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A b s t r a c t: 17β-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 > 17β-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 µM), but not low (10 µM), concentrations of 17β-estradiol, 2-hydroxyestradiol and 
2-methoxyestradiol attenuated isoproterenol-induced cAMP by 15%, 19% and 55%, 
respectively. 2-Hydroxyestradiol (100 µM) 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 µM) that did not 
interfere with adenylyl cyclase, 17β-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 17β-estradiol and 2-me-
thoxestradiol only modestly inhibit adenylyl cyclase even at high concentrations. Our 
results also indicate that lower concentrations of 17β-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 17β-estradiol and 2-hydroxyestradiol.  
 
Key words: Estradiol, Estradiol metabolites, 2-Methoxyestradiol, Cyclic adenosine 
monophosphate 

 
 

Introduction 
  

 17β-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 17β-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 p27kip1 [26, 27]. Notably, 2-methox-
yestradiol exhibits its antiproliferative effects in vascular cells, in part by 
inhibiting ERK1/2 and up-regulating the p27kip1 [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 17β-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% 
Fe2O3 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 et 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 17β-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 μM of isoproterenol (ISO, a beta-
adrenoceptor agonist that activates adenylyl cyclase via stimulatory G proteins). 
Some cells were treated also with 17β-estradiol (10 or 100 μM), 2-hydrox-
yestradiol (10 or 100 μM) or 2-methoxyestradiol (10 or 100 μM). 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 II: 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 μM of forskolin (a 
direct activator of adenylyl cyclase; [31]). Some cells were treated also with 2-hy-
droxyestradiol (100 μM). The cAMP in cell extracts was determined as described 
in Protocol I. 

Protocol III: Effects of 17β-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 μM) plus without 
or with 17β-estradiol (10 μM), 2-hydroxyestradiol (10 μM) or 2-methoxyestradiol 
(10 μM). The cAMP in cell extracts was determined as described in Protocol I. 

Analysis of cAMP. cAMP was determined as previously described [32].  
Briefly, 10 μL of 1 μM 9-D-arabinofuranosyladenine (internal standard), 10 μL 
of 0.5 M acetate buffer (pH 4.8) and 10 μL of 50% chloroacetaldehyde in water 
were added to each sample (200 μL), 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 μL 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 × 250 mm C18 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 
K2HPO4) 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 17β-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 17β-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 
µM) of 17β-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 µM) of 17β-estradiol (Figure 2) and 2-methoxyestradiol 
(Figure 6) only slightly (15% and 19%, respectively) attenuated ISO-induced 
cAMP. In marked contrast, high concentrations (100 µM) of 2-hydroxyestradiol 
reduced ISO-induced cAMP by 55% (Figure 4). These data indicate that high 
concentrations of 2-hydroxyestardiol, but not 7β-estradiol or 2-methoxyestra-
diol, markedly inhibited either the beta-adrenoreceptor, the Gs-protein or 
adenylyl cyclase. 
 
 
 
 
 
 
 
 

 
 

Figure 1 – Effects of low concentrations (10 µM) of 17β-estradiol on isoproterenol 
(ISO) induced cAMP in the presence of IBMX (1 mM). ap < 0.05 compared  

with no ISO groups 
Slika 1 – Dejstvo na niski koncentracii (10 µM) na 17β-estradiol  

vrz izoproterenol (ISO) induciraniot cAMP vo prisustvo na IBMX (1 mM).  
 ap < 0.05 vo sporedba so grupata bez ISO 
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Figure 2 – Effects of high concentrations (100 µM) of 17β-estradiol on isoproterenol 
(ISO) induced cAMP in the presence of IBMX (1 mM). ap <0.05 compared with no ISO 

groups. bp <0.05 compared with ISO in the absence of 17β-estradiol 
Slika 2 – Dejstvo na visoki koncentracii (100 µM) na 17β-estradiol  

vrz izoproterenol (ISO) induciraniot cAMP vo prisуstvo na IBMX (1 mM). 
 ap < 0.05 vo sporedba so grupata bez ISO. bp < 0.05 vo sporedba so ISO  

vo otsustvo na 17β-estradiol 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 – Effects of low concentrations (10 µM) of 2-hydroxyestradiol (2-HE)  

on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM).  
ap < 0.05 compared with no ISO groups 

Slika 3 – Dejstvo na niski koncentracii (10 µM)  
na 2-hidroksiestradiol (2-HE) vrz izoproterenol (ISO) induciraniot cAMP 

vo prisustvo na IBMX (1 mM). ap < 0.05 vo sporedba  
so grupata bez ISO 
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Figure 4 – Effects of high concentrations (100 µM) of 2-hydroyxestradiol (2-HE)  
on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM). ap < 0.05 

compared with no ISO groups. bp < 0.05 compared with ISO in the absence of 2-HE 
Slika 4 – Dejstvo na visoki koncentracii (100 µM) 

 na 2-hidroksiestradiol (2-HE) vrz izoproterenol (ISO) induciraniot cAMP 
vo prisуstvo na IBMX (1 mM). ap < 0.05 vo sporedba so grupata  

bez ISO.  bp < 0.05 vo sporedba so ISO vo otsуstvo na 2-HE 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 – Effects of low concentrations (10 µM) of 2-methoxyestradiol (2-ME)  
on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM).  

ap < 0.05 compared with no ISO groups 
Slika 5 – Dejstvo na niski koncentracii (10 µM) na 2-metoksiestradiol (2-

ME) vrz izoproterenol (ISO) induciraniot cAMP vo prisуstvo na IBMX (1 
mM). ap < 0.05 vo sporedba so grupata bez ISO 
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Figure 6 – Effects of high concentrations (100 µM) of 2-methoxyestradiol (2-ME)  
on isoproterenol (ISO) induced cAMP in the presence of IBMX (1 mM). ap < 0.05 

compared with no ISO groups. bp < 0.05 compared with ISO in the absence of 2-ME 
Slika 6 ‡ Dejstvo na visoki koncentracii (100 µM)  

na 2-metoksiestradiol (2-ME) vrz izoproterenol (ISO) induciraniot cAMP 
vo prisustvo na IBMX (1 mM). ap < 0.05 vo sporedba so grupata bez ISO. bp < 

0.05 vo sporedba so ISO vo otsustvo na 2-ME 
  
 Protocol II: 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 µM 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. 
  
 
 
  
 
 
 
 

 
Figure 7 – Effects of high concentrations (100 µM) of 2-hydroxyestradiol (2-HE)  

on forskolin induced cAMP in the presence of IBMX (1 mM). ap < 0.05 compared with 
no forskolin groups. bp < 0.05 compared with forskolin in the absence of 2-HE 

Slika 7 – Dejstvo na visoki koncentracii (100 µM)  
na 2-hidroksiestradiol (2-HE) vrz forskolin induciraniot cAMP  
vo prisustvo na IBMX (1 mM). ap < 0.05 vo sporedba so grupata bez 

forskolin. bp < 0.05 vo sporedba so forskolin vo otsustvo na 2-HE 
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 Protocol III: Effects of 17β-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 17β-estradiol, 2-hydroxyestradiol and 2-methoxyestradiol 
modify phosphodiesterase activity. These experiments were conducted with 
concentrations of 17β-estradiol, 2-hydroxyestradiol and 2-methoxyestradiol that 
did not alter ISO-induced production of cAMP as determined in Protocol I. 17β-
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 17β-estradiol and 2-methoxyestradiol on 
ISO-induced cAMP were abolished in the presence of IBMX (Figures 1 and 5, 
respectively). These results indicate that 17β-estradiol stimulated and 2-methoxy-
estradiol inhibited phosphodiesterase activity. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8 – Effects of low concentrations (10 µM) of 17β-estradiol on isoproterenol 

(ISO) induced cAMP in the absence of IBMX. ap < 0.05 compared with no ISO groups. 
bp < 0.05 compared with ISO in the absence of 17β-estradiol 

Slika 8 – Dejstvo na niski koncentracii (10 µM) na 17β-estradiol  
vrz izoproterenol (ISO) induciraniot cAMP vo otsustvo na IBMX. 

 ap < 0.05 vo sporedba so grupata bez ISO. bp < 0.05 vo sporedba  
so ISO vo otsustvo na 17β-estradiol 
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Figure 9 – Effects of low concentrations (10 µM) of 2-hydroxyestradiol (2-HE)  
on isoproterenol (ISO) induced cAMP in the absence of IBMX. 

 ap < 0.05 compared with no ISO groups 
Slika 9 ‡ Dejstvo na niski koncentracii (10 µM) na 2-hidroksiestradiol 
(2-HE) vrz izoproterenol (ISO) induciraniot cAMP vo otsustvo na IBMX. (1 

mM). ap < 0.05 vo sporedba so grupata bez ISO 
 

 
 
 
 

 
 

 
 
 

Figure 10 – Effects of low concentrations (10 µM) of 2-methoxyestradiol (2-ME)  
on isoproterenol (ISO) induced cAMP in the absence of IBMX . ap < 0.05 compared  

with no ISO groups. bp < 0.05 compared with ISO in the absence of 2-ME 
Slika 10 ‡ Dejstvo na niski koncentracii (10 µM) na 2-metoksiestradiol 
(2-ME) vrz izoproterenol (ISO) induciraniot cAMP vo otsustvo na IBMX (1 
mM). ap < 0.05 vo sporedba so grupata bez ISO. bp < 0.05 vo sporedba so ISO vo 

otsustvo na 2-ME 
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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, 17β-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 17β-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 17β-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 17β-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 17β-
estradiol nor 2-methoxyestradiol, inhibited the soluble from of rat germ cell 
adenylyl cyclase. 
 The purpose of the third protocol was to determine whether 17β-
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, 17β-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 17β-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 17β-
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 17β-estradiol 
nor 2-methoxyestradiol affected ISO-induced cAMP. These data support our 
conclusion that the effects of 17β-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 17β-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 17β-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 17β-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 17β-estradiol and 2-met-
hoxyestradiol activate and block, respectively, PDE4. However, we cannot con-
clude from the present study that 17β-estradiol and 2-methoxyestradiol affect 
PDE4 specifically. Whether 17β-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 cAMP 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 p27kip1 [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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R e z i m e  
 

DEJSTVO NA METABOLITITE NA ESTRADIOL VRZ SINTEZATA 
I RAZGRADBATA NA CIKLI^NIOT ADENOZIN MONOFOSFAT 
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 A p s t r a k t: 17β-estradiol se metabolizira vo 2-hidroksiestra-
diol, a 2-hidroksiestradiol vo 2-metoksiestradiol. Ovie steroidi ja nama-
luvaat proliferacijata i migracijata na vaskularnite mazni muskulni 
kletki i nivnata sinteza na kolagen so redosled na potencija 2-metok-
siestradiol > 2-hidroksiestradiol > 17β-estradiol, {to e obratno propor-
cionalno na nivnata estrogenska aktivnost. Bidej}i cikli~niot adenozin 
monofosfat (cAMP) isto taka go inhibira kleto~niot rast, mo`no e ovie 
steroidi da vlijaat vrz sintezata i razgradbata na cAMP. Ovaa pretpos-
tavka be{e testirana vo ovaa studija. Kleto~na kultura na preglomeru-
larni vaskularni mazni muskulni kletki be{e tretirana so visoki kon-
centracii na 3-izobutil-1-metilksantin (IBMX; 1 mM) za da se eliminira 
aktivnosta na fosfodiesterazata kako slede~ka varijabla. Visoki (100 
μM), no ne niski (10 μM) koncentracii na 17β-estradiol, 2-hidroksies-
tradiol i 2-metoksiestradiol go namalija poka`uvaweto na cAMP indu-
cirano so izoproterenol za 15%, 19% i 55%. Vo kletkitečna kultura 
prethodno tretirana so IBMX, 2-hidroksiestradiol (100 μM) isto taka go 
namali za 31% zgolemuvaweto na koncentraciite na cAMP inducirano so 
forskolin. Vo kletkitečna kultura koja ne be{e prethodno tretirana so 
IBMX, koristejќi koncentracii na steroidite (10 μM) koi ne vlijaea vrz 
aktivnosta na adenil ciklazata, 17β-estradiolot go namali za 34%, 2-hidro-
ksiestradiolot nema{e nikakvo dejstvo, a 2-metoksiestradiolot go zgolemi 
za 60% poka`uvaweto na koncentraciite na cAMP inducirano so izoprote-
renol. Ovie rezultati uka`uvaat deka vo preglomerularni vaskularni 
mazni muskulni kletki, visoki koncentracii na 2-hidroksiestradiol sig-
nifikantno, a 17β-estradiol i 2-metoksiestradiol samo umereno, ja inhibi-
raat adenilnata ciklaza. Na{ite rezultati sugeriraat deka niski koncen-
tracii na 17β-estradiol ja aktivira, 2-hidroksiestradiol nema efekt, a 2-me-
toksiestradiol ja inhibira fosfodiesteraznata aktivnost. Efektite na 
ovie steroidi vrz fosfodiesteraznata aktivnost mo`e da ja objasnat 
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pogolemata potentnost na 2-mehoksiestradiolot kako antiproliferativen 
agens vo odnos na 17β-estradiolot i 2-hidroksiestradiolot. 
 
Klu~ni zborovi: estradiol, metaboliti na estradiol, cikli~en adenozin 
monofosfat.   
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