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Abstract
Delayed onset of cardiovascular disease among females is not well understood, but could be in
part due to the protective effect of estrogen before menopause. Experimental studies have
identified the angiotensin type 1 receptor (AT1R) as a key factor in the progression of CVD. In
this study, we examined the effects of the estrogen metabolite, 2-methoxyestradiol (2ME2), on
AT1R expression. Rat liver cells were exposed to 2ME2 for 24 h and angiotensin II (AngII)
binding and AT1R mRNA expressions were assessed. In the presence of 2ME2, cells exhibited
significant down-regulation of AngII binding in a dose and time dependent manner, independent
of estrogen receptors (ERα/ERβ). Down-regulation of AngII binding was AT1R specific with no
change in receptor affinity. Under similar conditions, we observed lower expression of AT1R
mRNA, significant inhibition of AngII mediated increase in intracellular Ca2+, and increased
phosphorylation of ERK1/2. Pretreatment of cells with the MEK inhibitor PD98059 prevented
2ME2 induced ERK1/2 phosphorylation and down-regulation of AT1R expression, suggesting
that the observed inhibitory effect is mediated through ERK1/2 signaling intermediate(s). Similar
analyses in stably transfected CHO cell lines with a constitutively active cytomegalovirus (CMV)
promoter showed no change in AT1R expression suggesting that 2ME2 mediated effects are
through transcriptional regulation. The effect of 2ME2 on AT1R down-regulation through
ERK1/2 were consistently reproduced in primary rat aortic smooth muscle cells. As AT1R plays a
critical role in the control of cardiovascular diseases, 2ME2-induced changes in receptor
expression may provide beneficial effects to the cardiovascular as well as other systems.
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Introduction
The renin-angiotensin system functions through endocrine and paracrine/autocrine signaling,
most notably in the heart, brain, kidney, and vasculature [1,2]. Circulating and locally
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produced angiotensin II (AngII) controls a diverse array of processes, including the
maintenance of blood pressure and fluid and electrolyte balance, regulation of cell growth
and neuromodulatory functions [3]. Angiotensin II binds to at least two known high-affinity
receptor subtypes termed angiotensin type 1 (AT1R) and angiotensin type 2 (AT2R) that
mediate angiotensin II functions through signal transduction [4]. Although both receptors
have high affinities for AngII, they dictate distinct cellular functions [5]. AT1R is the major
subtype expressed in adults [6]. Therefore, most pathologic cardiovascular and
inflammatory effects of AngII are mediated through the AT1R. Previous studies, including
clinical trials, have already demonstrated that AT1R blockade results in pleiotropic effects
preventing or delaying cardiovascular events, new-onset diabetes, and renal disease, all
providing long-term clinical benefits [7]. Therefore, agents that affect the responsiveness of
tissues to AngII are of particular interest to researchers, especially with respect to AT1R.

Trends in epidemiological studies have suggested that there is a correlation with gender and
cardiovascular morbidity and mortality, which is believed to be attributable to
cardioprotective actions of select female hormones [8,9]. Nevertheless, two clinical trials
involving the direct supplementation of estradiol, the Women’s Health Initiative (WHI) and
the Heart and Estrogen/Progestin Replacement Study (HERS), were abandoned due to their
increased number of cardiovascular events and failure to reduce cardiovascular risks [10].
Estradiol, like all sex steroids, is derived from cholesterol. Cholesterol is first converted to
androstendione, then either to testosterone which then undergoes aromatization to form
estradiol or, in an alternative pathway, androstedione is aromatized to estrone which is then
converted to estradiol, all via an intricate network of Cytochrome p450 enzymes and
hydroxysteroid dehydrogenases [11]. A comprehensive understanding of the mechanics of
estradiol production is essential, as its subsequent metabolism results in the agent of interest
for the current study. During endogenous metabolism, estradiol is hydroxylated to 2-
hydroxyestradiol and 4-hydroxyestradiol by Cytochrome 450 enzymes. 2-hydroxyestradiol
is then converted to one of its mono-methoxy estradiol metabolites, 2-methoxyestradiol
(2ME2) by COMT (catechol-O-methyl transferase) [12]. The relative quantities of this
estradiol metabolite vary according to gender differences as well as hormonal fluctuations
during menses. In males, 2ME2 median levels are below 10 pg/ml, whereas levels in
females may vary anywhere from 46 pg/ml to 70 pg/ml, excluding pregnancy in which
levels may increase to over 3,500 pg/ml [13]. In postmenopause, the levels of 2ME2 drop to
a median concentration of 33 pg/ml, with very little fluctuation reflecting static estradiol
titers [13]. However, plasma concentrations of this metabolite postmenopause reflect a
reduction of circulating estrogen and estrogen metabolites, though studies have shown that
certain tissue concentrations may be significantly higher than in the plasma [14], and thus
concentration dependent effects are difficult to interpret in vivo.

Estradiol can exert its action by diverse mechanisms. Classically, estradiol binds estrogen
receptors (ER) and results in regulated transcription [15]. The activated estrogen receptors
may then bind to Estrogen Response Elements (EREs) and attract co-activators or co-
repressors to target genes that regulate transcription [16]. There are additional mechanisms
by which ERs may affect cellular response. The receptor may be tethered to transcription
factor complexes through protein-protein interactions affecting genes that lack EREs
[17,18]; additionally, activation of growth factor receptor pathways and consequently
mitogen activated protein (MAP) kinases may directly phosphorylate ERs in the absence the
typical ligand [19,20]. Interestingly, estradiol is capable of directly activating intracellular
kinase pathways affecting downstream transcription factors such as AP-1 [21] through MAP
kinase activation, or NF-κB by way of the PI3-kinase/Akt signaling pathway [22], each
initiated by 17β-estradiol. MAP kinases are serine/threonine kinases involved in cell growth,
differentiation, apoptosis, etc… [23]. Within the encompassing term MAP Kinase there are
three parallel cascades, each with a distinct subset of cellular consequences; these three
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parallel pathways are the extracellular signal regulated kinase (ERK) pathway, the stress
activated protein kinase (SAPK or JNK for c-Jun-N-terminal kinase) pathway, and the p38/
MAP kinase pathway [24,25]. It has been shown that estrogens activate ERK1/2 (or MAP
Kinase p42/p44) in certain human breast cancer cell lines and also in cardiomyocytes [24–
27]. However the mechanisms by which 2ME2 exerts its effects are largely unknown.
Interestingly, epidemiological studies suggest that HRT results in improved prognosis of
cardiovascular complications [28,29]. In focused studies, estradiol or 2ME2
supplementation has shown specific protective effects against atherosclerosis [30], multiple
myeloma [31,32], rheumatoid arthritis and osteoporosis [33], and multiple sclerosis [34,35].

Though the mechanism by which 2ME2 exerts its effects remains unconfirmed, studies have
shown that estradiol metabolites are capable of affecting the cardiovascular system, often in
a beneficial manner. Specifically, it has been found that the metabolites 2-hydroxyestradiol
and 2ME2 inhibit endothelin synthesis, a vaso-occlusive potentiator [36]. 17β-estradiol and
the same two metabolites also have been shown to inhibit cardiac fibroblast and aortic
smooth muscle cell growth in a manner that appears to antagonize ERK1/2 activation
[37,38]. In addition, the anti-proliferative effects of 2ME2 have been shown to be
independent of ER activation, suggesting an entirely novel action induced by estradiol and
its metabolites [39]. Investigators have attempted to determine the genes responsible for
2ME2’s vasoprotective effects, and while many have been thought to be of significant
importance, a single vasoprotective mediator or gene axis has yet to be identified [40].

In this study, we examined the role of synthetic 2ME2 in the regulation of AT1R. The focus
of this study was to investigate the effect of 2ME2 on AT1R expression and determine the
mechanisms responsible for its unique regulatory properties. We proposed that 2ME2 plays
a pivotal role in the regulation of AT1R expression and function. The long-term goal of the
continuing study is to assess the therapeutic potential of this naturally low-level metabolite
in modifying AT1R expression and enhancing cardiovascular protection. In this study, we
used continually passaged rat liver epithelial cells (WBs), which natively express the
angiotensin type 1 receptor (AT1R) that served as a model cell system for studying 2ME2
mediated effects on AT1R expression. To validate the cell model, we performed additional
studies in rat aortic smooth muscle cells to determine 2ME2’s effects on vascular cells. Our
study demonstrated that 2ME2 treatment results in a 25–30% decrease in AT1R cell surface
expression through a ERK1/2 dependent pathway. Furthermore, we observed similar results
in primary rat aortic smooth muscle cells showing cardiovascular relevance. To our
knowledge this is the first study of its kind observing the effects of 2ME2 on AT1R
expression.

Materials and Methods

Materials—Continuously passaged rat liver epithelial cells (WB cells) were kindly
provided by Dr. H. Shelton Earp, University of North Carolina at Chapel Hill (Chapel Hill,
NC). Primary rat aortic smooth muscle cells were from Lonza (Walkersville, MD). Richter’s
improved minimal essential medium was obtained from Cellgro-Mediatech Inc. (Manassas,
VA). Fetal bovine serum (FBS) was from Equitech-Bio, Inc. (Kerrville, TX).
Oligonucleotide primers and biotinated probes were obtained from Integrated DNA
technologies, Inc. (Coralville, IA). Goat anti-rabbit Alexa-Fluor 488® IgG, 4′6′ diamidino 2-
phenylindole-dihydrochloride (DAPI), and Prolong Gold Anti-Fade® were from Invitrogen
(Carlsbad, CA). PCR master mix was from Roche (Indianapolis, IN). Losartan was provided
by Merck Sharp & Dohme Research Laboratories (Rahway, NJ). Insulin, and gentamycin
were from Sigma (St. Louis, MO). DNA/RNA extraction reagents were from Ambion/ABI
(Austin, TX). [3H]AngII was from Amersham (Piscataway, NJ). Fura-2 AM, PD98059, and
2ME2 were from Calbiochem (La Jolla, CA). AT1R Antibody was from Santa Cruz
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Biotechnology (Santa Cruz, CA) and both anti-phospho-ERK1/2 and total ERK1/2
antibodies were from Cell Signaling (Danvers, MA). Electrophoresis regents were from Bio-
Rad (Hercules, CA) and all other chemicals and molecular biology grade agents were
purchased from Fisher Scientific (Fairlawn, NJ).

Methods
Cell culture—The continuously passaged rat liver epithelial cells (WB) were maintained in
Richter’s Improved Minimum Essential Medium containing 10% fetal bovine serum (FBS)
and 50 μg/ml gentamicin at 37°C in 5% CO2 under 100% humidity. For primary culture of
rat aortic smooth muscle cells, the cells were grown under similar conditions with the
exception that the aortic smooth muscle cells were grown in 20% FBS. For the studies, cells
were grown to 75–80% confluence, and 2-methoxyestradiol treatments were initiated in
fresh medium, and grown for indicated times.

Radio-Labeled Ligand Binding Assay—Angiotensin II binding studies were
performed in triplicate on WB cells grown in 6-well plates as described previously [41].
Briefly, cells grown to 70–80% confluency, then treated with 2ME2 for 24 hours. The cells
were washed with phosphate buffered saline (PBS), and incubated at 22°C for 1 h with 0.05
nM [3H]AngII in binding buffer (50 mM Tris-HCl pH 7.4, 120 mM NaCl, 4 mM KCl, 1
mM CaCl2, 10 μg/ml bacitracin, 0.25% BSA and 2 mg/ml dextrose). In order to confirm
specific binding, select control groups were incubated with unlabelled AngII (1 μM) for 15
min before the addition of radiolabeled AngII. Cells were washed 3 times with chilled PBS
to remove nonspecifically bound AngII, and cells were lysed in 0.1% Triton-X-100 for 1 h.
The lysate was collected transferred to counting vials, and radioactivity was determined
using a Beckman® auto-gamma scintillation spectrometer. Specific [3H] binding was
defined as that portion of the total binding displaced by 1 μM unlabelled AngII or 10 μM
Losartan (AT1R specific antagonist). Competitive binding studies were performed as
described above with logarithmic increases in unlabelled AngII, from 1 pM to 10 μM, in
order to plot nonlinear regression curves from which we could calculate the dissociation
constants (Kd) [42] and thus the relative affinities of AT1R among treated and untreated
cells. Protein concentration was determined by using Bio-Rad® protein assay system based
on the Bradford method [43].

Reverse Transcriptase (RT) Dual PCR—Cells were grown to 70–80% confluency and
treated with or without 1 μM 2ME2 for 24 hours. Total RNA was isolated using guanidium
thiocyanate-phenol-chlororom method described previously [44]. Total RNA was quantified
and 5 μg/condition were processed for cDNA template conversion using MMLV-RT. The
reaction without reverse transcriptase served as control for DNA contamination. The cDNA
was then amplified with a dual-PCR primer set for AT1R and β-actin mRNA. AT1R primers
(AT1R sense- 5′-TGATTCAGCTGGGCGTCATCCA-3′; AT1R antisense- 5′-
TTTCGTAGACAGGC TTGAGTGGG-3′) were constructed based on the sequence of the
rat vascular smooth muscle AT1AR cDNA [45]. Similarly, β-actin primers (β-actin sense –
5′-CGGAACCGCTCATTGCC-3′; β-actin antisense- 5′-
ACCCACACTGTGCCCATCTA-3′) were constructed to amplify β-actin internal standard
from mRNA coding sequence (accession#: AF122902). The PCR was performed in a 50 μl
sample volume subjected to 30 cycles and the amplicons were analyzed on a 2% agarose
ethidium bromide gel. Bands were visualized under UV to assure appropriate band density
among β-actin controls. Intensity of bands were captured by the Bio-Rad Versa Doc® and
quantified using Quantity One® software.

Measurement of Cytosolic Free Ca2+ Concentration—Cells were cultured in 6-well
plates until 70–80% confluent and exposed to 2ME2 (1 μM) for 24 h in the presence or
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absence of PD98059 (20 μM). Cells were then rinsed with Hanks’ balanced salt solution
(HBSS) and the assay was performed as described in Grynkiewicz et al. 1985. Briefly, cells
were loaded with calcium dye Fura-2AM (1 μM) in Dulbecco’s modified phosphate
buffered saline (DPBS with calcium) in a 37°C incubator with 5% CO2 and 100% humidity.
After 1 h of incubation, cells were washed two times with DPBS. Additionally, cells were
washed two times with assay buffer (145 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 10 mM
glucose, 1.2 mM MgCl2, and 1.5 mM CaCl2.) and a final volume of 900 μl of assay buffer
was added to each well. Baseline readings were taken at 340 nm excitation and 512 nm
emission at 5 sec intervals using an ELISA plate reader (BioTek® SynergyMx). At the end
of 2 min 100 μl of Ang II (10−6M) was added in each well and immediately readings were
taken continuously at 5 sec intervals for an additional 5 min. At the end of the experiment,
maximal emissions of calcium bound fura-2AM and free Fura 2AM were obtained by
adding digitonin and EGTA to a final concentration of 0.22 and 1.15 mM, respectively. The
intracellular concentration of calcium was determined using the formula, Δ[Ca2+]= ((Kd ×
(F − Fmin))/(Fmax − F)) − ((Kd × (Fx − Fmin))/(Fmax − Fx)) in which Kd = 224 nM, F
corresponded to the fluorescent reading after addition of AngII, Fx corresponded to the
fluorescent reading just before addition of AngII, Fmin the minimum reading after addition
of EGTA and Fmax the maximum reading after the addition of digitonin.

Qualitative imaging of changes of intracellular Ca2+ by microscopy followed a similar
procedure. WB cells grown to 70–80% confluence in 35 mm optical bottom plates (MatTek
#P35G-0-10-C, Ashland, MA) and AngII induced changes in intracellular calcium were
monitored using microspectrofluorometry method as described [46]. Cells were loaded with
1 μM fura2-AM in HBSS for 20 minutes. The cells were washed twice with HBSS and
changes in intracellular Ca2+ were measured. The microscope’s emission wavelength was
set at 510 nm and the excitation wavelengths at 340 and 380 nm. Excitation was monitored
by a high-speed wavelength-switching device recorded with a CCD camera. Images were
collected and analyzed using Slidebook® image analysis software.

Immunofluorescence Microscopy—WB cells were grown in chamber slides (Lab-Tek,
Naperville, IL) to 75–80% confluency and exposed to 2ME2 (1 μM), PD 98059 (20 μM), or
2ME2 and PD98059 in combination. At the end of the 24 h cells were washed with ice-cold
PBS, fixed with ethanol acetic acid mixture (3:1 by volume) or 3% paraformaldehyde in
PBS for 30 min at 22°C. Cells were washed with chilled PBS (three times), blocked with 5%
goat serum for 3 h, and incubated with primary antibody (dil. 1:100 anti-Total ERK1/2-Cell
Signaling) overnight at 4°C. Cells were then washed 5 times with chilled PBS and incubated
with Alexa Fluor® 488 fluorescent tagged secondary antibody (Invitrogen, Carlsbad, CA)
for 1 h at 22°C dark followed by washing. In addition, nuclei were stained with 1nM 4′,6-
diamidino-2-phenylindole (DAPI) for 5 min and washed with ice-cold PBS. Slides were
sealed with ProLong Gold® antifade mounting medium (Invitrogen, Carlsbad, CA) and
visualized and photographed with a fluorescence microscope (Olympus IX70®) using a X20
objective equipped with and additional X1.5 magnification.

Phosphorylation of ERK1/2 as Determined by Western Blot Analysis—Cells
were exposed to 2ME2 in the presence or absence of PD98059 (a MAP-kinase specific cell
permeable inhibitor) for 24 hours and washed with phosphate- buffered saline. Cells were
scraped in lysis buffer (10 mM TrisCl pH 7.4, 150 mM NaCl, 15% glycerol, 1% triton
X-100, 1 mM sodium orthovanadate, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mM NaF,
and 1 mM phenylmethylsulfonyl fluoride (PMSF). Protein concentration was determined
using Bio-Rad protein assay reagent based on the Bradford method [43]. Equal quantities of
proteins were separated by 8% SDS-polyacrylamide gel electrophoresis, transferred to a
nitrocellulose membrane, and incubated with their respective primary antibodies.
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Immunoreactive bands were visualized using a chemiluminescence Western blotting system
according to the manufacturer’s instructions (Amersham).

Data Analysis—Data were analyzed using GraphPad Prism® software. Results are
presented as mean ± S.E.M and the value of P<0.05 was considered statistically significant.
Analyses performed include parametric t-tests, first testing for Gaussian distribution, and
one-way analysis of variance (ANOVA) with post-hoc Bonferroni analysis where
appropriate according to previously established methods [47]. Values are normalized to
milligrams of protein determined by Bio-Rad DC protein assay system based on the
Bradford method [43]. For competitive binding studies, data were analyzed and non-linear
regression curves were obtained as described previously [42].

Results
2ME2 Specifically Down-Regulates AT1R

To determine the effects of 2ME2 on native AT1R expression, rat liver epithelial cells (WB)
were exposed to 1μM 2ME2 for 24 hours and AngII specific binding was measured. The
WB cell line was originally isolated by Dr. Grisham and coworkers in 1984 and is
characterized as a normal male adult Fischer 344 rat liver epithelial diploid continuously
passaged cell line [48] extensively used by Dr. Earp and associates, as well as other
investigators, to delineate AngII mediated AT1R cell signaling and function [49–58]. In this
study we used passaged cells to P-26, at which point there are no changes to the cell’s
phenotype [52]. The results of these studies revealed a down-regulation of 22.79±1.789%
(p<0.0001, n=9) in AngII specific binding with 2ME2 treatment alone. 10 μM Losartan, an
AT1R antagonist, reduced AngII specific binding 92.09±1.672% (p<0.0001, n=9) and
91.55±1.944% (p<0.0001, n=9) in control and 2ME2 treated cells respectively. As >90% of
the AngII binding is displaced by AT1R blockade, we concluded that radio-ligand binding
in these cells is attributable primarily to AT1R binding. In order to assess any AT2R
binding, we introduced 10 μM PD123319, an AT2R antagonist to both untreated and 2ME2
treated cells; we observed that there was no change brought about by AT2R antagonism in
both control (mean difference between PD123319 and untreated control 3.094±2.542%,
p=0.2412, n=9) and 2ME2 treated cells (mean difference between 2ME2+PD123319 and
2ME2 treated cells 2.985±2.136%, p=0.1814, n=9). It was therefore concluded that radio-
ligand binding was significantly affected by 2ME2, but as AT2R expression or binding was
not significant in this cell type, any effect on binding by 2ME2 was specific to AT1R [Fig
1]. In the next experiment, we determined how this AT1R down-regulation was related to
both 2ME2 concentration and treatment time. Cells were exposed to 2ME2 at indicated
concentrations for 24 h [Fig 2A] or exposed to 1 μM 2ME2 for indicated times [Fig 2B],
after which radio-ligand binding measurements were made. The results of radio-ligand
binding with increasing concentrations at an interval of 250 nM demonstrated that a
significant down-regulation occurred at all concentrations used (250 nM binding reduced
3.611±1.379%, p=0.0187; 500 nM binding reduced 17.18±1.709%, p<0.0001; 750 nM
binding reduced 27.60±2.325%, p<0.0001; 1000 nM binding reduced 36.92±1.670%,
p<0.0001, n=9). For further analyses, we chose a concentration of 1000 nM or 1 uM. The
results of the time-course study demonstrated that at 8 h intervals, 1 uM 2ME2 significantly
down-regulated AT1R expression (8 h treatment binding reduced 21.26±3.614%, p<0.0001;
16 h treatment binding reduced 23.60±1.145%, p<0.0001; 24 h treatment binding reduced
31.91±1.539%, p<0.0001, n=8). Moreover, the progressive decrease in AT1R binding over
time suggests that 2ME2 induced down-regulation of AT1R surface expression is time, as
well as dose-dependent. Thus far the previous studies indicated that significantly less AngII
was capable of binding to the surface of the WB cells upon treatment with 2ME2; however,
this finding was not necessarily due to decreased surface expression of the receptor, but
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rather an altered affinity of the AT1R for its ligand due to differential coupling of the
receptor with G-proteins. We conducted competitive radio-ligand binding studies in order to
elucidate the relative affinities of AT1R in 2ME2 treated and untreated cells [Fig 3]. The
results of these analyses demonstrated that the Kd of untreated control cells’ AT1R was
within normal affinity for AngII at 3.321±0.5545 nM, as was the calculated Kd in the 1 μM
2ME2 treated cells after 24 h at 3.568±0.6955 nM. Comparing the results from 3 individual
experiments revealed that there was no significant difference between the calculated Kd in
control cells from that of 2ME2 treated cells (mean difference of 7.98±20.94%, p=0.7225,
n=3). Therefore, the results of this final radio-ligand binding study demonstrated that the
affinity is not significantly affected upon 2ME2 treatment.

2ME2 Significantly Inhibits AngII-Mediated Increase in Intracellular Ca2+

Through the previous analyses, we demonstrated that 2ME2 is capable of significantly
reducing the cell-surface expression of AT1R in WB cells. However, the significance of this
reduction was dependent upon a concomitant reduction in the cell’s responsiveness to AngII
stimulation. For this purpose, we performed a fluorometric Ca2+ efflux study in order to
ascertain the relative responsiveness to applied AngII treatment. Qualitative analysis of Ca2+

fluorometric microscopy demonstrated that there was an observable decrease in the Ca2+

released into the cytoplasm upon stimulation of AT1R by AngII [Fig. 4A]. This result
supported our previous finding that 2ME2 treatment results in a decrease in the expression
of AT1R on the cell surface. In order to validate this finding, we performed quantitative
analysis using a similar technique in conjunction with an ELISA plate reader. The results
demonstrate that a 78.65±16.11% (p=0.0081, n=3) reduction in Ca2+ release takes place
when cells are treated with 2ME2 [Fig. 4B]. The resultant decrease in Ca2+ release
correlated with the previous observation of reduced surface expression elicited by 2ME2
treatment.

2ME2-Elicited Down-Regulation Is Dependent on the Native Rat Promoter
In order to elucidate the nature of 2ME2 induced AT1R down-regulation, we performed an
experiment in which Chinese hampster ovarian (CHO) cells expressing recombinant AT1R
protein (T24CHO/AT1A) linked to a constitutively active cytomegalovirus (CMV) promoter
were exposed to 1 μM 2ME2. The cells were then assayed for radio-ligand binding and
receptor expression relative to protein. The results revealed that these cells were 2ME2
insensitive at an equivalent dose and time (mean difference 5.043±12.94%, p=0.7018, n=9)
[Fig. 5]. From this result, we concluded that 2ME2 is exerting its effect directly on the
promoter of the rat AT1R and suggested that down-regulation of AT1R by 2ME2 is through
regulation of AT1R mRNA transcription.

2ME2 Down-Regulates AT1R in an ERK1/2 Dependent Manner
To determine the 2ME2-associated cellular signaling responsible for AT1R mRNA and
protein down-regulation, we focused on extracellular signal-regulated kinases 1 and 2
(ERK1/2, also referred to as MAP Kinase p42/p44), which was shown previously to play a
role in glucose induced AT1R down-regulation [57]. Cells were grown to 70–80%
confluence in complete media and exposed to 2ME2. 24-hour treatment with 1 μM 2ME2
induced ERK1/2 phosphorylation without any change in the total protein [Fig. 6A]. This
2ME2-induced phosphorylation was completely inhibited by MEK inhibitor PD98059 (20
μM). To further confirm 2ME2-induced activation of ERK1/2, we utilized
immunofluorescent microscopy and monitored translocation of ERK1/2 after 2ME2
application. The result shows that 2ME2 not only activates ERK1/2, but induces its
translocation to the nucleus [Fig. 6B]. This effect is reversible if the cells are pretreated with
20 μM PD98059. We performed mRNA analysis in order to determine whether 2ME2
affects the transcription of AT1R mRNA and consequently the rate of protein production,
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and if so, whether this effect may be reversed by MEK inhibition. We carried out (RT) dual-
PCR analysis on AT1R mRNA with and without 2ME2 treatment parallel to PD98059
treated groups. The housekeeping gene β-actin mRNA is not affected by 2ME2 and is
therefore used as an mRNA quantitation standard. (RT) dual-PCR was performed in a single
reaction and analyzed by ethidium bromide 2.0% agarose gel electrophoresis. Densitometric
analysis of multiple experiments (n=3) revealed that 2ME2 exposure resulted in a
40.99±6.756% (p<0.0037) reduction of AT1R mRNA transcript compared to control [Fig.
7]. Upon MEK inhibition, 2ME2 treated cells’ AT1R mRNA levels were not significantly
different than those in cells in which MEK inhibition was not augmented by 2ME2
treatment (mean difference 5.640±15.65% between PD and PD+2ME2 treated cells,
p=0.7368, n=3). Quantitative calcium analysis revealed that there was significant reversal of
the 2ME2-mediated reduction in Ca2+ signaling (mean difference 2.209±29.10% between
PD98059 and PD98059+2ME2 treated cells, p=0.9431, n=3) [Fig 8]. Under similar
conditions, radio labeled binding data showed that there was little to no effect by 2ME2 on
binding of radio-labeled AngII when MEK signaling was inhibited in the presence of 20 μM
PD98059 (mean difference between PD98059 treated and PD98059+2ME2 treated cells
4.424±14.60%, p=0.7658, n=9) [Fig. 9]. From these analyses we concluded that ERK1/2 is
activated upon exposure to 2ME2 and translocates to the nucleus. Upon translocation,
ERK1/2 then directly or indirectly affects the transcription and thus the expression of the
AT1R protein, as 2ME2 induced down-regulation is eliminated upon blockade of MAP
Kinase Kinase, (MEK) and subsequently ERK1/2. To further investigate the mechanism of
2ME2 induced down-regulation of AT1R, we performed additional binding studies using the
ERα/ERβ antagonist ICI182780 (50 μM) [Fig. 10]. The results demonstrate that ER
blockade has no restorative effect on [3H]AngII binding (reduction of binding from control
by 2ME2 treatment, 24.2±2.633% [p<0.001, n=3], and after ER blockade, 23.02±3.062%
[p<0.001, n=3]). Interestingly, ICI182780 treatment alone resulted in a significant reduction
in [3H]AngII binding (mean reduction in binding from control after ICI treatment,
19.64±3.012% [p<0.001, n=3]).

2ME2 Induced Effects On Primary Vascular Smooth Muscle Cells
To validate the results obtained in the WB cell model, and thus create relevance to
vasculature, we performed additional studies using primary rat aortic smooth muscle cells
(RASMC) [Fig. 11]. The results show that 2ME2 is capable of down-regulating AT1R in
primary rat vascular smooth muscle cells. The study validated our previous findings that the
down-regulation by 2ME2 is AT1R specific and is mediated by ERK1/2 activation. Upon
treatment with 1 μM 2ME2, AngII binding in RASMC decreased by 24.20±5.789%
(p=0.0019, n=3). AT2R blockade by PD123319 had no effect in control cells (mean
difference in control and PD123319 treated cells 5.600±5.657%, p=0.3455, n=3), whereas
losartan blockade significantly reduced total binding (mean difference in control and
losartan treated cells 95.20±5.370%, p<0.0001, n=3). Losartan treatment caused no
significant difference in 2ME2 treated cells compared to control losartan treated cells
(p=0.2330, n=3). Finally, MEK inhibition and subsequent ERK1/2 inhibition resulted in
restoration of binding in 2ME2 treated cells when compared to control with no significant
difference found between the two groups (p=0.8554, n=3).

Discussion
The primary objective of the present study was to determine the effects, if any, of 2ME2 on
AT1R expression. We used continuously passaged rat liver epithelial cells (WB), which
naturally express AT1R, as evident by the fact that more than 90% of radio-labeled AngII
binding is AT1R specific antagonist losartan sensitive. 2ME2 treatment for 24 hours resulted
in a significant reduction of AT1R expression in a dose and time dependent manner.
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Consistently with the reduction of receptor density on the cell surface, we observed a
significant reduction in AT1R mRNA in 2ME2 treated cells; however, when cells
expressing recombinant AT1R linked with a constitutively active CMV promoter, 2ME2 did
not down-regulate AT1R expression. From these results, we concluded that 2ME2 down-
regulates AT1R expression by inhibition of AT1R gene transcription. In addition, we
observed that 2ME2 resulted in a significant activation of ERK1/2, and from studies in
which this MAP Kinase is selectively inhibited, we show that this activation is essential for
the signaling pathways eventually leading to the down-regulation of AT1R gene
transcription. Furthermore, our study shows this effect is ERα/ERβ independent and
reproducible in primary rat aortic smooth muscle cells of cardiovascular relevance. The
present study’s findings may have substantial importance in understanding estrogen’s
beneficial cardiovascular effects, as well as providing a potential therapeutic agent targeting
gene expression, therefore introducing a new paradigm into the current pharmacopoeia
targeting the renin-angiotensin system.

Agents that disrupt AT1R stimulation have profound protective effects in pathologically
affected tissues relative to AngII signaling [60]. With the discovery of membrane associated
estrogen receptors [61] and our findings here presented, 2ME2 has potential applications for
the treatment of hypertension, or in fact any condition either caused or exacerbated by AngII
stimulation of AT1R. Moreover, as this study is restricted to a single cell type, the findings
may be limited to liver tissue. However, if these findings are significant to liver tissue only,
which is unlikely, this does not necessarily mean that the results of this study are without
clinical significance. Studies have shown that following AT1R blockade, hepatocytes
preconditioned to develop liver fibrosis and steatosis have significant attenuation of these
inflammatory conditions [62], showing at once that chronic inflammatory liver diseases are
exacerbated by AngII stimulation of the AT1R and that the progression of these conditions
is significantly altered by inhibition or interruption of AT1R signaling.

As for the approved uses of 2ME2, clinical trials have been conducted, though interestingly,
not for any known effect on the expression of AngII receptors or cardiovascular disorders
[63,64]. 2ME2 has few or no feminizing effects [65], and therefore it may have equally
beneficial effects in males and females alike; however, further clinical trials should reveal
the feasibility for pan-gender acceptability. 2ME2 has been shown to be a promising anti-
cancer agent [66] and is available by brand name Panzem (EntreMed, Inc.) for the treatment
of ovarian cancer as an orphan drug indication approved by the FDA, but its role in the
treatment of hypertension is yet unknown and unsuspected. This is not surprising as 2ME2’s
mechanism of action and (possible) diverse effects are unknown. Interestingly, 2ME2 and
estradiol have shown acute vasodilatory effects on rat aortic smooth muscle [67]. We may
reiterate that these effects are classified as acute as the study mentioned determined that
2ME2 incubation significantly attenuated vasoconstriction elicited by stimulation with
phenylephrine. From analysis of the data from this study, the authors concluded that
significant eNOS activation and subsequent nitric oxide (NO) resulted in the vasodilation.
However, our own findings are distinct as determined by the time-course followed by the
2ME2 mediated down-regulation of AT1R, a process taking hours to complete (from 8 to 24
h). An important note we may interject is that vascular tone differs significantly based upon
gender, suggesting that female endocrinology contributes significantly to greater
vasodilation and relaxation [68]. Studies in the past have shown that upon castration, no
significant difference was detected between male subjects’ vascular tone but upon
ovariectomization, females showed significantly enhanced vascular tone [69,70]. The
ultimate conclusion from these studies was that differences in vascular tone in these test
groups, from gonad intact to gonadectomized females, was not due to androgen signaling
but rather to the enigmatic vasodilatory effect of estrogen. It may be that estrogen and 2ME2
have NO-related acute effects as well as long-term alterations in AT1R distribution, though
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resolution of these diverse mechanisms remains to be determined. However, we may use a
study correlating 2ME2 with a pathophysiology known to be associated with AT1R
expression. Pre-eclampsia is characterized by hypertension and proteinuria and is associated
with trophoblast invasion and improper spinal arterial remodeling [71–73]. Researchers have
demonstrated that injection of Th1 lymphocytes in order to elicit conditions mimicking the
conditions of pre-eclampsia significantly up-regulated AT1R expression in the kidney and
placenta [74]. The hypertensive effects have been specifically linked to the renin-
angiotensin system, wherein there is an imbalance of vasoconstrictors and vasoactivators,
ultimately leading to AngII overwhelming the inherent relaxation mediated by induction of
eNOS [75,76] Additionally, catechol o-methyltransferase (COMT) deficient mice are
significantly predisposed to pre-eclampsia [77]. Moreover, when these mice are
supplemented with 2ME2, the characteristic rise in blood pressure in COMT−/− mice does
not occur, establishing that not only 2ME2 restored these knockout mice to control levels,
but also made an interesting proposal that 2ME2 may be a physiologically significant
metabolite at naturally occurring (i.e. non-pharmacological) titers. However, this study
focused on the effect of 2ME2 at pharmacological concentrations with the intention of
elucidating the therapeutic potential of synthetic 2ME2 supplementation, and studies similar
to our own evaluating 2ME2’s effects on other targets repeatedly use concentrations within
the range presented in this study [36,37,39,40]. Validation of these in vitro findings in vivo
are as yet unperformed.

With regard to cellular signaling, previous literature suggests that methoxyestradiols inhibit
the proliferation and hypertrophy of vascular smooth muscle cells and cardiac fibroblasts,
inevitably affecting the physiology of these tissues and the heart and kidney in particular
[78]. 2ME2 has been shown previously to increase the activity of ERK1/2 in SW-13 adrenal
carcinoma cells [26], but as to how 2ME2 activates these MAP Kinases, much remains
unclear. Interestingly, recent studies have proposed that estrogens may act, in addition to the
binding and activation of nuclear receptors, through a novel 7-transmembrane G-protein
coupled receptor, GPR30 [79], and further investigation of this new receptor may elucidate
the elusive mechanism of action of 2ME2. GPR30-dependent activation of ERK1/2 has been
described in a previous study through the transactivation of EGFR [80], which was also
associated with another signaling mechanism by EGFR-mediated activation of
phosphatidylinositol-3 kinase (PI3K) activation [81]. Based on our study using the ERα/ERβ
antagonist ICI182780, a known GPR30 agonist [82], it is conceivable that 2ME2’s
mechanism in the observed studies involves activation of GPR30 as ICI182780 treatment
resulted in a similar down-regulation of AT1R binding, independent of 2ME2. Further
studies are needed to confirm this observation. The actual classification of GPR30 remains
unknown, but a pair of studies support that GPR30 activation initiates adenylate cyclase
activation, thereby increasing the supply of cytosolic cAMP [82,83]. A study previously
found that estradiol-mediated inhibition of smooth muscle cell growth was attributable in
part by an increase in cAMP [84]; therefore, the initial observation in this study correlates
with the ER-independent mediated effects by estradiol and its metabolites. From the findings
in the present study and the tantalizing clues from previous studies and the simultaneous
dearth of information of cellular signaling elicited by 2ME2, we may conclude that further
studies may reveal very interesting results as that may resolve important issues in the realm
of the renin-angiotensin system, female endocrinology, and ultimate benefits provided via
hormone replacement therapy. In conclusion, our results indicate that 2ME2 is capable of
inducing AT1R down-regulation. As AT1R plays a central role in the development of and
progression of cardiovascular and inflammatory diseases, 2ME2-elicited changes in receptor
expression may supplement current approaches in the panoply of hormone replacement
therapies, maximizing their protective cardiovascular effects while minimizing the risks.
However, further studies are needed to validate these findings as well as to determine the
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role of 2ME2 receptors and their associated signaling pathways in transcriptional down-
regulation of AT1R.
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Figure 1. 2ME2 inhibits AT1R specific binding in WB cells
Radio-ligand binding assay after 24 h 1 μM 2-methoxyestradiol (2ME2) treatment and
losartan (Los), or PD123319 (PD) blockade. Cells were exposed to 2ME2 (1 μM) for 24 h
and [3H]AngII binding measured in the presence or absence of losartan (an AT1R specific
antagonist) or PD123319 (an AT2R specific antagonist). (n=9). Data are expressed as mean
± SEM ***p<0.0001 versus untreated control.
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Figure 2. 2ME2 results in AT1R down-regulation in a dose and time dependent manner
(A) 2ME2 mediated AT1R inhibitory effect is dose dependent. Radio-ligand binding assay
after variable concentrations (250 – 1000 nM) of 2ME2 treatment for 24 h. (n=9). (B) 2ME2
mediated AT1R inhibitory effect is time dependent. Radio-ligand binding assay after
exposure to 1 μM 2ME2 for variable treatment times as indicated. (n=8) Data are expressed
as mean ± SEM ***p<0.0001 versus untreated control.
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Figure 3. Competition binding studies reveal no change in receptor affinity after 2ME2
treatment
Radio-ligand binding competition studies performed on untreated cells (A) and cells treated
with 1 μM 2ME2 for 24 hours (B). Nonlinear least squares regression analysis gave a Kd of
3.321±0.5545 nM for receptors in cells exposed to normal medium and a Kd of
3.568±0.6955 nM for receptors in cells exposed to 2ME2 (n=3).
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Figure 4. Down-regulation of AT1R by 2ME2 produces an associated decrease in AngII elicited
G-protein coupled response
(A) Fluorescent imaging shows 1 μM 2ME2 exposure for 24 h significantly inhibited AngII
mediated increase in intracellular Ca2+, a G-protein coupled response. Transient free Ca2+

was measured with the Ca2+ indicator fura 2-AM using fluorescent imaging microscopy
before and after AngII stimulation (10−7 M), with or without 2ME2 treatment. Ca2+ bound
fura 2-AM emits green fluorescence. (B) Ca2+ FLIPR assay shows a significant reduction in
fluorescent emission after 1 μM 2ME2 exposure for 24 h. Representative tracing of AngII
mediated transient increase in intracellular Ca2+ without (upper) and with (lower) 2ME2
treatment. The tracings are representative of 3 separate experiments; an overall reduction of
78.65±16.11%.
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Figure 5. 2ME2 treatment does not result in AT1R down-regulation in T3CHO/AT1A linked to
CMV promoter
Radio-ligand binding assay performed after 24 h 1 μM 2ME2 treatment. Mean difference
between treated and untreated control 5.043±12.94%, p=0.7018 (n=9).
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Figure 6. 2ME2 induces phosphorylation of ERK1/2
(A) Total cell lysates were prepared from control, 2ME2 treated, MEK inhibitor PD98059
treated, and 2ME2+PD98059 treated cells and immunoblotted with phospho-specific
ERK1/2 antibody (upper). Blot stripped and reprobed with anti-total ERK1/2 antibody to
demonstrate equal loading (lower). A representative blot is shown (n=3). (B) ERK1/2
translocates to the nucleus upon treatment with 1 μM 2ME2. Immunofluorescent staining
using primary rabbit anti-ERK1/2 IgG followed by secondary anti-rabbit IgG conjugated
with Alexa Fluor 488®. Nuclei stained with 4′,6-diamidino-2-phenylindole (DAPI).
Treatment groups included are untreated control, 2ME2 treatment, PD98059 treatment, and
combined 2ME2 and PD98059 treatment. Images are divided among FITC, DAPI, and
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overlayed images to demonstrate nuclear co-localization. Representative images are shown
of 3 individual experiments.
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Figure 7. 2ME2 inhibits AT1R mRNA expression
(A) Representative image of ethidium bromide gel of a dual RT-PCR reaction using AT1R/
actin specific primers to determine the effects of 2ME2 on AT1R mRNA in WB cells.
Bands detected are at 289 and 206 bp for β-actin and AT1R mRNAs respectively. (B)
Quantitation of multiple analyses of AT1R expression were normalized to β-actin and data
are expressed as mean ± SEM, (n=3). Densitometric analysis of multiple experiments (N=3)
revealed that TA exposure resulted in a 40.99±6.756% (p=0.0037). **p<0.001 compared to
untreated control.

Koganti et al. Page 23

Gend Med. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Ca2+ FLIPR assay shows MEK inhibitor PD98059 restores intracellular Ca2+ release
in 2ME2 treated cells
Increase in intracellular Ca2+ was measured as described in the methods section. (A)
Representative tracings of transient increase in intracellular Ca2+ (upper left) in untreated
control cells, (upper right) 2ME2 treated cells, (lower left) PD98059 treated cells, and
(lower right) PD98059+2ME2 treated cells. (B) Compiled data of 3 experiments and
expressed at relative AngII elicited Ca2+ release as compared to untreated control. Mean
difference between PD98509+2ME2 and PD treated control 2.209±29.10%, p=0.9431. Data
are expressed as mean ± SEM. **p<0.001 compared to control.
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Figure 9. MEK inhibition restores radio-ligand binding in 2ME2 treated cells
Radio-ligand binding assay was performed after 24 h 1 μM 2ME2 treated and untreated cells
in the presence or absence of PD98059 (20 μM). Mean difference between PD98059+2ME2
and PD98059 control is 4.424±14.60%, p=0.7658 (n=9). Data are expressed as mean ±
SEM.
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Figure 10. ERα/ERβ antagonism does not restore radio-ligand binding in 2ME2 treated cells
Radio-ligand binding assay was performed after 24 h 1 μM 2ME2 treated and untreated cells
in the presence or absence of ICI182780 (50 μM). Mean difference between
ICI182780+2ME2 and untreated control is 23.02±3.062%, p<0.001 (n=9). Data are
expressed as mean ±SEM.
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Figure 11. 2ME2 treatment down-regulates radio-ligand binding in rat aortic smooth muscle
cells
Cells were exposed to 2ME2 (1 μM) for 24 h and [3H]AngII binding measured in the
presence or absence of losartan (an AT1R specific antagonist) PD123319 (an AT2R specific
antagonist), or PD98059 (a specific MEK inhibitor). (n=9). Data are expressed as mean ±
SEM ***p<0.0001 versus untreated control.
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