
of Wortmannin, is known to cause a high background in the incubation medium, the
individual data were corrected for this nonspecific effect (88). The detection limit of

the assay was 2.5 pM.

7.7. NOS activity in BAMEC

eNOS activity was determined as described previously (87) in total cell lysates of
BAMEC (30). Lysate protein (80 - 90 pg) was incubated for 10 minutes at 37°C with
100 pl of reaction buffer (pH 7.2) containing (in mM): 50 potassium-phosphate
buffer, 1 mg/ml bovine serum albumin (BSA), 0.2 tetrahydrobiopterin (BHs), 1.2
magnesium chloride (MgCly), 0.6 flavin adenine dinucleotide (FAD), 0.2 flavin
adenine mononucleotide (FMN), 6 L-Valine, 1.0 reduced nicotinamide adenine
dinucleotide phosphate (NADPH), 10 pg/ml calmodulin (CaM), 0.75 calcium
chloride (CaCly) and 25 pl of 120 uM stock L-[2,3->H]-Arginine (150 - 200 counts
per min/pM). Parallel incubations were performed in the presence of the specific
NOS inhibitor 1.5 mM N-nitro-L-arginine-methyl ester (L-NAME). Incubations were
terminated by adding 500 pl of ice-cold stop buffer [SO mM Hepes, 12 mM
ethylenediaminetetraacetic acid (EDTA), pH 5.5]. L-[’H]-citrulline was separated
from the mixture by passing the mixture through a column of equilibrated Dowex-
50W strong acid cation exchanger (SOWX8-400, Na* form). The eluate (1.6 ml) was
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collected into scintillation liquid and the NOS activity was measured by counting the

radioactivity in the eluate.

The positive control of NOS activity measurement was prepared from freshly isolated
rat cerebellums from 300 gr Sprague-Dawley male rats. Tissue supernatant was
obtained by quick homogenization of pooled cerebellums in ice-cold homogenization
buffer and preparation was centrifuged at 10,000 rpm/10 minutes at 4°C. Protein was
determined in the supernatant by the Bradford method. Aliquots were stored at —80°C.

7.8. Western immunoblotting

Phosphorylation of AKT and eNOS was assessed in cell cultures conditioned with
increasing concentration (0.1 nM — 10 uM) of 17-B-estradiol or in cells treated in
time-course (1, 30, 60 minutes). Lysed cells were centrifuged at 10,000 rpm in a
microcentrifuge for 10 minutes at 4°C. Protein supernatant (25 - 40 pg) were
separated using 8 - 10% SDS-PAGE (Mini Protean II, Bio Rad) and transferred using
a semi-dry protein transfer apparatus (BioRad) to PVDF membranes. Membranes
were blocked 1 hour at room temperature and incubated overnight at 4°C with
primary rabbit polyclonal phospho-specific antibodies (Abs). Membranes were
washed 4 times within 1 hour in Tris-buffered saline containing 0.1% (v/v) Tween
(TBS-T) (pH 7.5). After 1-hour incubation at room temperature with secondary
horseradish peroxidase-conjugated (HRP) goat anti-rabbit Abs, phosphorylated forms
of proteins were detected by enhanced chemiluminescence using substrate Lumi-
Light™"® | followed by autoradiography. Immunoblots probed for both, phospho-
AKT and phospho-eNOS were stripped (in 0.2 N NaOH for 15 minutes at RT and
washed twice for 10 minutes in distilled water), blocked again and reprobed overnight
at 4°C with primary total AKT or total eNOS, respectively, followed by one hour
incubation at room temperature with secondary horseradish peroxidase-conjugated
Abs, to confirm equal loading of the gel. All blots were scanned and subjected to
measurement of optical density of bands in SigmaGel (Jandel Scientific). The signal

intensity was expressed in absolute values. A ratio of the signal intensity of the
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phospho-serine blots vs. total-protein blots was determined to normalize for
differences in loading (25). The value of ratio for controls was arbitrary set at 1.

Values of all other bands were defined as fold of increase of controls.

7.8.1. Immunodetection of phosphorylated AKT / PKB

As described, (23), (74) phosphorylated AKT was detected with primary rabbit
polyclonal specific phospho-AKT (Ser 473) antibody (Ab) diluted 1:1500. Secondary
anti-rabbit HRP-Ab was diluted 1:4000. For a negative control, a nonphosphorylated
AKT cell extracts were used from untreated NIH 3T3 cells. As positive control,
phosphorylated AKT cell extracts were used from PDGF (50 ng/ml for 20 minutes)
treated NIH 3T3 cells. Phospho-AKT immunoblots were stripped and blotted (25) for
total AKT with polyclonal Ab diluted 1:1500. Secondary anti-rabbit HRP-Ab was
diluted 1:4000.

7.8.2. Immunodetection of phosphorylated eNOS

Phosphorylation of eNOS on serine 1177 as a potential phosphorylation site in human
eNOS (24) was assessed by using polyclonal phospho-specific primary Ab diluted
1:1000, directed against serine 1177. Secondary anti-rabbit HRP-Ab was diluted
1:3000. To determine the total eNOS, stripped and re-blocked (TBS-T solution with
5% of non-fat dry milk) membranes were reprobed (65) with monoclonal primary
anti-eNOS Ab (1:1250) and secondary anti-mouse Ab (1:1500).
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7.9. Statistical Analysis

Data are expressed as mean + SEM from 3 to 5 individual experiments. Statistical
analysis between two groups was performed using Student’s ¢ - test, comparisons
between multiple groups were made by one-way ANOVA with a post-hoc Bonferroni
test or by two-way repeated measures ANOVA followed by Student-Newmann-Keuls

test. Probability values were considered significant at P < 0.05.

8. Results

8.1. Phosphorylation of serine/threonine protein kinase AKT by 17-B-estradiol

is time-dependent.

It has been shown that serine-threonine cascade could be activated in EC in response
to shear stress. (25) The BAMEC were treated with 10® M of 17-B-estradiol for 1, 30
and 60 minutes. Phosphorylation of AKT (protein kinase B) shown in Figure 1A,
upper panel, occured as early as 1 minute (lane 6) after treatment with 17-B-estradiol
and increased ~2.5 fold compared to controls. The intensity of AKT phosphorylation
increased in 30 minutes (Jane 7) and was maintained for 60 minutes (lane 8). There
was no activity in control cells in media, nor in cells treated with solvents (ethanol
0.01% nor DMSO) (lanes 1- 4). The PI3-K inhibitor Wortmannin, applied on cells
for 60 minutes at a concentration of 5x10® M with 10 nM of 17-B-estradiol,
completely antagonized the AKT phosphorylation (lane 9). No signal was detected on
the western blot with Wortmannin alone (lane 10). There were no differences in the
non-phosphorylated AKT. (Figure 1A, lower panel). As seen in the graph (Figure
1B), 17-B-estradiol stimulated AKT phosphorylation in a time-dependent manner.
Phosphorylation of AKT peaked at 30 minutes and sustained phosphorylation lasted

for up to 60 minutes. The graph represents data of 2 individual experiments.
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8.2. 17-B-estradiol dose-response of AKT phosphorylation.

The phosphorylation of AKT on serine 473, is shown in HUVEC treated for 60
minutes with increasing concentration of 17-B-estradiol in the range of 10™° - 107 M.
This effect was 17-fB-estradiol dose-dependent (Figure 2A, upper panel). Treatment
with estradiol 10™"° M did not increase AKT phosphorylation (lane 3) if compared to
vehicle control (lane 9). Phosphorylation was increased by =1.3 fold with 17-8-
estradiol 10° M (lane 4). Maximal phosphorylation was observed in treatment with
17-B-estradiol 10 M (lane 5), ~1.8 fold. No further increase of AKT phosphorylation
was observed by exposing cells to the concentration of 17-B-estradiol 107 M
(confirmed in 3 other immunoblots, not shown). Wortmannin 50 pM inhibited the
effect of 17-B-estradiol 10® M on AKT phosphorylation (lane 8). The estrogen
receptor inhibitor ICI 182,780 0.01 pM did partially block this process (lane 7).
Immunoblotting with total AKT antibody did not demonstrate 17-f-estradiol dose-
dependence; total AKT is well expressed in all cell stimulations (lanes I - 8) (Figure
2A, lower panel). The bar graph (Figure 2B) shows the ratio of the signal intensity
of the phospho-AKT blot vs. the total-AKT blot. In another set of experiments in
HUVEC, the time-dependence of cells stimulated with increasing concentrations of
17-B-estradiol was measured. As shown in Figure 2C, upper panel, in lane 7,
Tamoxifen 1 M, an estrogen receptor inhibitor, abrogated the AKT phosphorylation
by 17-B-estradiol 10® M. Phosphorylation of AKT peaked at 30 minutes of 17-B-
estradiol 10® M stimulation (lane 5), and decreased by 60 minutes of treatment (lane

6). Shown data are representative for four separate experiments.

8.3. Phosphorylation of eNOS by 17-B-estradiol.

Figure 3A, upper panel, shows the effect of 17-B-estradiol on phosphorylation of
eNOS in HUVEC. We examined whether 17-B-estradiol, through membrane bound
estrogen receptor and downstream recruitment of AKT, mediates phosphorylation of

eNOS on serine 1177 and if this induction is 17-B-estradiol dose-dependent. eNOS
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phosphorylation in HUVEC was assayed in cells treated 60 minutes with 17-§-
estradiol (concentrations 107° - 107 M). Immunoblot was probed with specific
phospho-eNOS (ser 1177) antibody. 17-B-estradiol 10"° M increased eNOS
activation =1.5 fold (lane 2), whereas 17-B-estradiol 10® M intensified this process
2.1 (lane 3). Maximal eNOS phosphorylation occured at 17-B-estradiol 10 M, =2.3
fold (lanes 4-5). Further increasing the concentration of 17-B-estradiol to 107 M, did
not change the eNOS phosphorylation (/ane 6). To test the AKT signaling pathway
implication in the subsequent eNOS phosphorylation, cells were exposed to the AKT
specific inhibitor Wortmannin 50 uM. The phosphorylation of eNOS associated with
17-B-estradiol 10® M was completely blocked (lane 8). The role of membrane
estrogen receptor in 17-B-estradiol mediated eNOS phosphorylation, was determined
by treatment of HUVEC with the specific estrogen receptor inhibitor ICI 182,780
0.01 pM combined with 17-B-estradiol 10® M (lane 7). ER inhibitor almost
completely prevented eNOS activation and yielded only a weak signal on the
immunoblot probed with phospho-eNOS (Ser 1177) antibody. Total eNOS protein
expression was equal in all treatments, independent of either, 17-B-estradiol
concentration or in the presence of either AKT specific estrogen receptor inhibitors
(Figure 3A, lower panel). The increase in phosphorylation of eNOS by stimulating
with physiological concentration of 17-f-estradiol was statistically significant. The
column graph (Figure 3B) expresses the densitometric ratio of the phosphoserine blot
vs. the eNOS blot (24;70). The immunoblot is representative of 5 experiments, (mean
+ SEM, P < 0.05).

8.4. 17-B-estradiol mediates acute increase of eNOS activity.

Since we found by immunoblotting that the effect of 17-B-estradiol on plasma
membrane through the AKT signaling cascade resulted in eNOS phosphorylation,
we tested next if this process could enhance the eNOS enzymatic activity in EC. The
eNOS activity after L-NAME inhibition was assayed in cell lysates from control

(vehicle) and 17-B-estradiol 10®° M treated BAMEC. Cells were stimulated in
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different periods of time (1, 30 and 60 minutes) and in the presence of the AKT
inhibitor Wortmannin 50 pM. Exposure of cells to 17-B-estradiol 10® M for 60
minutes increased eNOS activity =2.6 fold (corresponds to 102 pmol / mg / min)
(Figure 4). Wortmannin blocked the 17-B-estradiol mediated eNOS activity to the
level of vehicle control (corresponds to 40 pmol / mg / min). Thus, we tested the 17-
B-estradiol-induced increase in eNOS activity via the PI(3)K/AKT signaling pathway.
Time course of the effect of 17-B-estradiol 10® M in the presence of eNOS specific
inhibitor L-NAME did not reveal any changes. Measured eNOS activity sustained the
level detectable in quiescent cells. Physiological concentrations of 17-B-estradiol (10°
¥ M) caused eNOS activation in EC within the first minute of exposure to the
hormone. This observation is consistent with the non-genomic character of the

response to 17-3-estradiol treatment in the vasculature and in the EC (17;18).

8.5. 17-B-estradiol stimulates nitrite oxide release.

Next we determined if consequently there is a higher nitrite oxide production. The
nitrite accumulation in cell supernatant was measured by Griess non-enzymatic
reduction method spectrophotometrically. Figure § shows the change in nitrite in the
supernatant of human endothelial cells treated with 17-B-estradiol by dose-dependent
manner (in the range of 0.1 - 100 nM). Basal nitrite accumulation in control
(untreated) cells was 5.99 uM/ 10° cells £ 1.0 (column I). Similar values were
obtained of cells treated with vehicle alone (column 2) or cells treated with 17-§-
estradiol 107° M (6.44 + 2.1 and 5.69 + 0.6 pM/10° cells respectively) (column 3).
17-B-estradiol 10° M and 17-B-estradiol 10 M increased nitrite release to 15.99 +
4.2 and 12.58 + 0.8 pM/10° cells respectively (columns 4 —5). The increase of 17-B-
estradiol 10 M was statistically significant (mean = SEM, n = 5, P < 0.05). The
increase in 17-B-estradiol to 107 M (column 6) did not result in higher NO production
(10.86 + 5.6 pM/10° cells). The PI(3)K inhibitor Wortmannin 50 pM, and both ERs
inhibitors, ICI 182,780 0.01 pM and Tamoxifen 1 pM (columns 7 —9), completely
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abrogated NO generation (4.34 = 1.2, 6.62 + 1.1, 4.3 pM/10° cells respectively) in
cells treated concomitantly with 17-B-estradiol 10® M. The individual data were
corrected for the nonspecific effect of solvents. Results represent means = SEM of 3

to 5 individual experiments.

8.6. Endothelium-dependent vasorelaxation induced by rapid effects of 17-B-
estradiol.

The magnitude of endothelium-dependent vasorelaxation in Phe-preconstricted rat
aorta rings mediated by cumulative concentrations of Ach (10™'° - 10”° M) was ECso =
0.15 x 107 M (Figure 6A, edotted line). 40-minutes of incubation with 17-p-
estradiol (10 M) induced a left-shift of the Ach-mediated concentration-dependent
vasorelaxation curve in Phe-preconstricted vessels. The magnitude of vasodilatation
in 17-B-estradiol preincubated rat aortic rings was ECsp = 0.7x10° M (m full line).
These vasodilator responses to Ach after 17-B-estradiol incubation were significantly
greater than the responses to the same concentrations of Ach before 17-B-estradiol
exposure (P < 0.05, n = 6). 17-B-estradiol treatment resulted in an intensive NO
production from endothelium of rat aorta, which caused a leftward shift of the Ach-
triggered dose-response curve. The vasorelaxant effect of 17-B-estradiol was
abolished by pre-treatment of rat aortic segments with PI(3)K antagonist Wortmannin
(Figure 6B). There were no differences in the amount of NO mediated Ach-
vasorelaxation between aortic rings incubated with Wortmannin alone or after
concomitant incubation with 17-$-estradiol. Ach-mediated cumulative concentration-
dependent vasorelaxant curves were similar in both, aortic rings incubated with
Wortmannin alone (A broken line) or after co-incubation of Wortmannin and 17-$-
estradiol (gg full line). As a result, the pattern of both Ach-triggered relaxation curves,
the one with inhibitor and the other with the inhibitor plus the NO-stimulating agonist
17-B-estradiol, remained unchanged. These data indicate that in endothelium, 17-8-
estradiol via the activated AKT/PKB pathway subsequently increases NO production.
Data represent means + SEM of 6 individual experiments.

52



9. Final Conclusion and Summary

9.1. Main Findings

o Estradiol treatment resulted in phosphorylation of AKT/PKB in both, bovine
and human endothelial cells

e Estradiol treatment also resulted in phosphorylation of eNOS in human EC

e eNOS phosphorylation was associated with increased NO production

o Estradiol treatment enhanced Ach mediated relaxation of isolated aorta from

ovariectomized rat and this was blocked by a PI(3)K inhibitor

10. Discussion

The central findings of this study are that estrogen treatment leads to rapid
phosphorylation of eNOS in EC and increases NO production via the phosphorylation
of AKT through the PI(3)K activation. This non-genomic action of estrogen requires
the presence of ERs but it is independent of gene transcription (27;30;89). Classically,
estrogen effects are mediated through genomic mechanisms that involve the diffusion
of estrogen across the plasma membrane and activation of specific intracellular
receptors by modifying gene expression (8). However, there are also important rapid,
nongenomic effects of estrogen and other related steroid hormones in a variety of
tissues, such as vasculature, brain and bone (8;18;29). Accumulating evidence
indicates that steroid hormones act via the classical (type-1) steroid receptor, but also
by binding to non-genomic sites (29). Rapid response to acute 17-B-estradiol
treatment is unaffected by the inhibition of gene transcription with actinomycin D
(30;90). Non-genomic responses to estrogen occur within minutes. Thus, in contrast
with classic estrogen receptor-mediated responses, such rapid events do not require
gene activation. The pure estrogen receptor antagonist ICI 182,780 completely blocks

many of these rapid signaling events. Most probably a membrane-located receptor,
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which acts as a rapid, transmembrane signaling molecule, mediates the non-genomic
responses (91).

The precise mechanism by which estrogen increases the basal NO release from intact
endothelium is still not completely understood. The physiological significance of the
AKT/PKB signaling pathway in NO bioavailability was shown in several models. For
example, AKT/PKB signaling promoted angiogenesis in ischemic limbs of

normocholesterolemic rabbits by statins (69).

10.1. Experimental approach and its limitations.

10.1.1. Choice of animal model

For the experiment on aorta rings, we purchased female Sprague-Dawley rats (200-
225 gr), which were already oophorectomized at 8-weeks of age. We chose rather
oophorectomized rats than intact animals, because of the controversy on rat vascular
reactivity, which is present in the literature. In a previous study on non-
oophorectomized animals the vascular responsiveness of rat mesentery artery to
capsaicin-sensitive sensory nerve stimulation caused by nicotine was not affected by
the estrous cycle (92). Contradictory to this, another study showed a slightly smaller
response to phenylephrine in the aorta from cycling rats in estrus compared to
metestrus (93). The vascular contractility of coronary arteries was substantially lower
in intact female and oophorectomized but estrogen supplemented rats compared to the
contractility of arteries exposed to little or no circulating estrogen in male rats and
oophorectomized rats. This was thought to be due to the enhanced NO release in
intact female rats as well as ovariectomized estrogen-supplemented rats (42).

The rat was chosen as the animal model in the present study because the hormonal
status of the animal can be altered relatively easily by ovariectomy. Oophorectomized

animals are suitable for a study of estrogen effects on vasculature, because
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ovariectomy eliminates differencesthat exist within the estrus cycle of intact female
rats.

Oophorectomy elicits a significant reduction of plasma estrogen levels. The
concentration of 17f-estradiol in the plasma of cycling rats is 144.7 pg/ml compared
to 5.3 pg/ml in the plasma of oophorectomized rats (94).

Because it is also known from studies with oophorectomized rats, that serum estrogen
concentrations even after 3 weeks of ovarectomy, remained significantly lower than
of intact animals (94;95), we considered one week of recovery after oophorectomy
sufficient to eliminate the estrogen which was produced by the ovaries, from the
vascular circulation of rat (96). The use of estrogen-withdrawal animals allowed us to
restore estrogen to a fixed level, so that we could compare response of isolated aorta
rings from different animals.

To avoid time effect between oophorectomy and the day of the experiment, we
ordered 6 animals per one set of experiments. All underwent an oophorectomy in the
same day. The experiment with only one animal was performed daily, given the
number of available organ chambers, so that there was only a delay of 6 days between
the first and the last experiment of the same set of animals. Vascular responsiveness
of delayed oophorectomized rats could be influenced from estrogens produced
endogenously by the other sources or as a consequence of the greater tissue mass
97).

10.1.2. Aorta segments bioassay

In our experiment, we used aorta from rat. Protocols with rat aorta rings are well
established and there is already data on the effect of estrogen in this model
(34;85;98). It was particularly suitable for the experiment of isometric tension,
adopted as reliable in previous experiments for expressing endothelium-derived
accumulation of NO from vasculature. The size of rat aorta allows easy handling and

a reproducibility of results.
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We used Ach, a muscarinic receptor agonist that mediates the endothelium-derived
NO (49). It produces endothelium-dependent relaxation of endothelium-intact human
epicardial coronary arteries (32) as well as rat aortic rings (50;85). It has been
reported that the relaxation of isolated aorta and other arteries induced by Ach,
depends on the presence of endothelial cells in the vessels. After the removal of these
cells either mechanically, enzymatically or with atherosclerotic plaques (32), Ach no
longer induces relaxation (85;98).

Therefore, the basic condition in our experiment was to preserve integrity of rat aorta
endothelium. Aorta was handled very carefully in order not to damage the vascular
lining. Precontracted, endothelium-intact aortic rings relaxed in a dose-dependent
manner in response to increasing concentrations of Ach (107° — 10° M). The curves
that we obtained reflect the amount of basal release of NO from intact vascular
endothelium. In order to determine if acute administration of 17-B-estradiol increases
release of NO, the same aortic segments were incubated with 17-B-estradiol and NO
release was triggered in preconstricted aortic rings with the same concentrations of
the mediator Ach. We compared the differences between basal productions of NO
from aortic endothelium and 17-B-estradiol-stimulated expressed as 50% (ECso) of
maximum Ach-mediated dilation for each single ring. We demonstrated, that the
same concentration of Ach in untreated rings mediated lower NO production than in
17-B-estradiol-treated aortic rings. Vasorelaxation dose-response curves shifted
leftward. There was a 4.5-fold increase in NO production of 17-B-estradiol-acutely
stimulated aortic rings compared to untreated segments of vessels. The difference in
magnitude of vasorelaxation between treated and untreated aortic segments was
statistically significant (£<0.05) for the group of 6 rat aortas.

If our hypothesis is true, that acute 17-B-estradiol stimulating effect on NO
production is due to activated AKT/PKB pathway, then Wortmannin, a PI(3)K
inhibitor, must abrogate the increase in NO from Wortmannin-effected aortic
endothelium. Therefore, to assess the effect of Wortmannin on basal NO release, we
measured Ach-mediated vasorelaxation in aortic segments incubated only with

Wortmannin and we determined whether Wortmannin inhibits the 17-f-estradiol
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mediated leftward shift. Indeed, incubation with Wortmannin prevented the 17-B-
estradiol- increase in Ach-mediated vasorelaxation.

At the end of the experiment we obtained 17-B-estradiol dose-response curves to test
its direct effects on the vasculature. In 2 assays, increasing dilation was observed
mainly with 17-B-estradiol in supraphysiological concentrations (10 — 10 M), in 2
other assays there were no changes in 17-B-estradiol vasorelaxation curve (data not
shown). A direct 17-B-estradiol-vasodilatory effect was already shown on
precontracted intact female rat aorta endothelium with 10° M of 17-B-estradiol (99).
Studies of 17-B-estradiol on de-endothelized rat arteries suggest that its effect is
possibly on VSMC. For example, pharmacological doses of 17-B-estradiol dilate
denuded male rat tail artery (34) as well as dilate preconstricted de-endothelized
female rat aorta (100). Because in our study integrity of endothelium was repeatedly
confirmed by Ach-mediated vasodilatation, the role of direct effects of 17-B-estradiol
on the vascular wall cannot be assessed.

In our protocol, vessels were preconstricted on repeat occasion with 107 M of
phenylephrine and dilated with increasing concentrations of Ach. The repeated stress
could have “masked” the effect, i.e. it wouldn’t work. In other words, the Ach-
triggered vasorelaxation would be due to the passive relaxation rather than to the NO
overproduction by 17-B-estradiol. To avoid this possibility, we incubated vessels for
only 30-minutes with 17-B-estradiol, or 17-B-estradiol plus Wortmannin under
controlled equilibrated resting tension. If differences within each protocol were more
than 25% between first and second preconstriction with Phe, these segments were
discarded due to the possibility of failure of the contractile response. We considered
incubating aortic segments with 17-B-estradiol in the first part of protocol, so that we
could reverse the order between the first and second part of the protocol. We did not
proceed in this manner because estrogen would most likely had residual effects on the
vessels. Another approach would have been to perform a side-by-side protocol on two
aortic segments. One of them could have been preincubation with 17-B-estradiol in
the incubation period before the second Phe preconstriction. The other aortic segment
assayed in separated organ chamber could have been incubated without 17-f-estradiol

in both steps of the protocol. The magnitude of Ach vasorelaxant effects then would
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be compared between two aortic segments. The major disadvantage of that type of
protocol is that it requires two individual segments. Even if these were from the same
animal, rings would have to be cut from different topological sites of the aorta, which
could result in differences in vascular responsiveness. Not negligible, would also be
the requirement of doubling the amount of necessary experiments.

We did not perform a 17-B-estradiol relaxation-response curve in Wortmannin-
pretreated aortic segments, because the inhibitory effects of Wortmannin on activity
of PI(3)K are irreversible (101).

Incubation of vessels with the vehicle only (ethanol 0.01%) instead of active
substance (17-f-estradiol), was done in preliminary experiments. No dilatory effect of

solvent was observed on control segments.

10.1.3. Cell cultures

We used two different cell lines; bovine adrenal medulla endothelial cells and human

umbilical vein endothelial cells.

10.1.4. BAMEC

BAMEC are immortalized cell line and for this reason may lack certain functions. On
the other hand, such cell culture depends much less on a high-serum content in the
milieu, and will have less apoptotic cells in the period of serum-depletion. In our
preliminary experiments, we did not find expression of eNOS protein in bovine
endothelial cells. However, we subsequently identified eNOS activity in BAMEC.
Because phopshorylation of AKT was one of our goals, we first confirmed by western
analysis that AKT was present. Because we were looking for a receptor-mediated
system, we verified by RT-PCR that there was expression of ER-o and even more

strongly, ER-f.
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10.1.5, HUVEC

We also used HUVEC. These endothelial cells have preserved the specialized
endothelial cell activities, for example NO production in response to vasoactive
proinflammatory cytokines (102). Because the target of our study was the stimulating
effect of 17-B-estradiol on NO production, as well as eNOS phosphorylation, we have
chosen HUVEC where eNOS is expressed constitutively. Since we studied the effects
of 17-B-estradiol as an agonist, and HUVEC are known to express estrogen receptor
(ER), the choice of the primary human endothelial cell culture seems to be more
convenient as the model of the 17-B-estradiol induction than the use of the
permanently established HUVEC-sarcoma fusion cell line EA.hy926 (19), where ER
has not yet been cloned or characterized (66). Also, we confirmed a presence of ERs
in preliminary study by RT-PCR. We found only weak amount of ER-a and
abundance of ER-f.

Subconfluent HUVEC monolayers were studied within S passages. In experiments on
HUVEC performed on passage 7, detectability of eNOS by western immunoblotting
was very weak, as well as was the nitrite determination in supernatant. This
experience is consistent with the fact that the tyrosine phosphorylation of eNOS was
only observed by groups using primary cultures or low passages of EC. The effect of
17-B-estradiol on the activity of eNOS in both, human and bovine EC, decreased
gradually when the culture passage was more than 5™ passage. It is apparent that the
intracellular mechanisms involved in regulating the phosphorylation of eNOS are
rapidly lost in culture (62;103). The existence of estrogen receptor in these
endothelial cells markedly decreased as well after the 5™ passage (78). Generally,
HUVEC are used most often in primary cell culture or between passages 2 — 5 (78-
80;88;104).

Phenol red
For culturing of both cell lines, we used only media without phenol red to avoid
potential estrogen-mimicking effects of this compound. Phenol red, a pH indicator in

most tissue culture media, has been said to act as a weak estrogen in some cell lines
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(105). However, it was shown in a more recent study, that phenol red had no
estrogen-simulating effects in HUVEC (106). Because we used 17-f-estradiol as a
stimulator, to avoid this potential confound, 72-48 hours before conditioning of cells,

we strictly used only culture medium without phenol red (14;27;30;86).

Serum deprivation of HUVEC

Supplementation of the culture medium with only 2% of fetal bovine serum without
additional endothelial growth factors minimized proliferative signaling of the culture
medium. Since changing the media of cultured HUVEC to serum-depleted milieu
rapidly increased the number of detached cells, we could not extend a period of
starvation nor further lower the FBS concentration (< 1%), as done in some studies
(27). The rapidity of apoptosis was markedly decreased when cells were plated on
2%-gelatin-coated dishes in some of our later experiments. Because we did not use
serum-concentration under 2%, the partial activity of controls (Fig.24, upper panel,
lane 9) could have been due to the presence of growth factors in conditioning

medium, which contained 2% of fetal bovine serum (FBS).

10.1.6. Cell stimulations
Time dependence

The stimulating effect of 17-B-estradiol on phosphorylation of erk-2 kinase in COS-7
cells was apparent after 2 minutes of cell conditioning (14). The kinase activity in
MCEF-7 cells was greatly reduced after 60 minutes of 17-B-estradiol treatment (22).
The timing for our study was chosen in order to detect the earliest 17-B-estradiol-
activation in endothelial cells as well as its eventual declined or sustained effect after
60 minutes of stimulation.

Also, a time-dependent assay in HUVEC was performed (Fig. 2C). The results
support our findings in BAMEC, where activity appeared as fast as 1 minute after 17-

B-estradiol stimulation, culminated at 30 minutes and declined slightly at 60 minutes.
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Dose-response

The concentration-dependence of 17-B-estradiol stimulation was conducted in
HUVEC. To avoid the use of organic solvent, 17-B-estradiol was added to the
incubation medium encapsulated within 2-hydroxypropyl-B-cyclodextrin ‘carrier’
molecule, which is water-soluble. Parallel control plates were incubated with 2-
hydroxypropyl-B-cyclodextrin alone. The 17-B-estradiol concentrations chosen for
activation ranged from 10" — 107 M which in vivo covers physiological to slightly
supraphysiological doses in order to see if increasing concentrations of 17-B-estradiol
contributes further to its agonist effect. The antagonists 1 uM of Wortmannin, 0.01
nM of ICI 182,780 and in later experiments 1 uM of Tamoxifen, were used to assess
involvement of PI(3)K and estrogen receptors, respectively, in 17-B-estradiol-

consequent phosphorylation of AKT, eNOS and in increase of NO.
10.1.7. Inhibitors

Wortmannin was isolated as an antifungal antibiotic Penicillium wortmannii. The
specificity of Wortmannin was confirmed in a study comparing its effects on PI(3)K
with other protein kinases. 1 - 10 nM of Wortmannin suppressed calf thymus PI(3)K,
but had no effects on cyclic AMP-dependent protein kinase, cyclic GMP-dependent
protein kinase and Ca?*/calmodulin-dependent protein kinase. Thus, Wortmannin is a
potent and selective inhibitor of PI(3)K. The inhibition of PI(3)K by Wortmannin is
irreversible (101). Moreover, Wortmannin does not have a general cytotoxic action
on the cells (107). Wortmannin, a pharmacological inhibitor of PI(3)K, was used in
cell cultures to determine the involvement of active AKT after stimulation with shear
stress (25;70;107), growth factors (23;25-27;70;79;79) or estradiol (26;27). Its
efficiency to prevent AKT/PKB pathway activation was also confirmed in a bioassay
system with endothelium-intact pig epicardial artery segments, where Wortmannin
abolished the shear-stress induced production of NO (25).

We used the antagonist Wortmannin to specify that NO is released from endothelial

cells upon 17--estradiol action through AKT/PKB pathway. In the first experiment,
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cells were conditioned with 50 uM (23) or 20 uM (25) of Wortmannin, but this
caused morphological deformations of cells, which we confirmed when cells were
routinely checked under a microscope. In further experiments we used concentrations
of Wortmannin lowered gradually to 1- 0.1 uyM. The inhibitory capacity of
Wortmannin remained still very efficient, but without toxic effects on stimulating
cells. In some published studies Wortmannin inhibited the PI(3)K and eNOS
activation in HUVEC induced by shear stress at concentrations as low as 20 nM (79).
Through all experiments, Wortmannin suppressed 17-B-estradiol induced
phosphorylation of both, AKT and NOS, as well as NO generation, even below
unstimulated controls. This accounts for a fact, that Wortmannin additionally prevents
serum-stimulated AKT autophosphorylation mediated by PI(3)K (107).

The estrogen receptor inhibitor ICI 182,780 given to us by Dr. Giguére, was already
prepared in 1 pM of stock solution (solvent was ethanol). Given the volume of
medium used for conditioning the cells (5 ml), the final concentration of ICI 182,780
would have less than 1 nM, which could partially explain our observation that AKT
was only weakly inhibited by 17-B-estradiol stimulation (Fig.24). In fact, we used a
lower concentration of inhibitor then the others. For example, 1 pM of ICI 182,780
was used to block AKT phosphorylation by 17-B-estradiol in TRLEC (26), or 10 pM
of ICI 182,780 was used to inhibit enzymatic activity of AKT in EA hy.926
monolayers (91). The ability of ICI 182,780 to exhibit inhibitory effect after 17-f-
estradiol stimulation also could be influenced by selection of cell types, not only by
the concentrations used. Although ICI 182,780, is generally an acknowledged specific
estrogen receptor inhibitor (108), in the literature there are similar observations to
ours, that ICI 182,780 blocked incompletely several times. For example, 17-B-
estradiol stimulated adenylate cyclase activity was not inhibited with 0.01 uM of ICI
182,780 in membranes prepared from CHO cells (20). The formation of NO upon 17-
B-estradiol stimulation (of intracellular Ca?* flux), via membrane ER in human
monocytes, was not blocked with the inhibitor ICI 182,780 in doses 1 or 10 nM (109),
and reviewed in (110). Activation of the MAP kinase pathway, which is not inhibited
by the classic ER antagonist ICI 182,780, could have been responsible for its failure

to inhibit 17-B-estradiol stimulation (16), and reviewed in (110). Lastly, because 17-
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B-estradiol stimulated AKT phosphorylation in cortical neurons was not inhibited
with 1 uM of ICI 182,780, some investigators suggest that activation of PI(3)K and
AKT may not be mediated through the ER (111).

10.1.8. Western immunoblotting

To assess functioning of the AKT/PKB cascade on release of NO by the 17-8-
estradiol activation via phosphorylation of AKT and subsequently phosphorylation of
eNOS, we chose two specific antibodies directed against residues shown to be
responsible for the activation of the phosphorylation process on both, AKT or eNOS.
Because these studies explored the mechanism of the same pathway, as in our study,
which is AKT/PKB signaling on eNOS phosphorylation and NO increased production
in response to proliferative stimuli, we considered the use of both antibodies to be
adequate and highly specific for determining that the stimulation effects of 17-B-
estradiol act through AKT and eNOS in the AKT/PKB signaling pathway. The
following paragraphs give a short overview about assessing the specificity of both

antibodies in the current literature.
AKT phosphorylation

To determine AKT phosphorylation by 17-f-estradiol stimulation in western analysis,
we used antibodies, directed against phospho-AKT (Ser 473). The reason why we
used the Ab against epitope Ser 473 is, that one downstream effector of PI(3)K is the
serine/threonine kinase AKT. Upon stimulation of PI(3)K, AKT becomes
phosphorylated at two residues, Thr®® and Ser*” (71). In Cos-7 cells transfected with
wild type AKT (HA-AKT) or kinase inactive AKT (HA-AKT K179M), the activity
of AKT was determined by western blotting with a phospho-AKT-specific antibody,
which recognizes serine 473 and by AKT in vitro kinase activity assays (24).
Mutagenesis of serine 473 and threonine 308 amino acids to alanine revealed that

both are required for full AKT activation. The site on serine 473 is autonomously
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regulated and is not an autophosphorylation site dependent on threonine 308

phosphorylation (67).

eNOS phosphorylation

We assessed the phosphorylation of eNOS in HUVEC by western immunoblotting
with specific anti-phospho-eNOS (Ser 1177) antibody.

Recently it has been shown that different proliferative stimuli through AKT/PKB
pathway can phosphorylate endothelial nitric oxide synthase (€NOS) on serine 1177
(serine 1177 in human or serine 1179 in the bovine ortholog, respectively) (25).
Mutation of Ser 1177 in construct where serine 1177 is replaced with alanine,
decreased AKT-dependent phosphorylation of eNOS in human endothelial cells (25).
Mutation of serine 1179 to alanine in co-transfected COS cells abolished AKT-
dependent phosphorylation of eNOS (24).

Quantification of western immunoblotting

We realize, that western immunoblot analysis is a semi-quantitative method. For this
reason, all phospho-blots were stripped and reprobed for total AKT or eNOS. This
procedure allowed us to insure, that expressed ratio between phosphorylated and total
protein reflects the same band. Probing for total protein showed equality of protein

loading.

10.1.9. NOS activity measurement

NOS activity was measured in lysates of BAMEC in whole-cell homogenates(~100
ug total protein) by citrullin conversion assay (30;87), as described in Methods

chapter in detail. The same assay in HUVEC gave inconsistent results. A likely
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explanation for our inability to detect NOS activity reliable in HUVEC is that the
maximal amount of total protein used from these cells was only ~50 pg. For
measurement of NOS activity in cell homogenates of HUVEC usually require at least
~200 - 250 pg total protein (30;112), and in some studies ~500 — 1000 pg total
protein (36). The NOS activity measurement in BAMEC needs to be repeated for

statistical evaluation of 17-B-estradiol effect on NOS activity increase.

10.2. Comparison with literature

We explored the new possible mechanism through AKT/PKB pathway between NO
production and 17-B-estradiol effects on vasculature. Recently, three other groups
have shown that AKT/PKB can mediate rapid, non-genomic activation of eNOS by
estrogen (26;27;91).

Simoncini et al. showed in 17-B-estradiol-stimulated HUVEC that eNOS activity is
increased in the concentration-dependent manner, with maximum activity within 10°-
107 M of 17-B-estradiol concentration, which corresponds to ~5.5 fold of control. The
NOS activity increased 2-fold in the first two minutes and peaked at 20 minutes and
declined to 30 minutes of 17-B-estradiol-stimulation. Wortmannin efficiently blocked
PI(3)K, but not earlier than 15 minutes after 17-8-estradiol stimulation. Its inhibitory
effect in the first 15 minutes of 17-B-estradiol stimulation was only weak. For this
reason, they suggest that the initial increase of eNOS activity is mediated by MAP
kinases. Only the second increase in eNOS activity would be due to PI(3) activation.
The ER inhibitor ICI 182,780 blocked eNOS activity.

We saw in BAMEC ~1.5-fold increase in eNOS activity as early as 1 minute of 17-8-
estradiol stimulation, this effect was maintained through 30 minutes. The maximum
eNOS activity was increased ~2.6-fold after 60 minutes of stimulation with 10° M of
17-B-estradiol. Wortmannin blocked this effect. However, we did not perform time-

effect of inhibitory effects of Wortmannin on PI(3)K to determine whether other
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pathways, for example MAPK, are involved in the early stages of 17-B-estradiol
stimulation.

To determine the role of ER in the increase of eNOS after 17-B-estradiol stimulation
through p85a, which is the subunit of PI(3)K, Simoncini transfected murine
fibroblasts with ER-o. and eNOS complementary DNAs. 17-B-estradiol produced 8-
fold increase in eNOS activity in wild type but not in p85a-deficient fibroblasts.
Furthermore, in p85a-deficient fibroblasts, co-transfection of p85a cDNA led to a 4-
fold increase in 17-B-estradiol stimulated eNOS activity. The eNOS activity was
suppressed in wild type and co-transfected murine fibroblasts that lacked ER-c..

In non-transfected human EC, 17-B-estradiol increased activity of PtdIns(3,4,5)P;,
that mediate the PI(3)K activation. The increase was time-dependent with maximum
activity at 20 minutes, which correlated to the previously seen increase in eNOS
activity in Wortmannin inhibited phase; thus this process was PI(3)K dependent. By
immunoprecipitation it was shown that increases in PtdIns(3,4,5)P; correlate in time-
dependent manner with the ligand dependent increases in ER-o associated PI(3)K
activity. This process was inhibited by ER inhibitors, ICI 182,780 and Tamoxifen.
Both, MAP-kinase inhibitor PD 98059 and transcriptional inhibitor actinomycin D,
did not inhibite expression of PtdIns(3,4,5)P3, which suggests that PI(3)K is recruited
by ER.

In non-transfected HUVEC 17-B-estradiol stimulated AKT-kinase activity in a time-
delayed manner, the AKT activity peaked at 20 minutes after stimulation, which
corresponded with peak observed in eNOS activity and PtdIns(3,4,5)Ps. To determine
AKT as a mediator of 17-B-estradiol stimulation, BAEC were transiently transfected
with adenoviruses containing constitutively active (myr) and dominant-negative (dn)
AKT mutants. Transfection of these cells with myr-AKT produced =12-fold increase
in eNOS activity, whereas dn-AKT mutant completely abolished 17-B-estradiol
stimulated eNOS activity.

We showed by western analysis that AKT is directly activated in bovine endothelial
cells as early as 1 minute after stimulation with 17-B-estradiol in time-dependent

manner. The maximal level of phosphorylation of AKT (P<0.05, n = 4) was induced
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in HUVEC by physiological concentrations of 17--estradiol (10° M). Further
increase of 17-B-estradiol concentration (107 M) did not augment these activities, as
we show by dose-response curves for AKT phosphorylation.

To assess the physiological significance of this pathway Simoncini et al. established
in a model of ischaemia and reperfusion (I/R) injury in the mouse cremaster muscle.
Treatment with 17-B-estradiol increased eNOS activity 3.2-fold and prevented the
subsequent changes in leukocyte accumulation and rolling velocity after I/R.
Wortmannin, the PI(3)K inhibitor, or L-NAME, the NOS inhibitor, applied to the
cremaster muscle, did not cause any changes in leukocyte rolling velocity and
leukocyte adherence between untreated and 17-B-estradiol treated mice after I/R.
These findings indicate that the NO-induced vascular protective effect of estrogen is
mediated by PI(3)K (27).

The physiological relevance of 17-B-estradiol on NO-dependent relaxation of intact
blood vessels was examined in our study by Ach-mediated relaxation of rat aorta, as
discussed in details earlier in this chapter. There was a 4.5-fold increase in Ach-
mediated NO-dependent vasodilatation of vessels treated with 17-B-estradiol. The
vasorelaxant increase was statistically significant (P<0.05). To determine the role of
AKT/PKB kinases in modulating NO-mediated vasodilatation after the application of
17-B-estradiol, we investigated the effect of PI(3)K inhibitor. Wortmannin, when used
with 17-B-estradiol for pretreatment of vessels, abrogated previously present Ach-
induced vasodilatation of 17-B-estradiol treated rat aortic segments. Therefore, we
demonstrated that increase in NO production and vasorelaxation after acute 17-p-
estradiol exposure implicates AKT/PKB signaling pathway.

Haynes et al. showed in pretreated human endothelial cells hybridoma line EA hy926
that 17-B-estradiol induces >4-fold NO release which was inhibitable by both, ICI
182,780 and LY294002. Therefore NO production in 17-B-estradiol-stimulated cells
is mediated through both, ER and PI(3)K. To directly establish that 17-B-estradiol-
triggered signal transduction pathway resulted in NO release through the AKT,
EA hy926 cells were transduced with adenoviral vectors encoding AKT kinase-
inactive mutant AA-AKT which largely abrogated 17-B-estradiol-stimulated NO

production. This demonstrated that functionally active AKT is required for 17-8-
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estradiol-stimulated NO production. To establish the importance of membrane-
associated surface receptor, cells overexpressing kinase-inactive AKT or B-gal-
expressing adenovirus, were stimulated with BSA-conjugated, membrane-
impermeant 17-B-estradiol. NO release increased >4-fold of control in cells
transduced with B-gal upon BSA-17-B-estradiol stimulation which indicated that
estradiol can stimulate an increase in NO via a surface receptor (19).

In our study, we also determined nitrite accumulation as consequence of 17-B-
estradiol conditioning of HUVEC. We measured nitrite accumulation induced by 17-
B-estradiol in a dose-dependent manner. When compared to the same 17-B-estradiol
concentration (10 nM) as used in the above-mentioned study, we found ~2.5-fold
increase in nitrite accumulation. However, in even the lower 17-B-estradiol
concentration of 1 nM increased nitrite accumulation by ~3.5-fold (P<0.05, n =3).
Accumulation was efficiently blocked by Wortmannin, and both, ICI 182,780 and
Tamoxifen, which confirmed that the involvement of AKT/PKB pathway is estrogen
receptor dependent. Considering concentration of 17-B-estradiol which was used to
assess nitrite accumulation in stimulated cells, and choice of cell system, our study
precedes the others, which determined NO only after stimulation with higher
concentrations of 17-B-estradiol and in less physiologically relevant cell systems
(19;26). In preliminary experiment, we also performed time effect (1, 30, 60 minutes)
of 10 nM of 17-B-estradiol on NO generation in HUVEC. The efficient accumulation
of NO was after 60 minutes of stimulation with 17-B-estradiol.

Similar to our study, Haynes et al. determined AKT phosphorylation in endothelial
cells by stimulation with as little as 0.1 nM of 17-B-estradiol. Comparable
concentration of 17-B-estradiol (10 nM) in our study induced phosphorylation of
AKT >2-fold as early as 1 minute after stimulation of BAMEC if compared with
findings of others when they could detect AKT phosphorylation in EC only after 5
minutes in EA hy.926 (19) and after 15 minutes in HUVEC (26;27).

Whether 17-B-estradiol stimulation does result in eNOS phosphorylation in
endothelial cells, they exposed EA.hy.926 monolayers to 10 nM of 17-B-estradiol.

Phosphorylation of eNOS was detectable after 5 minutes of stimulation. We found in
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HUVEC maximum eNOS phosphorylation with the same 17-B-estradiol
concentration (10 nM). In our study, the increase in eNOS phosphorylation was >4-
fold of control, (P<0.05, n =5). Moreover, we also showed that activation of eNOS
with 17-B-estradiol was dose-dependent, for 17-B-estradiol stimulation with
concentrations in physiological range. Time-dependence of eNOS phosphorylation in
our preliminary experiment showed similar tendencies, with 17-B-estradiol
stimulation eNOS was activated in the first 30 minutes.

The engagement of a surface ER in induction of eNOS phosphorylation by 17-8-
estradiol stimulation, was shown on EA hy.926 monolayers, which were stimulated
with membrane-impermeant BSA-conjugated, 17-B-estradiol. Phosphorylation of
eNOS was detectable after 5 minutes and intensified up to 30 minutes. Thus,
membrane associated ER was responsible for activation of AKT cascade, eNOS
phosphorylation and NO production in consequence of stimulation of endothelial
cells with 17-B-estradiol.

Hisamoto et al. studied estrogen-induced AKT dependent activation of NOS in
HUVEC and TRLEC. Only 17-B-estradiol, but not 17-a-estradiol caused the
induction of acute activation of eNOS. In HUVEC, after stimulation with 100 nM of
17-B-estradiol, eNOS activity culminated after 15 minutes with maximum increase
~2-fold of control, and declined slowly at 60 minutes. 17-B-estradiol induced eNOS
activation in a dose-dependent manner and 10 nM of 17-B-estradiol increased eNOS
activity =1.5-fold. If we compare with the same 17-B-estradiol concentration (10nM),
we found =2.6-fold increase of eNOS activity in BAMEC after 60-minute of
stimulation. Through all their study they used the slightly supraphysiological
concentration of 17-B-estradiol of 100 nM.

The phosphorylation of AKT was found after stimulation with 100 nM of 17--
estradiol in TRLEC only after 10 minutes, and in HUVEC, after 15 minutes. In
comparison, we found a 2-fold increase in phosphorylated AKT as early as 1 minute
after stimulation with 10 nM of 17-B-estradiol in BAMEC. The specificity of the
augmentation of AKT activation by 17-B-estradiol was confirmed by specific

inhibitory effect of Wortmannin on PI(3)K as in our study.

69



To assess the AKT-dependent eNOS phosphorylation, they assayed transfected
TRLEC. The increased eNOS phosphorylation was found in immunoprecipitates
prepared from TRLEC transfected with wild type AKT. Transfection with kinase-
inactive AKT failed to phosphorylate eNOS induced by 100 nM of 17-B-estradiol.
Mutation of serine 1179 to alanine in TRLEC markedly reduced 17-B-estradiol-
induced phosphorylation of eNOS compared with wild type protein.

To determine the potential role of ER-o or ER-B, they transfected TRLEC with ERs.
Transfection with ER-f had no effect on 17-B-estradiol-induced AKT activation.
Transfection with ER-a into TRLEC caused an increase in both basal and 17-§-
estradiol-induced AKT activation compared with transfection of control vector.
Moreover, transfection with ER-a caused a ~2-fold increase in eNOS activity
compared with transfection of ER-B. To confirm these findings, they transfected CHO
that do not express ERs, with either ER-a or ER-B. Only transfection with ER-a
induced increase in AKT activity upon brief stimulation with 100 nM of 17-B-
estradiol.

As already mentioned earlier in this chapter, in both cell lines used in our study, by
RT-PCR we found a presence of both types of ERs, only weak ER-a (+) and
predominant ER-f (+++). Because we assessed increases in NO as a consequence of
activation of eNOS and AKT via PI(3)K in cell lines apparently expressing more of
ER-B which is in controversy with the latest findings of some (26), more studies are
required to specify, which of ERs is responsible for AKT/PKB signaling to
endothelial NO release in BAMEC and HUVEC.

10.3. Significance

The objective of this study was to determine the mechanism of short-term
administration of estrogen on endothelium-mediated dilatation in the ovariectomized
rat aorta. Indeed, we found that endothelial and NO-dependent dilatation increased

after treatment with estrogen. This direct effect of estrogen on the vasculature could
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promote vasodilatation and inhibit the development and progression of
arteriosclerosis. NO is an important atheroprotective molecule that causes the
dilatation of blood vessels by modulating endothelial NO production.

One mechanism is the direct effect on L-type calcium channels, but it is seen only at
supraphysiological concentrations of estrogens (8). At physiological concentrations,
estrogen stimulates the opening of calcium-activated potassium channels through a
NO-cGMP-dependent pathway, thus relaxing smooth muscle and promoting
vasodilatation (39-43).

In our study, we correlated modulation of NO release with activation of AKT/PKB
pathway by estrogen. Because estrogen is known to regulate NO release by eNOS
(30), we show that at least estrogen partially does this by the AKT/PKB pathway.
Membrane bound ER activates tyrosine kinase and could therefore activate PI(3)K
(14). This effect requires ER, but the ER does not have to be transcriptionally active
(113). In agreement with other studies, which show that VEGF, fluid shear stress,
IGF-1 or estrogen can stimulate AKT/PKB pathway (19;24;25;70), we determined in
endothelial cells that AKT phosphorylation and subsequent eNOS phosphorylation
results in eNOS activation by estrogen. Moreover, we also show that production of
NO is required for the rat aorta endothelial relaxation mediated by estrogen.
Estrogen-induced eNOS phosphorylation and NO release were inhibited by
Wortmannin, suggesting that estrogen signals via PI(3)K/AKT leads to eNOS
phosphorylation and NO production. Thus, acute proangiogenic action of estrogen is
mediated by AKT/PKB signaling through phosphorylation of eNOS and a subsequent
increase of NO production in endothelium,

However, there are indications, that other signaling mechanism could be involved in
engagement of eNOS by agonists that stimulate production of nitric oxide. The
heterocomplex of heat-shock protein (Hsp90) with eNOS enhances eNOS activation
by growth factors in EC. The interaction of the ER ligand-binding domain with
Hsp90 has been already characterized (64). Hsp90 was found to be a part of the
multimeric complex consisting of ER and B-Raf, a member of the tyrosine signaling
pathway in cortical neurons (16). Hsp90, determined in EC as a heterotrimeric

complex, influenced the inhibitory actions of caveolin-1 on eNOS (114). In HUVEC,
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17-B-estradiol induced an Hsp90-eNOS association, mediated by ER (65). The
binding of Hsp90 to eNOS increases NO production (84). Agonists, which stimulate
NO, such as VEGF and shear stress, rapidly recruit Hsp90 to eNOS (84). It was
shown, that NO-dependent vasorelaxation of intact rat aorta is attenuated by
geldanamycin, a specific inhibitor of Hsp90 (84). Since estrogen binding to ER
releases Hsp90 (63), this could contribute to the increase in NO with estrogen. Thus,
Hsp90 can be considered to be another new intermediate in the mechanical signaling
cascades leading to endothelial NO release induced by estrogens.

Engagement of AKT/PKB pathway in cellular signaling is now well established. The
activation of AKT/PKB leads to increase proliferation of cells and less apoptosis (23).
PI(3)K-stimulated AKT phosphorylation was shown to play a key role in preventing
apoptosis (67;68;75). We showed in our study that estrogen activated the
phosphorylation of AKT in both bovine and human EC. We also showed
phosphorylation of eNOS and subsequent increase of NO production in 17-B-
estradiol-stimulated HUVEC. Morover, estradiol enhanced generation of NO derived
from oophorectomized rat aorta, via activated PI(3)K. The existence of functional
mechanism of eNOS activation and subsequent release of nitric oxide through anti-
apoptotic AKT/PKB cascade, which controls cell survival, could at least partly

explain the beneficial effects of estrogen on the vasculature.
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Schema Legend

Schema 1. The PI(3)K/AKT signaling pathway mediated by estradiol.

Steroid hormone estrogen binds to the membrane-associated estrogen receptor
(ER). ER is bound in a ligand-dependent manner to the p85a regulatory subunit
of (PI(3)K. Increases in PtdIns-3,4,5P; and 3,4P2 levels correlate with the ligand-
dependent increases in ER-associated PI(3)K activity. (27) The effect of PI(3)K is
completely inhibitable by PI(3)K antagonist Wortmannin. PI(3)K catalyzes the
phosphorylation of the inositol ring of phosphatidylinositol lipids (P) producing
PIP3 and PIP2. A downstream effector of PI(3)-kinase is the serine/threonine
kinase AKT. Upon ER activation by estrogen, AKT is recruited to the plasma
membrane and binds to inositol lipids via its PH domain. AKT can phosphorylate
eNOS on serine 1177 in human EC or serine 1179 in bovine EC respectively,
resulting in eNOS activation and NO production.(24;25) AKT phosphorylation

occurs at its specific sites, Thr’®® and Ser*”

through an constitutively active,
lipids-dependent enzyme, PDK 1. This enzyme specifically phosphorylates Thr*®.
PDK2 (not shown) is a protein kinase that targets PKB at Ser*”. (67) PTEN, a
lipid phosphatase which dephosphorylates the PtdIns(3,4,5)P3, acts in opposition

to PI(3)K, the upstream activator of the AKT. (72)

74



Wortmannin

Schema 1. Proposed Mechanism of Activation of eNOS



Figure 1. Time-course of AKT phosphorylation in BAMEC stimulated by
17-§-estradiol.

BAMEC treated in phenol red-free DMEM with 10 nM 17-8-estradiol for 1, 30
and 60 minutes, with 17-B-estradiol plus Wortmannin 50 pM (E/W), with
Wortmannin alone (W) or with vehicle (solvents) either buffer only, ethanol,
DMSO or in combination of all solvents. A. upper panel of western blot shows
phospho-AKT with a weak signal of solvent treated cells (lanes I - 4).
Expression of phospho-AKT in17-B-estradiol stimulated BAMEC in 1, 30 and 60
minutes (lanes 6 - 8). 17-B-estradiol with Wortmannin (E/W) and Wortmannin
alone (W), after 30 minutes of cell stimulation, completely abrogated the
induction of phosphorylation of AKT (lanes 9 - 10). Lower panel, an immunoblot
with anti-AKT indicates equal total AKT protein expression. in controls (solvent)
or in 17-B-estradiol (10 nM) stimulated cells. B. Progressive time-dependent
increase in AKT phosphorylation with no activity in untreated cells (controls),
increased phosphorylation during 1 minute and 30 minutes of 17-B-estradiol 10
nM stimulation. After 60 minutes of cell treatment, AKT phosphorylation
maintained plateau. Arrow (lane 5) indicates a pre-stained marker. Data for graph
are calculated from measured optical density of bands. Data represent 2 individual

experiments.
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Figure 1. Time-course of AKT phosphorylation in BAMEC 17-f3-
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Figure 2. 17-B-Estradiol stimulated the AKT phosphorylation in HUVEC in

dose dependent manner.

HUVEC treated with different concentrations of 17-B-estradiol or inhibitors,
lysates were subjected to western immunoblotting and probed with: phospho-
AKT (Ser 473) A. upper panel. Arrows indicate: in the lane I the marker of
molecular weight, in the lane 2 the positive control of AKT phosphorylation
(NIH3T3 PDGF-treated cells). Lanes 3 - 6: 0.1, 1, 10, 100 nM 17-B-estradiol
stimulated HUVEC for 1 hour. lane 7: estrogen receptor inhibitor ICI 182,780
0.01 pM with 10 nM of 17-B-estradiol 10 nM (E/ICI), lane 8: PI(3)K inhibitor
Wortmannin 50 pM plus 17-B-estradiol 10 nM (E/W), lane 9: cells incubated with
solvent (C) alone. Lower panel: immunoblots were stripped and reprobed with
anti-AKT Ab. B. A column graph represents mean + SEM values of optical
density measured in four separate experiments. C. upper panel. HUVEC treated
with 0.1, 1 (Janes 2 — 3) and 10 nM of 17-B-estradiol in 1, 30 and 60 minutes with
17-B-estradiol 10 nM (lanes 4 — 6); inhibitor Tamoxifen 1 pM with 17-B-estradiol
10 nM (lane 7), inhibitor Wortmannin 50 pM with estradiol (lane 8); vehicle
control (lane I1). Arrow indicates a pre-stained marker. Lower panel. re-blotting

for the total AKT. Data representative of 4 separate experiments.
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Figure 3. eNOS phosphorylation by 17-B- estradiol is dose-dependent.

HUVEC, cultured 48 hours in phenol red-free and starved overnight in 2% of
hormone-depleted FBS, were incubated with increasing concentrations of water-
soluble 17-B-estradiol (cyclodextrin) for 1 hour. Simultaneously, cells in several
plates were pre-incubated for 30 minutes with estrogen receptor inhibitor ICI
182,780 0.01 pM or with PI(3)K inhibitor Wortmannin 50 uM, followed by
stimulation with 17-B-estradiol 10 nM. Control cells were exposed to the same
conditions using solvent only. A. upper panel: cell lysates resolved on 8% SDS-
PAGE and transferred to the PVDF membrane were immunoblotted with specific
polyclonal anti-phospho-eNOS (Ser 1177) Ab, probed with HRP-anti-rabbit
secondary Ab and visualized by enhanced chemiluminescence. Lower panel
shows the same immunoblot, stripped, re-blocked and reprobed with monoclonal
eNOS Ab to confirm equal loading of the gel. B. The results of densitometric
analysis were expressed as ratios relative to control and presented as means %
SEM. *Significant in comparison with control (P < 0.05). Results are means of 5

individual experiments.
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Figure 4. Effect of 17-B-estradiol on eNOS enzymatic activity in time.

NOS activity was measured in whole cell lysates of BAMEC incubated in 10 pM
estradiol conditioned media for 1, 30 and 60 minutes. The PI(3)K/AKT inhibitor
Wortmannin 50 pM + estradiol 10 uM (E/W, hatched column) was used in
treatment of some cell plates. The NOS activity determined in cell lysates by L-
[*H]-arginine to L-[>H]-citrulline conversion assay is expressed as fold of NOS
activity measured in vehicle control after subtracting counts of background. The
value of control is arbitrary set as 1 (horizontally hatched column). A specific
NOS inhibitor L-NAME (1.5 mM) was added in parallel samples before
incubation of reaction mixture. White empty columns show the portion of NOS

activity after inhibition by L-NAME. Data represent 2 individual experiments.

Figure 5. Nitrite accumulation in the supernatant of HUVEC is

estradiol-concentration dependent.

Nitrite release in the media of 17-B-estradiol increasing concentrations (10° - 10°
M) treated nearly confluent HUVEC. Cell monolayers were stimulated during 1
hour with indicated doses of estradiol (expressed in nM) or in combination with
inhibitors: PI(3)K/AKT inhibitor Wortmannin 50 uM (E/W), specific estrogen
receptor inhibitors ICI 182,780 0.01 pM (E/ICI) or Tamoxifen 0.01 pM
(E/TMX). Estradiol concentration used with all inhibitors was 10 nM. Parallel
plates of solvent controls (C)(buffer only, ethanol, cyclodextrin, DMSQO) were
exposed to the same experimental conditions. Conditioned medias collected after
cell treatment, were deproteinized, processed with Griess reagent and quantified
spectrophotometrically at 540 nm as described in Methods. Background levels of
solvent were subtracted from resulting NO;™ values. Nitrite accumulation per 10°
cells was normalized to the total volume of the incubation media. Results are
mean + SEM. * P<0.05,n=35.
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Figure 4. Effect of 17-B-estradiol on eNOS enzymatic activity in

BAMEC.
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Figure 6. Bioassay trace of 17-B-estradiol induced

endothelium-dependent vasorelaxation.

A. Oophorectomized rat aortic segments were equilibrated for 40 minutes at 2 gr
of resting tension in a oxygenated Krebs buffer at 37°C then preconstricted with
Phe 0.1 pM and a vasorelaxation dose-response curve to Ach (107° - 10 M) was
determine. After washout, aortic rings were rinsed out repeatedly with fresh
Krebs-bicarbonate solution and equilibrated at 2 gr of the resting tension. To the
organ bath of hormone-treated aortic segments was added 10 pM of 17-B-
estradiol for the 40-minute of incubation period. Control aortic segments were
incubated without estradiol. Vessels were then preconstricted again with Phe 0.1
pM and Ach dose-response was repeated in both, 17-B-estradiol treated (m full
line) and untreated (#dotted line) aortic segments. B. Aortic segments were
preincubated for 10 minutes with Wortmannin 0.1 pM or, in other set of rings, to
the Wortmannin-preincubated aortic rings was added 10 nM of 17-B-estradiol.
Subsequently, Ach dose-response was created in both, Wortmannin alone
incubated aortic segments (Abroken line) and 17-B-estradiol+Wortmannin
incubated aortic segments (g full line). In some experiments was used solvent
(ethanol) only in the same concentration as that used for dissolving 17-B-estradiol.
No dilatory effects were observed (not shown). Data represent means + SEM.
*P<0.05, n=6.
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507,
Endothelial Dependent Dilation by Estrogen Through the AKT/PKB Pathway. :

Maria Florian, Rosario Leonor, Sheidon Magder, McGill Univ, Montreal Canada ;

Acute administration of estrogen is known to result in vasodilatation and release of nitric oxide :
but the mechanism Is still unknown. We hypothesized that one mechanism might be activation ;
of the serine-threonine kinase Akt/protien kinase B(PKB)pathway since this pathway increases !
ecNOS activity. To test this, we obtalned aortas from cophorectomized rats which were treated i
with either sc. oil or 100 pg/kg of 17-B-estradiol for 8 days. The vessels were preconstricted ;
with 107 M phenylephrine (Phe) and then we tested the vasodilator response to Increasing |
doses of acstylcholine (Ach) (10 - 107 M) before and after a 30 minute incubation with 107}
M 17-B-estradiol. This dose of estrogen by itself did not produce vasodilatation. The vasodilator ,

4

8

Baslic Science

response was retested after pre-treatment with Wortmannin, a P13-K Inhibitor which is the
activator of AKT/PKB. Estrogen treatment resulted in a leftward shift of the acetycholine
{Ach)dose response curve (ECso = 0.7 X 10°® M with estrogen and 0.15 x 107 M of Ach without
estrogen, P<0.05). This effect was blocked by pre-treatment with Wortmannin, We then
determined whether estrogen activates AKT/PKB in bovine microvascular endothelial cells
{BMEC). Cells were treated with 2 x 10°* M estradiot for 1, 30, and 60 minutes as well as in
combination with 5 x 10°* M Wortmannin. AKT/PKB levels were similar in alf samples. With the
use of a phospho-AKT/PKB antibody, we found activation of AKT/PKB as early as 1 minute with
continued high activity for 60 minutes in the estradiol treated groups. This effect was blocked
by Wortmannin. In conclusion the inhibition of the leftward shift of the Ach dose- response
curve by Wortmannin, as well as the evidence of AKT/PKB activation in cells, suggests that this
pathway may be Involved in the acute affect of esbrogen on nitric oxide release.
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