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Abstract: 17p-Estradiol is metabolized to 2-hydroxyestradiol, and 2-hydro-
xyestradiol is converted to 2-methoxyestradiol. These steroids reduce proliferation of,
migration of and collagen production by vascular smooth muscle cells with an order of
potency of 2-methoxyestradiol > 2-hydroxyestradiol > 17B-estradiol, i.e. the converse of
their estrogenic potency. Since cAMP also inhibits cell growth, it is conceivable that
these steroids alter cAMP synthesis or degradation, and this hypothesis was addressed
in this study. In cultured preglomerular vascular smooth muscle cells pretreated with a
high concentration of a broad spectrum phosphodiesterase inhibitor (3-isobutyl-1-methyl-
xanthine, 1 mM) to eliminate phosphodiesterase activity as a confounding variable, high
(100 pM), but not low (10 pM), concentrations of 17B-estradiol, 2-hydroxyestradiol and
2-methoxyestradiol attenuated isoproterenol-induced cAMP by 15%, 19% and 55%,
respectively. 2-Hydroxyestradiol (100 pM) also attenuated forskolin-induced cAMP by
31% in cells treated with 3-isobutyl-1-methylxanthine. In cells not pretreated with 3-iso-
butyl-1-methylxanthine and using concentrations of steroids (10 uM) that did not
interfere with adenylyl cyclase, 17f-estradiol decreased by 34%, 2-hydroxyestradiol did
not alter and 2-methoxyestradiol increased by 60% isoproterenol-induced cAMP. These
results indicate that in preglomerular vascular smooth muscle cells, high concentrations
of 2-hydrxoyestradiol markedly inhibit adenylyl cyclase whereas 17B-estradiol and 2-me-
thoxestradiol only modestly inhibit adenylyl cyclase even at high concentrations. Our
results also indicate that lower concentrations of 17B-estradiol, 2-hydroxyestradiol and
2-methoxyestradiol activate, have no effect on and inhibit, respectively, phosphor-
diesterase activity. The effects of these compounds on phosphodiesterase activity may
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account in part for the greater potency of 2-methoxyestradiol as an anti-growth com-
pound compared with 17f-estradiol and 2-hydroxyestradiol.

Key words: Estradiol, Estradiol metabolites, 2-Methoxyestradiol, Cyclic adenosine
monophosphate

Introduction

17B-Estradiol is the primary estrogen made by the human ovary, and is
metabolized in part to 2-hydroxyestradiol by cytochrome P450s [1]. 2-Hydroxy-
estradiol is then rapidly converted to 2-methoxyestradiol by catechol-O-methyl-
transferase 2—4]. In vitro 17B-estradiol, 2-hydroxyestradiol and 2-methoxyestra-
diol inhibit proliferation of, migration of and collagen production by vascular
smooth muscle cells [5-7], cardiac fibroblasts [8] and glomerular mesangial
cells [9,10] and attenuate endothelin production by endothelial cells in vitro [11,
12]. The order of potency for these effects is opposite to the order of potency for
binding to and activating estrogen receptors.

Since vascular smooth muscle cells, cardiac fibroblasts, mesangial cells
and endothelial cells participate in vascular and renal diseases, the in vitro
studies suggest that 2-hydroxyestradiol or 2-methoxyestradiol may exert protec-
tive effects on the cardiovascular and renal systems. In support of this hypo-
thesis, in vivo studies demonstrate that 2-hydroxyestradiol and 2-methoxy-estra-
diol and its synthetic analogue 2-ethoxyestradiol attenuate vascular and renal
dysfunction in obese ZSF1 rats [13, 14], an animal model of the metabolic syn-
drome [15]. Moreover, 2-hydroxyestradiol attenuates renal disease in chronic
puromycin aminonucleoside nephropathy [16], and both 2-hydroxyestradiol and
2-methoxyestradiol reduce renal and cardiovascular injury induced by chronic
nitric oxide synthase inhibition [17]. 2-Methoxyestradiol, its metabolic precur-
sor 2-hydroxyestradiol and its synthetic analogue 2-ethoxyestradiol also inhibit
cardiac remodeling and fibrosis in isoproterenol-induced cardiac hypertrophy
model in rats [18], and 2-methoxyestradiol inhibits injury-induced neointimal
proliferation and smooth muscle cell growth [19]. Furthermore, 2-methoxyes-
tradiol attenuates the elevated pulmonary artery pressure and inhibits vascular
remodeling in small size pulmonary arteries in male and female rats with
monocrotaline-induced pulmonary hypertension [18, 20, 21] and 2-methox-
yestradiol also attenuates bleomycin-induced pulmonary hypertension and lung
fibrosis and vascular remodeling in estrogen deficient female rats [22] . Finally,
in intact and ovariectomized female rats with severe occlusive ("human like")
pulmonary hypertension, 2-methoxyestradiol, but not estradiol, exhibits pre-
ventive and therapeutic effects [23].
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The mechanisms by which 2-hydroxyestradiol and 2-methoxyestradiol
exert their beneficial effects on the cardiovascular and renal systems are not
well defined. Importantly, cAMP, like estradiol metabolites, inhibits vascular
smooth muscle cell [24] and cardiac fibroblast [25] proliferation. cAMP and its
downstream target protein kinase A block cellular proliferation by inhibition of
cyclin-dependent kinase [cdk]4 and extracellular signal-regulated kinase [ERK]
and by upregulation of the cdk2 inhibitor p27**' [26, 27]. Notably, 2-methox-
yestradiol exhibits its antiproliferative effects in vascular cells, in part by
inhibiting ERK1/2 and up-regulating the p27""' [1, 19]. Therefore, it is con-
ceivable that the vascular, cardiac and renal protective effects of 2-hydro-
xyestradiol and 2-methoxyestradiol are mediated in part by cAMP.

The hypothesis that cAMP mediates in part the vasculoprotective and
renoprotective effects of 2-hydroxyestradiol and 2-methoxyestradiol presup-
poses that these metabolites of 17p-estradiol affect the synthesis or degradation
of cAMP. Accordingly, the purpose of this study was to investigate the ability
of 2-hydroxyestradiol and 2-methoxyestradiol to affect cAMP production and
degradation in intact smooth muscle cells in culture. Since these metabolites are
both vasculoprotective and renoprotective, we selected to study the effects of
2-hydroxyestradiol and 2-methoxyestradiol on preglomerular vascular smooth
muscle cells (which are both a vascular and a renal cell).

Methods

Cell Culture. All cell culture reagents were obtained from Invitro-
gen/GibcoBRL. Six 13 to 15 week-old spontaneously hypertensive rats (Ta-
conic Farms, Germantown, NY) were used to acquire the preglomerular smooth
muscle cells (PGSMCs) as previously described by us [28]. We selected to use
PGSMCs from spontaneously hypertensive rats because our past experience has
been that PGSMCs from this strain of rats grow much more quickly and
robustly compared to PGSMCs obtained from other rat strains. Briefly, 1%
Fe,O; DMEM was forcefully injected into isolated kidneys through the renal
artery. The iron-loaded kidney was removed from the rat, the cortex was
minced, the microvessels (accurate, interlobular and afferent arteriolar) were
obtained using a magnet, and the microvessels were incubated in collagenase
type IV (0.6 mg/ml). PGSMVs were obtained by tissue culture and purified
using the method of Aviv ef al. [29]. All experiments were conducted between
passage 4 and 10, and the PGSMCs were grown in DMEM/F12 supplemented
with 10% FBS and 1x penicillin/streptomycin/amphotericin B.

Protocol I: Effects of 17p-estradiol, 2-hydroxyestradiol and 2-methox-
yestradiol on isoproterenol-induced cAMP in PGSMCs pretreated with 3-iso-
butyl-1-methylxanthine. Confluent cells were washed twice with 1 mL of phos-
phate-buffered saline and then incubated at 37°C with 0.5 mL of phosphate-
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buffered saline containing 1 mM of 3-isobutyl-1-methylxanthine (IBMX, a
broad spectrum phosphodiesterase inhibitor that blocks all families of phos-
phodiesterases; [30]) with or without 1 uM of isoproterenol (ISO, a beta-
adrenoceptor agonist that activates adenylyl cyclase via stimulatory G proteins).
Some cells were treated also with 17B-estradiol (10 or 100 uM), 2-hydrox-
yestradiol (10 or 100 uM) or 2-methoxyestradiol (10 or 100 uM). Twenty minu-
tes after adding the appropriate treatments, the medium was aspirated. The
cAMP was extracted from the cells with 1 mL of propanol (4°C, overnight).
The propanol was collected, centrifuged, and then taken to dryness in a Savant
sample concentrator. The cell extracts were reconstituted and then assayed for
cAMP concentrations by the method described below.

Protocol 1I: Effects of 2-hydroxyestradiol on forskolin-induced cAMP in
PGSMCs. Confluent cells were washed twice with 1 mL of phosphate-buffered
saline and then incubated for 20 minutes at 37°C with 0.5 mL of phosphate-
buffered saline containing 1 mM IBMX with or without 1 uM of forskolin (a
direct activator of adenylyl cyclase; [31]). Some cells were treated also with 2-hy-
droxyestradiol (100 uM). The cAMP in cell extracts was determined as described
in Protocol 1.

Protocol III: Effects of 17[-estradiol, 2-hydroxyestradiol and 2-methox-
yestradiol on isoproterenol-induced cAMP in PGSMCs in the absence and
presence of 3-isobutyl-1-methylxanthine. Confluent cells were washed twice with
1 mL of phosphate-buffered saline and then incubated for 20 minutes at 37°C
with 0.5 mL of phosphate-buffered saline without or with ISO (1 uM) plus without
or with 17B-estradiol (10 uM), 2-hydroxyestradiol (10 uM) or 2-methoxyestradiol
(10 uM). The cAMP in cell extracts was determined as described in Protocol 1.

Analysis of cAMP. cAMP was determined as previously described [32].
Briefly, 10 pL of 1 uM 9-D-arabinofuranosyladenine (internal standard), 10 pL
of 0.5 M acetate buffer (pH 4.8) and 10 pL of 50% chloroacetaldehyde in water
were added to each sample (200 uL), and samples were heated for 1 hr at 80°C.
Next, samples were centrifuged (14,000 rpm) in a microcentrifuge for 4 mi-
nutes, and 80 puL of each sample was injected into an Isco (Lincoln, NE) high-
pressure liquid chromatographic (HPLC) system (pump model 2,350, gradient
programmer model 2,360, 4.6 x 250 mm C;g column, ChemResearch Data
Management System), and the effluent was monitored with a Waters model 470
scanning fluorescent detector (wavelengths for excitation and emission were set
at 275 nm and 420 nm, respectively). The flow rate was 1.2 ml/min, and the
mobile phase was 95.5% citrate-phosphate buffer (8 g/4L citric acid and 9 g/4L
K,;HPO,) and 4.5% acetonitrile. The peak area for cAMP and internal standard
were calculated. The concentration of cAMP was quantitated by comparing the
ratio of peak areas to a standard curve.
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Statistical Analysis. Statistical significance was evaluated by Fisher’s
Least Significant Difference test. All values in text and figures refer to as means
+ SEM. A value of p < 0.05 was considered statistically significant.

Results

Protocol I: Effects of 17f-estradiol, 2-hydroxyestradiol and 2-methoxy-
estradiol on isoproterenol-induced cAMP in PGSMCs pretreated with 3-iso-
butyl-1-methylxanthine. The objective of the first protocol was to determine
whether 17B-estradiol, 2-hydroxyestradiol and 2-methoxyestradiol modify the
signal transduction cascade: beta-adrenoreceptor — Gs protein — adenylyl cyc-
lase. Accordingly, these experiments were performed in the presence of a maxi-
mally effective [33] concentration of a broad spectrum phosphodiesterase inhi-
bitor IBMX so as to eliminate any influences of the test agents on phospho-
diesterase activity. In this paradigm, ISO caused a 30- to 40-fold increase in
cAMP levels (Figures 1-6). In the presence of IBMX, low concentrations (10
uM) of 17B-estradiol (Figure 1), 2-hydroxyestradiol (Figure 3) and 2-metho-
xyestradiol (Figure 5) had little, if any, effect on ISO-induced cAMP. Also, high
concentrations (100 pM) of 17B-estradiol (Figure 2) and 2-methoxyestradiol
(Figure 6) only slightly (15% and 19%, respectively) attenuated [SO-induced
cAMP. In marked contrast, high concentrations (100 uM) of 2-hydroxyestradiol
reduced ISO-induced cAMP by 55% (Figure 4). These data indicate that high
concentrations of 2-hydroxyestardiol, but not 7p-estradiol or 2-methoxyestra-
diol, markedly inhibited either the beta-adrenoreceptor, the Gs-protein or
adenylyl cyclase.

With 1 mM IBMX
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Figure 1 — Effects of low concentrations (10 uM) of 17 f-estradiol on isoproterenol
(ISO) induced cAMP in the presence of IBMX (1 mM). °p < 0.05 compared
with no 1SO groups
Cirka 1 - [lejerpo Ha rucku KoryenTpaynd (10 uM) na 17p-ectpanuos
Bp3 nzonporepenos (ISO) nagynuparnor cAMP Bo npucycTBo Ha IBMX (1 mM).
8p < 0.05 Bo ciopegba co rpynara 6e3I1SO
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30 With 1 mM IBMX
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Figure 2 — Effects of high concentrations (100 uM) of 17 -estradiol on isoproterenol
(ISO) induced cAMP in the presence of IBMX (1 mM). ®p <0.05 compared with no 1SO
groups. °p <0.05 compared with ISO in the absence of 17 B-estradiol

Cinka 2— [lejerBo Ha Bucoku koHIeHTpannd (100 uM) Ha 17 (-ectpaguon
Bp3 nzonporeperoJ (ISO) urgygupanuor cAMP Bo npucycrBo Ha IBMX (1 mM).
%) < 0.05 Bo crropeg6a co rpynara 6e31S0. °p < 0.05 Bo croper6ta co ISO
BO OTCycTBO Ha 17 [-ecTpaguosr
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Figure 3 — Effects of low concentrations (10 uM) of 2-hydroxyestradiol (2-HE)
on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM).
8 < 0.05 compared with no ISO groups
Cika 3— [lejerBo Ha HHCKH KOHIeHTpann# (10 uM)
Ha 2-xufpokcaecTpagno (2-HE) Bp3 uzonporepeno (1SO) uagynuparaor cAMP
Bo npucycTBo Ha IBMX (1 mM). °p < 0.05 Bo criopen6a
co rpynara 6e3 1SO
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Figure 4 — Effects of high concentrations (100 uM) of 2-hydroyxestradiol (2-HE)
on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM). °p < 0.05
compared with no ISO groups. °p < 0.05 compared with ISO in the absence of 2-HE

Cirnka 4— [ejerBo Ha Bucoku koRIeHTpanud (100 uM)
Ha 2-xuppokcuaectpagnoll (2-HE) Bp3 mzonporepero (1SO) uagynupadnor cAMP
Bo npucycTBo Ha IBMX (1 mM). °p < 0.05 Bo cropegoa co rpynara
6e31S0. °p < 0.05 o crropenioa co I1SO Bo otcycro Ha 2-HE

30 With 1 mM IBMX
»
S 2 20 =
< €
£ 104 (n=4)
0

ISO - - 4+ +
2-ME - 4+ - 4+

(10 pM)

Figure 5 — Effects of low concentrations (10 uM) of 2-methoxyestradiol (2-ME)
on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM).
8 < 0.05 compared with no ISO groups
Citnka 5— /lejerBo Ha HHCKH KOHIeHTpannd (10 uM) Ha 2-MeTOKcHeCcTpaguoJT (2-
ME) Bp3 m3onporepernoi (1SO) uagynupasnor cAMP Bo npucycrBo Ha IBMX (1
mM). ®p < 0.05 Bo ciopen6a co rpynara 6e3 1SO
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Figure 6 — Effects of high concentrations (100 uM) of 2-methoxyestradiol (2-ME)
on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM). ®p < 0.05
compared with no ISO groups. °p < 0.05 compared with ISO in the absence of 2-ME
Cinka 6 — /lejcrBo Ha Bucoku koHIeHTpannw (100 uM)

Ha 2-metokcuecTpagnoJI (2-ME) Bp3 nzonporeperoJ (ISO) arpgynapaanot cAMP
Bo npucycrso Ha IBMX (1 mM). °p < 0.05 Bo criopen6a co rpynara 6e31S0. "p <
0.05 Bo ciopego6a co ISO Bo orcycrBo Ha 2-ME

Protocol 11: Effects of 2-hydroxyestradiol on forskolin-induced cAMP in
PGSMCs. The objective of the second protocol was to determine whether high
concentrations of 2-hydroxyestradiol attenuate cAMP production by directly
inhibiting adenylyl cyclase. Accordingly, the effects of 100 uM of 2-hydroxy-
estradiol on forskolin-induced cAMP were examined in PGSMCs treated with a
high concentration of IBMX. As shown in Figure 7, a high concentration of 2-hydro-
xyestradiol reduced forskolin-induced cAMP by 31%, indicating that 2-hydro-
xyestradiol was a direct inhibitor of adenylyl cyclase as high concentrations.

With 1 mM IBMX
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Figure 7 — Effects of high concentrations (100 uM) of 2-hydroxyestradiol (2-HE)
on forskolin induced cAMP in the presence of IBMX (1 mM). °p < 0.05 compared with
no forskolin groups. °p < 0.05 compared with forskolin in the absence of 2-HE
Crrka 7— [ejerBo Ha BHcOKH KOHIeHTpanuu (100 uM)

Ha 2-xugpokcuectpaano (2-HE) Bp3 popckotna HHAYHPaAHAOT cAMP
Bo npacyctso Ha IBMX (1 mM). ®p < 0.05 Bo cmopegba co rpynara 6e3
@opckoaH. °» < 0.05 Bo criopenba co pOpCKoIHH BO OTCycTBO HA 2-HE
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Protocol 1lI: Effects of 17f-estradiol, 2-hydroxyestradiol and 2-methoxy-
estradiol on isoproterenol-induced cAMP in PGSMCs in the absence and
presence of 3-isobutyl-1-methylxanthine. The objective of the third protocol was
to determine whether 17B-estradiol, 2-hydroxyestradiol and 2-methoxyestradiol
modify phosphodiesterase activity. These experiments were conducted with
concentrations of 17B-estradiol, 2-hydroxyestradiol and 2-methoxyestradiol that
did not alter ISO-induced production of cAMP as determined in Protocol I. 17f-
estradiol (Figure 8), 2-hydroxyestradiol (Figure 9) and 2-methoxyestradiol
(Figure 10) decreased, did not change and increased, respectively, [ISO-induced
cAMP. Importantly, the effects of 17p-estradiol and 2-methoxyestradiol on
ISO-induced cAMP were abolished in the presence of IBMX (Figures 1 and 5,
respectively). These results indicate that 17f-estradiol stimulated and 2-methoxy-
estradiol inhibited phosphodiesterase activity.

10.0 Without IBMX
%g 7.5
<E 50 2
o _ a,b
25, =9 i
0.0
ISO - - 4+ +
17B-Estradiol - 4+ - 4+
(10 pM)

Figure 8 — Effects of low concentrations (10 uM) of 17 f-estradiol on isoproterenol
(ISO) induced cAMP in the absence of IBMX. ®p < 0.05 compared with no ISO groups.
vy < 0.05 compared with ISO in the absence of 17 f-estradiol

Cinka 8- /lejcrBo Ha ruckH KoHIeRTpann (10 uM) na 17 f-ectpagnon
Bp3 nzonporepero (ISO) nagynqupannor cAMP Bo orcycrBo Ha IBMX.
%) < 0.05 Bo criopeg6a co rpymata 6e3150. °p < 0.05 Bo croperoa
co ISO Bo otcycrBo Ha 17 -ecTpaguon
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10.0 Without IBMX
%lf 7.5 a
SE 50 2 =
T 25/ =9

0.0

ISO - - 4+ +
2-HE - + - 4+

(10 uM)

Figure 9 — Effects of low concentrations (10 uM) of 2-hydroxyestradiol (2-HE)
on isoproterenol (ISO) induced cAMP in the absence of IBMX.
®p < 0.05 compared with no ISO groups

Cinka 9 — [lejerBo Ha HuCKH KOHIeHTpanuH (10 uM) Ha 2-XHIPOKCHECTPagHOT

(2-HE) Bp3 m3onporepero (1SO) uagynupadnor cAMP Bo orcycrBo Ha IBMX. (1
mM). °p < 0.05 Bo criopen6a co rpynara 6e3 15O

10.0 Without IBMX
~ a,b
o 8 75
=4 a
< £ 5.0 -
T 25 =9
0.0

ISO - - 4+ +
2-ME - 4+ - 4+

(10 pM)

Figure 10 — Effects of low concentrations (10 uM) of 2-methoxyestradiol (2-ME)
on isoproterenol (ISO) induced cAMP in the absence of IBMX . °p < 0.05 compared
with no ISO groups. °p < 0.05 compared with ISO in the absence of 2-ME

Cinka 10 - [lejerBo Ha HuCKH KOHIEHTpaynu (10 uM) Ha 2-MeTOKCHECTpagHoT
(2-ME) Bp3 nzonporepero (1SO) uagynupannor cAMP Bo orcycrBo Ha IBMX (1
mM). °p < 0.05 Bo cnopenoda co rpynara 6e31S0. "p < 0.05 Bo cnopenoda co ISO Bo
orcycTBo Ha 2-ME

Discussion

The purpose of the first protocol was to determine whether 17[3-estra-
diol, 2-hydroxyestradiol or 2-methoxyestradiol have any effects on the signal
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transduction pathway of beta-adrenoceptor — Gs protein — adenylyl cyclase.
To address this issue, we chose to stimulate PGSMCs with ISO, a potent beta-
adrenoceptor agonist, in the presence of a high concentration of IBMX to
maximally block phosphodiesterase. By conducting the experiments in cells
incubated with maximally effective concentrations of IBMX, any changes in
cAMP levels induced by the steroids could not have been due to alterations in
phosphodiesterase activity since this family of enzymes was rendered non-
functional by IBMX.

In the present study, 17B-estradiol and 2-methoxyestradiol had no (low
concentrations) or little (high concentrations) effect on ISO-induced cAMP in
IBMX-treated cells. These results imply that 17p-estradiol and 2-methoxyes-
tradiol have limited ability to alter the signal transduction pathway of beta-ad-
renoceptor — Gs protein — adenylyl cyclase. In contrast to 173-estradiol and
2-methoxyestradiol, high concentrations of 2-hydroxyestradiol attenuated ISO-in-
duced AMP levels by 55% in IBMX-treated cells. These data indicate that high
concentrations of 2-hydroxyestradiol either inhibit the beta-adrenoreceptor, the
Gs protein, or adenylyl cyclase.

The purpose of the second protocol was to determine whether high
concentrations of 2-hydoxyestradiol inhibit adenylyl cyclase or interfere with
the signal transduction from receptor to adenylyl cyclase. In this regard, we
examined the effects of high concentrations of 2-hydroxyestradiol on forskolin-
induced cAMP in IBMX-treated cells. Since forskolin directly stimulates
adenylyl cyclase without the participation of G-proteins or G-protein coupled
receptors [31], agents that act proximal to adenylyl cyclase would not interfere
with forskolin-induced cAMP, whereas agents that directly inhibit adenylyl
cyclase would attenuate forskolin-induced cAMP. In the current study, high
concentrations 2-hydroxyestradiol attenuated forskolin-induced cAMP to appro-
ximately the same degree as the effect of ISO was attenuated. These results
imply that 2-hydroxyestradiol, unlike 173-estradiol and 2-methoxyestradiol, can
markedly attenuate adenylyl cyclase activity. This conclusion is consistent with
the findings of Braun [34] who reported that catechol estrogens, but not 17p-
estradiol nor 2-methoxyestradiol, inhibited the soluble from of rat germ cell
adenylyl cyclase.

The purpose of the third protocol was to determine whether 17f-
estradiol, 2-hydroxyestradiol or 2-methoxyestradiol have any effects on phos-
phodiesterase activity. To address this issue, we examined the effects of each
steroid on ISO-induced cAMP in the presence and absence of IBMX. In this
protocol, we employed concentrations of each steroid that were demonstrated in
the first protocol not to inhibit the signal transduction of beta-adrenoceptor —
Gs protein — adenylyl cyclase. Therefore, any changes in ISO-induced cAMP
in the absence of IBMX would most likely be due to alterations in the activity
of phosphodiesterase.
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In the third protocol, 17B-estradiol decreased ISO-induced cAMP, 2-hy-
droxyestradiol had no effect on ISO-induced cAMP and 2-methoxyestradiol
markedly increased ISO-induced cAMP. These data imply that 17f3-estradiol
augments phosphodiesterase activity, 2-hydroxyestradiol has no effect on
phosphodiesterase activity and 2-methoxyestradiol inhibits phosphodiesterase
activity. To confirm that the changes in ISO-induced cAMP caused by 173-
estradiol and 2-methoxyestradiol were indeed mediated by alterations in the
activity of phosphodiesterase, we also performed the experiments in the pre-
sence of IBMX. As anticipated, in the presence of IBMX, neither 17p-estradiol
nor 2-methoxyestradiol affected ISO-induced cAMP. These data support our
conclusion that the effects of 17B-estradiol and 2-methoxyestradiol on ISO-in-
duced cAMP in the absence of IBMX were mediated by alterations in
phosphodiesterase activity.

In the current study, we used as our experimental model system cultured
PGSMCs. The advantage of this approach is that the signal transduction system of
beta-adrenoreceptor — Gs protein — adenylyl cyclase and the endogenous pho-
sphodiesterase system were physiologically intact. Since each component of the
cAMP system is regulated by multiple processes [35-37] that would only be
reconstituted in intact cells, this approach allowed us to examine the global effects
of 17B-estradiol, 2-hydroxyestradiol or 2-methoxyestradiol on the cAMP system.
An alternative approach would have been to study each component of cAMP
regulation in isolation (for example purified enzymes); however, such an approach
does not address the ability of 17B-estradiol, 2-hydroxyestradiol or 2-methoxyes-
tradiol to alter cAMP regulation ion by signal transduction systems in there native
configuration.

There are multiple families of phosphodiesterases [30]. Which phos-
phodiesterase family is stimulated by 17B-estradiol and inhibited by 2-metho-
xyestradiol? We previously investigated the role of different phosphodiesterase
families in the regulation of endogenous cAMP in cultured PGSMCs [33].
Importantly, our previous results indicate that phosphodiesterase type 4 (PDE4)
accounts for practically all the metabolism of cAMP in PGSMCs. The impli-
cation of this past study for the current study is that 17B-estradiol and 2-met-
hoxyestradiol activate and block, respectively, PDE4. However, we cannot con-
clude from the present study that 17fB-estradiol and 2-methoxyestradiol affect
PDE4 specifically. Whether 17p-estradiol and 2-methoxyestradiol have effects on
other phosphodiesterase families would have to be determined by examining the
effects of 2-methoxyestradiol on cAMP metabolism in cells expressing other
phosphodiesterase isozymes.

What are the physiological implications of the current findings? From a
physiological perspective, it is conceivable that catechol-O-methyltransferase
plays an important role in determining the effects of endogenously produced 2-hyd-
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roxyestradiol on the metabolism of cAMP. In tissues with low catechol-O-
methyltransferase activity, 2-hydroxyestradiol would not be effectively conver-
ted to 2-methoxyestradiol, and 2-hydroxyestradiol would accumulate, whereas
2-methoxyestradiol levels would be depleted. In such a situation, inhibition of
adenylyl cyclase would be favoured over inhibition of phosphodiesterase, and
this would diminish cellular levels of cAMP. Conversely, in tissues rich in
catechol-O-methyltransferase activity, 2-hydoxyestradiol would be effectively
converted to 2-methoxyestradiol, and 2-hydroxyestradiol would be depleted
with the concomitant accumulation of 2-methoxyestradiol. In this case, inhi-
bition of phosphodiesterase would be favoured over inhibition of adenylyl cyc-
lase and this would augment cellular levels of cAMP. Our previous studies
demonstrate that different tissues have markedly different capacities to convert
2-hydroxyestradiol to 2-methoxyestradiol [2, 4], so this mechanism could allow
2-hydroxyestradiol to regulate cellular cAMP in a tissue-specific manner. An
important caveat, however, is that the concentrations of 2-hydroxyestradiol and
2-methoxyestradiol used in the current study were very high and it is unknown
whether such concentrations would be achieved in vivo in relevant tissue
compartments. However, in the present study, a large stimulus to adenylyl cyc-
lase activity (30-to 40-fold increase in cAMP) was employed to provide a large
cAMP signal and thus facilitate the HPLC-based analysis. It is conceivable that
lesser concentrations of 2-hydroxyestradiol or 2-methoxyestradiol would be
required to alter cCAMP regulation when the input to the signal transduction
system is lower.

What are the pharmacological implications of the current findings?
From a pharmacological perspective, the results of the present study have
several implications. Currently, there are only a few inhibitors of adenylyl cyc-
lase, and these are mainly P-site inhibitors [38] that have multiple effects.
Clinically, there are no useful inhibitors of adenylyl cyclase that are useful for
treating diseases. Although 2-hydroxyestradiol is an inhibitor of adenylyl
cyclase only at high concentrations, the molecular structure of 2-hydroxyes-
tradiol could be used as a starting-point for development of more potent
adenylyl cyclase inhibitors. In this regard, in drug development a weak inhibitor
is often discovered first and then optimized by chemical modification to
generate a more potent and clinically useful inhibitor. If an analogue of 2-hyd-
roxyestradiol were developed that potently inhibits adenylyl cyclase, this could
be useful for treatment of diseases in which adenylyl cyclase activity is too high.
For example, inhibitors of adenylyl cyclase could be used to regulate the immune
system [39]. Also, too much cAMP in the gastrointestinal tract leads to profound
diarrhoea, for example cholera [40].

What is the pharmacological relevance of phosphodiesterase inhibition
by 2-methoxyestradiol in the present study? 2-Methoxyestradiol is an anti-
mitogenic compound [5—7] which exhibits antiproliferative effects in part by
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inhibiting cyclin-dependent kinase and extracellular signal-regulated kinase
[ERK] and by up-regulating the cdk2 inhibitor p27“P' [1, 19], effects which at
cellular levels are also produced by cAMP [26, 27]. Our recent studies demon-
strate that 2-methoxyestradiol is renoprotective in rats with nephropathy
induced by chronic inhibition of nitric oxide synthase [16]. Importantly, PDE4
inhibitors are also anti-mitogenic [41], and renoprotective [42, 43]. Likewise,
enhanced activity of phosphodiesterase was observed in experimental pulmo-
nary hypertension [44], phosphodiesterase inhibition improves agonist-induced
relaxation and hypertensive pulmonary arteries and partially reverses experi-
mental pulmonary hypertension [45, 46], and 2-methoxyestradiol inhibits vas-
cular remodeling of pulmonary arteries and has preventive and therapeutic
effects in experimental pulmonary hypertension [19-22]. Thus, it is possible
that the PDE4 inhibiting activity of 2-methoxyestradiol importantly contributes
to the pharmacological effects of 2-methoxyestradiol.

In summary, 2-hydroxyestradiol inhibits adenylyl cyclase activity, whe-
reas its "downstream" metabolite, 2-methoxyestradiol, inhibits phosphordies-
terase activity. Thus, the balance of 2-hydroxyestradiol versus 2-methoxyestra-
diol, a ratio determined by tissue catechol-O-methyltransferase activity, may
determine whether 2-hydroxyestradiol decreases or increases tissue levels of
cAMP. Finally, our results suggest new avenues for developing specific inhi-
bitors of adenylyl cyclase and PDE4.
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Pe3ume

AEJCTBO HA METABOJ/IUTUTE HA ECTPAINOJ] BP3 CUHTE3ATA
N PASIPAJIBATA HA IUKINYHNOT AJEHO3UH MOHO®OCPAT

Tofovic P. Stevan,®* Rosado B. Margrit,® Dubey K. Raghvendra,®*"
Mi Zaichuan,®* and Jackson Edwin K 5%

Center for Clinical Pharmacology,® Departments of Medicine*
and Pharmacology and Chemical Biology,” University of Pittsburgh School
of Medicine, Pittsburgh, USA, and Clinic for Endocrinology,”
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AmnctpaxkT: 17B-ecTpaguon ce meraboim3upa BO 2-XHAPOKCHECTpa-
[AWOJ, a 2-XUAPOKCUECTPAINOI BO 2-MeTOoKcuecTpaanoia. OBue cTeponn ja HaMa-
nyBaaT mponmdepanyjaTa ¥ MHUTpanyjaTa Ha BacKyJapHUTE Ma3HW MYCKYITHH
KJICTKM W HUBHAaTa CHHTE3a HAa KOJAareH CO pefocie]] Ha MOTEHIHja 2-MEeTOK-
CHECTPaINoI > 2-XUPOKCHECTPaAnoa > 17B-ecTpaguot, mTo € 06paTHO MPOTOpP-
IMOHAJTHO HAa HUBHATa €CTPOTeHCKA aKTWBHOCT. BUejKn IUKINIHAOT aficHO3MH
Morogocdar (cCAMP) uCTO Taka ro HHXHOUPA KIETOYHHOT PACT, MOKHO € OBUE
CTEpOWAM fia BJWjaaT Bp3 cHMHTEe3aTa W pasrpagdara Ha cAMP. OBaa mpernoc-
TaBka Oellle TecTHpaHa BO oBaa cryAmja. KileTouHa KyaTypa Ha NperiioMepy-
JIapHU BacKyJapHW Ma3HH MYCKYJIHH KJIETKH Oellle TpeTHpaHa CO BUCOKH KOH-
neHTpanuu Ha 3-u300yTmi-1-metmnkcantud (IBMX; 1 MM) 3a ma ce enuMunHmpa
akKTUBHOCTa Ha (ocdoamecrepazaTa Kako ciefeuyka Bapujabma. Bucokum (100
EM), vo ue mucku (10 EM) xounenrpaiuu Ha 17B-ecTpaguon, 2-XuApOKCHEC-
TPaiuoa M 2-METOKCHECTPauOJ IO Hamalldja TOKaXXyBameTo Ha cAMP wmHy-
nupaHo co m3omnporepeHon 3a 15%, 19% u 55%. Bo kjerkmre Ha KynTypa
OpeTXOaHO TpeTupaHa co IBMX, 2-xugpokcuectpaguoia (100 EM) ucro taka ro
Hamasu 3a 31% 3rojeMyBameTO Ha KOHIEHTpauuuTe Ha cAMP mHIynmupaHo co
¢opckonmH. Bo keTkuTe Ha KyJaTypa Koja He Oellle MPEeTXOMHO TPEeTUpaHa co
IBMX, kopuctejku KoHieHTpanuu Ha crepougute (10 EM) xou He Bimjaca Bp3
aKTHBHOCTA Ha af[eHnJ [uKia3arTa, 17B-ectpaguonot ro Hamanu 3a 34 %, 2-Xuapo-
KCHECTPaANOJIOT HeMallle HIKaKBO JISjCTBO, a 2-METOKCHECTPAAOINIOT TO 3TOJIEMHA
3a 60% MOKaxkKyBamkETO Ha KOHIEHTpanuuTe Ha cCAMP mHAympaHo co u3onpoTe-
peHon. OBme pe3ynTaTH yKasKyBaaT jieKa BO IIPErNIOMEpyNapHH BacKyJIapHU
Ma3H{ MYCKYJIHM KJIETKH, BUCOKM KOHIICHTPAIMX Ha 2-XUPOKCHECTPAJNON CHT-
HU(UKAHTHO, a 17B-ecTpagnosn u 2-MeTOKCHECTPAINOI CaMO YMEPEHO, ja MHXUOH-
paar ajgeHmIHATa IuKiIa3a. Hammre pe3ynraTu cyrepupaat geKa HACKU KOHICH-
Tpauuu Ha 17B-ecTpagmnon ja akTUBHUpPA, 2-XUAPOKCUECTPATNOI HeMa e(PeKT, a 2-Me-
TOKCHECTpauoN ja mHxubmpa gochonnecrepaznata aktuBHocT. Edekture Ha
oBre crepouan Bp3 QocdoanecTepa3HaTa aKTHBHOCT MOXe Jfla ja oOjacHaT
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MmoroJjieMaTa MOTEHTHOCT Ha 2-MEeXOKCHUECTPAIUOJIOT KaKO aHTAIIPOSInepaTHBeH
areHc BO ofgHoc Ha 17B-ecTpagrosoT u 2-XuIpOKCHECTPATHOIOT.

Knyunu 300poBu: ecrpapuos, MeTabOIUTU Ha €CTPajuoll, IUKINYEH afeHO3UH
MoHodocdar.
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