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Abstract
Background: Estradiol (E2) mediates various intracellular signaling cascades from the plasma
membrane via several estrogen receptors (ERs). The pituitary is an estrogen-responsive tissue, and
we have previously reported that E2 can activate mitogen-activated protein kinases (MAPKs) such
as ERK1/2 and JNK1/2/3 in the membrane ERα (mERα)-enriched GH3/B6/F10 rat pituitary tumor
cell line. Phytoestrogens are compounds found in plants and foods such as soybeans, alfalfa sprouts,
and red grapes. They are structurally similar to E2 and share a similar mechanism of action through
their binding to ERs. Phytoestrogens bind to nuclear ERs with a much lower affinity and therefore
are less potent in mediating genomic responses. However, little is known about their ability to act
via mERs to mediate nongenomic effects.

Methods: To investigate the activation of different nongenomic pathways, and determine the
involvement of mERα, we measured prolactin (PRL) release by radio-immunoassay, MAPK
activations (ERK1/2 and JNK1/2/3) via a quantitative plate immunoassay, and intracellular [Ca2+] by
Fura-2 fluorescence imaging in cells treated with E2 or four different phytoestrogens (coumestrol,
daidzein, genistein, and trans-resveratrol).

Results: Coumesterol and daidzein increased PRL release similar to E2 in GH3/B6/F10 cells, while
genistein and trans-resveratrol had no effect. All of these compounds except genistein activated
ERK1/2 signaling at 1–10 picomolar concentrations; JNK 1/2/3 was activated by all compounds at a
100 nanomolar concentration. All compounds also caused rapid Ca2+ uptake, though in unique
dose-dependent Ca2+ response patterns for several aspects of this response. A subclone of GH3
cells expressing low levels of mERα (GH3/B6/D9) did not respond to any phytoestrogen treatments
for any of these responses, suggesting that these nongenomic effects were mediated via mERα.

Conclusion: Phytoestrogens were much more potent in mediating these nongenomic responses
(activation of MAPKs, PRL release, and increased intracellular [Ca2+]) via mERα than was previously
reported for genomic responses. The unique non-monotonic dose responses and variant signaling
patterns caused by E2 and all tested phytoestrogens suggest that complex and multiple signaling
pathways or binding partners could be involved. By activating these different nongenomic signaling
pathways, phytoestrogens could have significant physiological consequences for pituitary cell
functions.
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Background
Binding of 17β-estradiol (E2) to estrogen receptors (ERs)
elicits important changes in growth, differentiation, mat-
uration, and other functions of target tissues [1-4]. In the
pituitary, E2 and its pharmaceutical mimic diethylstilbes-
terol (DES) have many effects, including proliferation of
several pituitary cell types, formation of new blood vessels
[5], regulation of most pituitary hormones [6], and tum-
origenesis [7]. For some of these effects, the ERs α and β
function as ligand-dependent transcription factors con-
trolling expression of responsive genes upon activation.
However, there are now numerous studies showing that
E2 can rapidly influence cellular physiology in pituitary
and many other cell types via the activation of a diverse
array of intracellular non-nuclear signaling mechanisms
[4,8,9]. For example, E2 can rapidly increase intracellular
Ca2+ or activate extracellular regulated kinases (ERK1/2)
[10,11]. Although the complete mechanistic details of
these nongenomic actions are not fully understood, it is
known that some of the rapid E2 effects are initiated by
binding of E2 at membrane-associated ERs that are closely
related to the "classical" intracellular ERs [12-14].

Phytoestogens are a group of lipophilic plant compounds
that are structurally similar to E2 and have been shown to
bind to ERs (α and β) and the alternative ER, GPR30 [15-
17]. Both genomic and nongenomic mechanisms have
been proposed to mediate phytoestrogenic effects. Phy-
toestrogens can bind to ERs and induce expression of spe-
cific estrogen-responsive gene products in conjunction
with regulating cellular processes such as growth and dif-
ferentiation [18,19]. We found previously that coumes-
terol, a phytoestrogen with relatively high estrogenic
potency for nuclear actions [20], can also initiate signal-
ing from the membrane such as activation of ERK1/2, PRL
release, and changes in Ca2+ fluxes [21,22] in rat pituitary
cells. Rapid activations by both E2 and phytoestrogens via
mERs have also been reported in other tissues, such as
brain [23]. In the present study, we extend these observa-
tions to several other phytoestrogens, in comparison to E2
and coumesterol. Coumesterol can disrupt reproduction
in livestock [24], where its major dietary sources are leg-
umes, clover, and alfalfa sprouts. Serum concentrations of
coumesterol can be as high as 0.01 μM in humans [25].
The popular food supplements isoflavones are soybean
components, and are represented by daidzein and genis-
tein in our studies. Differences between Western and
Asian diets may underlie the population variations in the
incidence of estrogen-influenced cancers and other dis-
eases in a variety of tissues [26]. Consumption of Asian-
style diets enriched in these soybean products can lead to
plasma concentrations of isoflavonoids of 0.1 to 10 μM
[20,25]. Resveratrol, a stilbene which is found in high
quantities in foods such as red grapes (and wine) and pea-
nuts has two isomers (cis and trans), but only the trans

form has been reported to be estrogenic [27]. There is
growing evidence that resveratrol may prevent or delay the
onset of cancer, heart disease, diabetes, pathological
inflammations and viral infections [28]. The human
serum concentrations of resveratrol and its metabolites
are variable, but can peak at close to 2 μM [29].

Nongenomic effects caused by phytoestrogens could play
a key role in a variety of biological functions by altering
membrane-initiated signaling patterns. E2-mediated acti-
vation of kinases in the MAPK family (including ERK1/2
and JNK1/2/3) can change the complex partnering of ERs
with other kinases, such as Src and Ras [30]. In addition,
downstream cytoplasmic or transcriptional events have
been attributed to activation of MAPKs [31]. E2 can also
rapidly regulate intracellular Ca2+ levels [11,32], impor-
tant for triggering release of secretory granules, maintain-
ing homeostatic functions and regulating other estrogen-
induced kinase changes [33]. A rapid, stimulatory effect of
E2 on prolactin (PRL) secretion could affect milk produc-
tion, osmoregulation, and maternal behaviors [6]. In the
current study we used a wide range of concentrations of
different phytoestrogens to elicit rapid kinase activations,
PRL release, and elevation of intracellular [Ca2+] in the
mERα-enriched rat pituitary cell line GH3/B6/F10 [34]. We
also examined the involvement of mERα by comparing
these nongenomic responses in the mERα-depleted cell
line GH3/B6/D9. Our elucidation of the distinct abilities of
different phytoestrogens to activate these nongenomic sig-
naling pathways in different dose-response patterns could
predict the physiological consequences of these com-
pounds as dietary components or hormone replacement
supplements.

Methods
Materials and Cells
We purchased phenol red-free Dulbecco Modified Eagle
Medium (DMEM) from Mediatech (Herndon, VA); horse
serum from Gibco BRL (Grand Island, NY); defined sup-
plemented calf sera and fetal bovine sera from Hyclone
(Logan, UT). Paraformaldehyde and glutaraldehyde were
purchased from Fisher Scientific (Pittsburgh, PA). We pur-
chased Fura-2 AM from Molecular Probes (Eugene, OR).
Antibodies (Abs) used in the ERK and JNK phosphoryla-
tion studies (individually described below) were pur-
chased from Cell Signaling (Danvers, MA). All other
materials were purchased from Sigma (St. Louis, MO).

GH3/B6/F10 (mERα-enriched) and GH3/B6/D9 (mERα-
poor) cell sublines [34] were routinely cultured in DMEM
containing 12.5% horse serum, 2.5% defined supple-
mented calf serum, and 1.5% fetal calf serum. They were
then switched to various hormone-free media prior to our
experiments, as described below. Cells were used between
passages 10 and 20.
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PRL release measured via RIA
Cells (0.5–0.7 × 106) were plated in poly-D-lysine-coated
six-well plates. After serum deprivation in ITS defined
medium [5 μg/mL insulin, 5 μg/mL transferring, 5 ng/mL
sodium selenite, and 0.1% bovine serum albumin (BSA)]
for 48 h, this medium was removed and DMEM/0.1%
BSA was added with or without the appropriate estrogen
or vehicle control (ethanol). The cells were incubated for
2 min and centrifuged at 4°C (350 × g for 5 min), then the
supernatant was collected and stored at -20°C. The PRL
concentrations were determined using components of the
rat PRL RIA kit from the National Institute of Diabetes and
Digestive and Kidney Disease and the National Hormone
and Pituitary Program (Baltimore, MD). Briefly, RIA
buffer [80% phosphate-buffered saline (PBS), 20%
DMEM, 2% normal rabbit serum], 100 μL cold standard
(rat PRL-RP-3) or unknown sample, rPRL-s-9 antiserum
(final dilution of 1:437,500 in RIA buffer), and [125I]-rat-
PRL (PerkinElmer, Wellesley, MA, USA; using 15,000
counts per tube diluted in RIA buffer) were combined and
incubated with shaking overnight at 4°C. Anti-rabbit IgG
(R-0881; Sigma) was added to a final dilution of 1:9, and
the samples were incubated with shaking at RT for 2 h.
One mL of polyethylene glycol solution [1.2 M polyethyl-
ene glycol (P-6667; Sigma), 50 mM Tris, pH 8.6] was then
added, the samples were incubated with shaking at RT for
15 min, then centrifuged at 4,000 × g for 10 min at 4°C.
The supernatant was decanted, and the pellet counted in
a Wizard 1470 Gamma Counter (PerkinElmer, Boston,
MA). The PRL concentration was then calculated and nor-
malized to the crystal violet (CV) values estimating the
number of cells in each well [35]. To perform the CV assay
cells were stained with 0.1% CV solution and incubated at
room temperature for 30 min, then washed with PBS and
dried. The dye was then extracted with 10% acetic acid
solution and read at A590 nm. These measurements (n = 6)
were done in 3 different experiments on different days.

ERK and JNK assays
We originally developed this assay to assess activated ERK
1/2 levels in fixed GH3/B6 cell subclones [10], and subse-
quently adapted it to equivalent assays for JNK1/2/3.
Briefly, cells were plated at a density of 10,000 cells/well
in poly-D-lysine-coated 96-well plates. Growth media
were replaced on the following day (for 48 h) with DMEM
containing 1% charcoal-stripped (4×) serum (to deprive
cells of steroids). Cells were then washed with DMEM
once before the estrogens (or 0.0001% ethanol vehicle)
were added for 5 (ERK) or 15 min (JNK). The cells were
then fixed with 2% paraformaldehyde/0.2% picric acid at
4°C for 48 h. After fixation, the cells were permeabilized
with PBS containing 2% BSA and 0.1% Triton X-100 for 1
h at RT, then washed 3× with PBS; primary antibody (Ab)
against phosphorylated ERKS (Cell Signaling Technology,
p-Thr202/Tyr204; 1:400 in PBS/1% BSA) or phosphor-

ylated JNK (Cell Signaling Technology, p-Thr183/Tyr185;
1:500 in PBS/1% BSA) was then added. After overnight
incubation at 4°C, the cells were washed 3× with PBS, and
the biotin-conjugated secondary Ab (Vector Labs, Burlin-
game CA, 1:300) in PBS/1% BSA was added for 1 h at RT.
The cells were again washed with PBS, incubated with
Vectastain ABC-AP solution (Vector Labs) for 1 h at RT,
and again washed 3× with PBS, followed by addition of
Vectastain alkaline phosphatase substrate plus levamasole
(an endogenous phosphatase inhibitor). Plates were incu-
bated in the dark for 30 min at 37°C, and the signal for
the phosphatase product para-nitrophenol was read at
A405 in a model 1420 Wallac microplate reader (Perkin
Elmer, Waltham, MA). The number of cells in each well
was estimated by the CV assay and used to normalize
phosphorylated enzyme values in individual wells. The
experiments (n = 8) were repeated at least 3 times using
different passages of cells on different days.

Ca2+ imaging
Cells were plated on poly-D-lysine-treated 35/22 mm
glass-bottom dishes (Willco Wells, Amsterdam, Nether-
lands) at a density of 100,000 cells/mm3. After 48–72 h,
the cells were incubated in serum-free DMEM for 12 h
before being loaded with 2.5 μM of the Ca2+-sensitive flu-
orescent dye Fura-2 AM for 1 h at RT. They were then
washed 3 times, and incubated at RT for 1–4 h before live
Ca2+ imaging experiments. The physiological solution
used for Fura-2 AM loading and live-cell imaging con-
tained 150 mM NaCl, 5.5 mM KCl, 1 mM MgCl2, 4 mM
CaCl2, 7 mM glucose, and 10 mM HEPES, pH 7.4.

The cell imaging setup included a Nikon 200E microscope
with 40× SuperFluo lens and computer-controlled illumi-
nation system (Sutter Instruments, Novato, CA) equipped
with a digital monochrome-cooled charge-coupled device
Roper Coolsnap HQ camera (Roper Scientific, Tucson,
AZ).

Fluorescent emissions at 510 nm were acquired from
regions corresponding to a single cell with the MetaFluor
software (Universal Imaging, Downington, PA) using
dual 340 and 380 nm excitation mode. The average inten-
sity of fluorescence in each region was used to estimate
340:380 ratios (R), reflecting [Ca2+].

MetaMorph (Universal Imaging, Downington, PA) and
SigmaPlot (Systat Software, San Jose, CA) scientific soft-
ware were used for conversion and analysis of acquired
data. The AutoFit function of PeakFit software (Systat Soft-
ware, San Jose, CA) with manual adjustments was used to
quantitatively characterize Ca2+ oscillation amplitude,
volume, and frequency in live cells. The peak threshold
was chosen empirically as ΔR ≥0.05. Individual cells were
considered responsive to hormone treatments when they
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demonstrated an increase in Ca2+ oscillation frequency
compared to basal, showed at least 0.25 Ca2+ spikes per
min as estimated over a 10 min time interval, and with a
delay of no more than 10 min from the addition of each
estrogen into the bath. Subsequent comparative analysis
of cell responses was performed on these defined respon-
sive cells only. The experiments were repeated using dif-
ferent passages of cells on different days. Ca2+ traces of at
least 30 cells were examined for each condition.

Statistics
Data from MAPK assays and intracellular Ca2+ measure-
ments were analyzed by one-way analysis of variance
(ANOVA) followed by multiple comparisons vs. control
group (Holm-Sidak method for MAPK assay; Dunnett's
and Duncan's method for intracellular Ca2+). The Sigma
Stat 3 program (Systat Software, Inc.) was used for all sta-
tistical analysis, and significance was accepted at p < 0.05.

Results
PRL release caused by E2 and different phytoestrogens 
(Figure 1)
E2 caused a rapid (2 min) PRL release in GH3/B6/F10 cells
at concentrations of 10-11 M–10-7 M (except at 10-10 M).
Among the phytoestrogens, only coumesterol (at 10-11–
10-8 M concentrations) and daidezin (at 10-10–10-6 M con-
centrations, except 10-8 M) significantly increased PRL
release. Note the interruption of effective doses by an inef-
fective dose, as we have seen previously [22,36]. Genistein
and trans-resveratrol did not significantly change PRL
release at any concentration tested. In Figure 1 and all fol-
lowing figures showing concentration ranges for
responses, the horizontal bars on the graphs depict the
range of concentration of these compounds that have
been measured in human serum or urine.

Phosphorylation of ERK1/2 caused by E2 and different 
phytoestrogens (Figure 2)
E2 and phytoestrogens activated ERK phosphorylation
with unique concentration-dependent patterns. At con-
centrations of 10-14–10-8 M (except 10-10 M), E2 caused a
rapid activation of ERKs within 5 min. The maximum
responses occurred at 10-13 and 10-9 M concentrations.
Unlike E2, coumesterol and trans-resveratrol only
increased phosphorylation of ERKs at one range of con-
centrations (10-12–10-10 M or 10-12–10-9 M, respectively).
Daidzein, like E2, activated ERKs at 10-11–10-7 M, but with
slight shifts in effective doses. The closely related soy phy-
toestrogen genistein did not change phosphorylation of
ERKs at any concentration examined.

Phosphorylation of JNK1/2/3 by E2 and different 
phytoestrogens (Figure 3)
All estrogens increased phosphorylation of a family of
JNKs (1/2/3) within 15 minutes, with E2 being the most

PRL release induced by phytoestrogensFigure 1
PRL release induced by phytoestrogens. Measurements 
of PRL (by RIA) released into the media after 2 minutes of 
treatment with different concentrations of estrogens: estra-
diol (E2), coumesterol (Cou), daidzein (Dai), genistein (Gen), 
and trans-resveratrol (Res). The solid horizontal line indicates 
the range of serum and/or urine concentrations of each phy-
toestrogen found in humans. * = p < 0.05 compared to vehi-
cle treated-cells (Con).
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ERK phosphorylation induced by phytoestrogensFigure 2
ERK phosphorylation induced by phytoestrogens. 
Quantitative plate assay measurements of phosphorylated 
ERKs 1 and 2 after 5 minutes of treatment with different 
concentrations of estrogens: estradiol (E2), coumesterol 
(Cou), daidzein (Dai), genistein (Gen), and trans-resveratrol 
(Res). The solid horizontal line indicates the range of serum 
and/or urine concentrations of each phytoestrogen found in 
humans. * = p < 0.05 compared to vehicle treated-cells 
(Con).
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JNK phosphorylation induced by phytoestrogensFigure 3
JNK phosphorylation induced by phytoestrogens. 
Quantitative plate assays of phosphorylated JNKs 1, 2 and 3 
after 15 minutes of treatment with different concentrations 
of estrogens: estradiol (E2), coumesterol (Cou), daidzein 
(Dai), genistein (Gen), and trans-resveratrol (Res). The solid 
horizontal line indicates the range of serum and/or urine con-
centrations of each phytoestrogen found in humans. * = p < 
0.05 compared to vehicle treated-cells (Con).

100

110

Con  -14        -12        -10        -8        -6

*
*

Cou

p-
JN

K
 (

%
 o

f C
on

tr
ol

)
100

110

Con   -13       -11       -9         -7         -5

* *
Dai

100

110 *Gen

100

110

Concentration [log(M)]

* **

100

110

Con  -15       -13       -11       -9         -7

*
*

*

* *
*

E2

*

Res

*

Con   -13       -11       -9         -7         -5

Con   -13       -11       -9         -7         -5

*

 



Journal of Molecular Signaling 2009, 4:2 http://www.jmolecularsignaling.com/content/4/1/2
potent at this activity (responding at concentrations as
low as 10-13 M). However, again a single intermittent con-
centration (10-11 M) did not show a significant elevation.
Coumesterol, daidzein, genistein, and trans-resveratrol
increased phosphorylation of JNKs maximally only in the
higher concentration ranges (10-8–10-6 M).

E2 and different phytoestrogens cause Ca2+ influx
Approximately 20–40% of the cells showed Ca2+ influx in
response to E2 treatment regardless of the concentration
(10-15-10-9 M) used (Figure 4); a similar range of cells
responded to coumesterol treatment (10-10–10-7 M), but
with larger variations between concentrations. Coumes-
terol caused Ca2+ influx in the highest number of cells
(60%) at the highest concentration (10-7 M). For daidzein,
only the 10-8–10-7 M treatments caused 20–40% of cells to
respond. For genistein, only the 10-9 M and 10-7 M con-
centrations caused Ca2+ influx in 20–40% of cells, but not
the intervening 10-8 M concentration.Trans-resveratrol at
concentrations of 10-10–10-7 M caused Ca2+ influx in only
~20% of cells, again with an intervening lack of response
at 10-9 M. Treatments with both E2 (at 10–15-10-9 M) and
coumesterol (at 10-10–10-7 M) significantly increased the
Ca2+ oscillation frequency from 0.4 to 1.5 per min at all
concentrations examined (Figure 5). Daidzein, genistein,
and trans-resveratrol also increased Ca2+ oscillation fre-
quencies at most, but not all concentrations tested. Again,
some intermittent concentrations were not effective. The
total volume of the Ca2+ influx was measured by adding
together the total areas under the in Ca2+ curves for 10 min
after treatments (Figure 6). All estrogens caused an
increase. For both E2 and coumesterol this increase was
seen at all concentrations examined. Daidzein, genistein,
and trans-resveratrol responded at many but not all con-
centrations, again demonstrating the non-monotonic
nature of the responses.

Rapid nongenomic responses to phytoestrogens and E2 are 
mediated via the mERα (Figure 7)
GH3 cell sublines with low (D9) or enriched (F10) levels of
mERα [34,37] showed the expected results for a response
dependent upon mERα. The most effective concentrations

Figure 4

E2

%
 C

a 
2+

  R
es

po
nd

in
g 

C
el

ls
 

0

20

40

60

Con    -10        -9          -8         -7     

*

*
*

*

Cou

0

20

40

60

Con     -10        -9         -8          -7     

*

*
Dai

0

20

40

60

Con     -10       -9           -8           -7     

*

*

Gen

0

20

40

60

Con   -15          -13       -11           -9

                 

0

20

40

60

Con      -10        -9          -8         -7     

Concentration [log(M)]

* *
*

E2 *
*

**

Res

 

Percentage of cells showing Ca2+ influx triggered by phytoes-trogensFigure 4
Percentage of cells showing Ca2+ influx triggered by 
phytoestrogens. Fura-2 analyses of the percentage of cells 
showing a Ca2+ influx response to treatment with different 
concentrations of estrogens: estradiol (E2), coumesterol 
(Cou), daidzein (Dai), genistein (Gen), and trans-resveratrol 
(Res). The solid horizontal line indicates the range of serum 
and/or urine concentrations of each phytoestrogen found in 
humans. * = p < 0.05 compared to vehicle-treated cells 
(Con).
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Effects of phytoestrogens on Ca2+ oscillationFigure 5
Effects of phytoestrogens on Ca2+ oscillation. Fura-2 
measurements of Ca2+ oscillation frequency in cells treated 
with different concentrations of estrogens: estradiol (E2), 
coumesterol (Cou), daidzein (Dai), genistein (Gen), and 
trans-resveratrol (Res). The solid horizontal line indicates the 
range of serum and/or urine concentrations of each phytoes-
trogen found in humans. * = p < 0.05 compared to vehicle-
treated cells (Con).
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for each compound for each of the measured responses
(PRL release, phosphorylation of ERKs, phosphorylation
of JNKs, and percentage of cells showing a Ca2+ response)
was used (see Figures 1, 2, 3, 4, 5, 6); each phytoestrogen
that had previously evoked a response in F10 cells did here
as well. However, D9 cells could not respond, as expected.
Regardless of subclone lineage, the cells are spontane-
ously active, and respond with a complete Ca2+ response
upon KCl depolarization [11]. We also demonstrated that
the mERα-dependence for kinase activations affected only
the response to estrogens, as 20 nM TPA (phorbol 12-myr-
istate 13-acetate) caused phosphorylation of ERKs and
JNKs for both sublines, regardless of mERα status.

Discussion
Rapid non-genomic effects caused by E2 are now well doc-
umented in various tissues [9,23,38]; however, those
caused by phytoestrogens are little studied. Here we exam-
ined the estrogenic activity of four different phytoestro-
gens commonly available in foods and as food
supplements, and demonstrated their abilities to mediate
nongenomic actions (rapid PRL release, phosphorylation
of ERKs and JNKs, and rapid increases of intracellular Ca2+

levels) in a rat pituitary tumor cell line. We also estab-
lished a role for mERα in these rapid effects by phytoestro-
gens by using sublines enriched and depleted for mERα.

Like E2, coumesterol and daidzein elicited PRL release at
low concentrations, such as those easily attainable in
human diets [20,25,27,39]. However, genistein and trans-
resveratrol were ineffective at all concentrations examined
for this response. Although daidzein and genistein are
from the same food source and are similar in structure,
they bind to ERs with different affinities [40]. Genistein
also has effects that are not mediated through ERs, such as
inhibition of tyrosine kinases [41], which could alter
these signaling pathways through a complex web of sign-
aling interactions. Trans-resveratrol can also activate AMP-
activated enzymes during caloric restriction [42], and may
therefore also initiate other signaling cascades that would
impact the signaling machinery that we have focused on
here. Thus other responses to these compounds not medi-
ated by ERs could also come into play, depending upon
the specific concentrations, and so influence many of the
dose-response curves shown here that appear to be non-
traditional in shape. It is now becoming commonly
accepted that the "web" of signaling outside the focus of
individual measurements must be considered when
examining these types of responses.

MAPKs control many aspects of mammalian cellular
physiology, including cell growth, differentiation and
apoptosis. They are well known for responding to
mitogens, growth factors (such as epidermal growth fac-
tor), and stress [31,43]. We recently demonstrated that

Involvement of mERα in nongenomic effects by phytoestro-gensFigure 7
Involvement of mERα in nongenomic effects by phy-
toestrogens. Comparison of mERα-depleted subclone D9 
(open bars) with mERα-enriched subclone F10 cells (solid 
bars) treated with different estrogens: estradiol (E2), cou-
mesterol (Cou), daidzein (Dai), genistein (Gen), and trans-
resveratrol (Res). (A) PRL released, (B) ERK activation, (C) 
JNK activation, and (D) % of cells showing Ca2+ influx. * = p < 
0.05 compared to vehicle-treated cells (Con).

Con     Res     Gen     Dai      Cou        E2   Treatment

*

Con   Res      Gen       Dai      Cou     E2  TPA

Concentration (log[M])

Treatment

****
*

*

* *

-11   -7     -11   -7   -11    -7    -11   -7     -9  

B

p-
E

R
K

 
(%

 o
f c

on
tr

ol
)

100

110

**

***
*

* *

*
A

  -7           -7          -7          -8              -9  Concentration (log[M]) 

P
ro

la
ct

in
 R

el
ea

se
d 

(%
 o

f c
on

tr
ol

)

100

120 D9 (mER
-
)

F10 (mER
+

)

A

B

Con   Res      Gen       Dai      Cou     E2  TPA

*
*

*

Concentration (log[M])

* *

*
*

*

Con     Res     Gen     Dai      Cou        E2   
  -7           -7          -7          -8              -9  

Treatment

D

%
 C

a2
+ 

R
es

po
nd

in
g 

C
el

ls
 (

%
)

0

20

40

60 D

Treatment

Concentration (log[M])

**
** *

-11   -7     -11   -7   -11    -7    -11   -7     -9  

#
####

C

*****

p-
JN

K
(%

 o
f c

on
tr

ol
)

100

110

120

*****

C
**

*
**
Page 8 of 11
(page number not for citation purposes)



Journal of Molecular Signaling 2009, 4:2 http://www.jmolecularsignaling.com/content/4/1/2
other estrogens (both physiological and environmental)
can rapidly activate ERKs via mERα and non-genomic
pathways in GH3/B6/F10 cells [11,21]. Now several exam-
ples from another class of estrogens examined here, phy-
toestrogens, also increased phosphorylation of ERKs,
similar to E2. Trans-resveratrol had previously been shown
to activate ERKs in endothelial cells [44]. Compared to E2,
which phosphorylated JNKs at sub-picomolar concentra-
tions, these phytoestrogens were less potent, but the acti-
vating concentrations required were still well within
dietary intake ranges (10-8–10-7 M). Activating these
MAPKs could lead to changes in both of the opposing
effects of cell replication or apoptosis in pituitary cells,
depending upon concentrations and combinations, but
the precise roles for each of these MAPKs are still unclear
[45,46]. It is interesting that the responses of ERKs and
JNKs had different sensitivities to this group of estrogens,
with JNKs only responding at higher concentrations. If
these enzymes were to function differentially in prolifera-
tive vs. apoptotic pathways, then such a change in the bal-
ance of these competing functions could have profound
effects on cell number.

The comparisons between estrogenic compounds' control
of intracellular Ca2+ levels were more complex. Most of
the phytoestrogens evoked E2-like numbers of responding
cells, Ca2+ oscillation frequencies, and influx volumes,
though E2 and coumesterol were more potent. Neverthe-
less, the effective concentration ranges of phytoestrogens
were those found in human serum or urine. Because L-
type Ca2+ channel blockers abrogate coumesterol-induced
Ca 2+ influx and PRL release [22], other phytoestrogens
may do so via the same receptors and mechanisms. Sort-
ing out the exact mechanisms will require using tech-
niques such as patch-clamp recording of Ca2+ currents.

The non-monotonic characteristics of these responses
were similar to those we have reported earlier for other
estrogens, both physiological and estrogenic environmen-
tal contaminants [22,36]. As there are currently disputes
in the literature about the effects of phytoestrogens, it is
important to study their effects over a wide range of con-
centrations. These unique dose-response patterns suggest
that multiple signaling pathways, receptor couplings, or
activations of competing kinases/phosphatases could be
involved [6,47,48]. Phytoestrogen exposures and the
resulting plasma concentrations vary substantially across
human populations and individuals [49] because of
genetic variations, differences in dietary intake, and local
differences in the phytoestrogen content in plants. The
bioavailability of processed phytoestrogens in the gut is
also quite different; for example, the total plasma levels of
isoflavonoids and lignans in humans range from 10–400
nM, and plasma levels can peak at 2 μM within a few
hours of food consumption. There are also reports of indi-

vidual variations in tissue accumulation of these phytoes-
trogens such as in prostate [50], and sex variations (female
rats show 2.5 times higher concentrations of genistein in
liver than males [51] administered the same amounts).
These considerations may be important for dosing
amounts and schedules if these compounds are to be used
effectively as therapeutics.

Conclusion
Phytoestrogens have rapid and relatively potent non-
genomic effects on pituitary cells, apparently mediated via
mERα. The concentrations required to activate these
effects could easily be attained by dietary levels, and are
lower than those required to activate genomic mecha-
nisms. Further knowledge of the multiple factors affecting
these responses should include comprehensive examina-
tion of the multiple intersecting signaling pathways likely
to be evoked. Their usefulness as safe, effective, and inex-
pensive estrogen replacement therapeutics will have to be
carefully considered for each compound individually, as
well as how they act in combinations with other dietary,
endogenous, and environmental estrogens. Since PRL-
secreting adenomas are the most prevalent form of pitui-
tary tumors in human and they contain high levels of ERα
mRNA and protein [52], these studies may have implica-
tions for the influence of phytoestrogens on the behavior
of both normal and tumor tissues.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
YJJ carried out the PRL and kinase experiments in these
studies. MYK performed the experiments on intracellular
Ca2+. All authors participated in the design and analyses
of the studies, and wrote, read, and approved the final
manuscript.

Acknowledgements
This study was supported by a grant from American Institute for Cancer 
Research. We thank Dr. David Konkel for his expert scientific editing of 
our manuscript.

References
1. McEwen BS, Alves SE: Estrogen actions in the central nervous

system.  Endocr Rev 1999, 20:279-307.
2. Teede HJ: Sex hormones and the cardiovascular system:

effects on arterial function in women.  Clin Exp Pharmacol Physiol
2007, 34:672-676.

3. Turner RT, Riggs BL, Spelsberg TC: Skeletal effects of estrogen.
Endocr Rev 1994, 15:275-300.

4. Watson CS, Gametchu B: Membrane-initiated steroid actions
and the proteins that mediate them.  Proc Soc Exp Biol Med 1999,
220:9-19.

5. Elias KA, Weiner RI: Direct arterial vascularization of estro-
gen-induced prolactin-secreting anterior pituitary tumors.
Proc Natl Acad Sci USA 1984, 81:4549-4553.

6. Sarkar DK, Hentges ST, De A, Reddy RH: Hormonal control of
pituitary prolactin-secreting tumors.  Front Biosci 1998,
3:d934-d943.
Page 9 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10368772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10368772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17581228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17581228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8076582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9893163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9893163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6589610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6589610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9696884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9696884


Journal of Molecular Signaling 2009, 4:2 http://www.jmolecularsignaling.com/content/4/1/2
7. Gorski J, Wendell D, Gregg D, Chun TY: Estrogens and the
genetic control of tumor growth. [Review] [23 refs].  Progress
in Clinical & Biological Research 1997, 396:233-243.

8. Ho KJ, Liao JK: Nonnuclear actions of estrogen.  Arterioscler
Thromb Vasc Biol 2002, 22:1952-1961.

9. Watson CS: Membrane Steroid Receptors.  In The Identities of
Membrane Steroid Receptors Edited by: Watson CS. Boston: Kluwer
Academic Publishers; 2003:xi-xiv. 

10. Bulayeva NN, Gametchu B, Watson CS: Quantitative measure-
ment of estrogen-induced ERK 1 and 2 activation via multi-
ple membrane-initiated signaling pathways.  Steroids 2004,
69:181-192.

11. Bulayeva NN, Wozniak A, Lash LL, Watson CS: Mechanisms of
membrane estrogen receptor-{alpha}-mediated rapid stim-
ulation of Ca2+ levels and prolactin release in a pituitary cell
line.  Am J Physiol Endocrinol Metab 2005, 288:E388-E397.

12. Chen Z, Yuhanna IS, Galcheva-Gargova Z, Karas RH, Mendelsohn RE,
Shaul PW: Estrogen receptor alpha mediates the nongenomic
activation of endothelial nitric oxide synthase by estrogen.
Journal of Clinical Investigation 1999, 103:401-406.

13. Levin ER: Cellular Functions of the Plasma Membrane Estro-
gen Receptor.  Trends Endocrinol Metab 1999, 10:374-377.

14. Norfleet AM, Thomas ML, Gametchu B, Watson CS: Estrogen
receptor-α detected on the plasma membrane of aldehyde-
fixed GH3/B6/F10 rat pituitary cells by enzyme-linked immu-
nocytochemistry PMCID:10433242.  Endocr 1999,
140:3805-3814.

15. Harris DM, Besselink E, Henning SM, Go VLW, Heber D: Phytoes-
trogens Induce Differential Estrogen Receptor Alpha- or
Beta-Mediated Responses in Transfected Breast Cancer
Cells.  Exp Biol Med (Maywood) 2005, 230(8):558-568.

16. Maggiolini M, Vivacqua A, Fasanella G, Recchia AG, Sisci D, Pezzi V, et
al.: The G protein-coupled receptor GPR30 mediates c-fos
up-regulation by 17beta-estradiol and phytoestrogens in
breast cancer cells.  J Biol Chem 2004, 279:27008-27016.

17. Whitten PL, Lewis C, Russell E, Naftolin F: Phytoestrogen influ-
ences on the development of behavior and gonadotropin
function.  Proc Soc Exp Biol Med 1995, 208(1):82-86.

18. Shutt DA, Cox RI: Steroid and phyto-oestrogen binding to
sheep uterine receptors in vitro.  J Endocrinol 1972, 52:299-310.

19. Zava DT, Duwe G: Estrogenic and antiproliferative properties
of genistein and other flavenoids in human breast cancer
cells in vitro.  Nutr Cancer 1997, 27:31-40.

20. Whitten PL, Patisaul HB: Cross-species and interassay compari-
sons of phytoestrogen action [Review].  Environ Health Perspect
2001, 109:5-20.

21. Bulayeva NN, Watson CS: Xenoestrogen-induced ERK 1 and 2
activation via multiple membrane-initiated signaling path-
ways.  Environ Health Perspect 2004, 112:1481-1487.

22. Wozniak AL, Bulayeva NN, Watson CS: Xenoestrogens at pico-
molar to nanomolar concentrations trigger membrane
estrogen receptor-alpha-mediated Ca2+ fluxes and prolactin
release in GH3/B6 pituitary tumor cells.  Environ Health Perspect
2005, 113:431-439.

23. Belcher SM, Zsarnovszky A: Estrogenic actions in the brain:
estrogen, phytoestrogens, and rapid intracellular signaling
mechanisms.  J Pharmacol Exp Ther 2001, 299:408-414.

24. Bickoff EM, Booth AN, Lyman RL, Livingston AL, Thompson CR,
Deeds F: Coumestrol, a new estrogen isolated from forage
crops.  Science 1957, 126:969-970.

25. Mustafa AM, Malintan NT, Seelan S, Zhan Z, Mohamed Z, Hassan J, et
al.: Phytoestrogens levels determination in the cord blood
from Malaysia rural and urban populations.  Toxicology and
Applied Pharmacology 2007, 222:25-32.

26. Adlercreutz H: Phytoestrogens: epidemiology and a possible
role in cancer protection. [Review].  Environ Health Perspect
1995, 103(Suppl 7):103-112.

27. Gehm BD, McAndrews JM, Chien PY, Jameson JL: Resveratrol, a
polyphenolic compound found in grapes and wine, is an ago-
nist for the estrogen receptor.  Proc Natl Acad Sci USA 1997,
94:14138-14143.

28. Baur JA, Sinclair DA: Therapeutic potential of resveratrol: the
in vivo evidence.  Nat Rev Drug Discov 2006, 5:493-506.

29. Walle T, Hsieh F, DeLegge MH, Oatis JE Jr, Walle UK: High absorp-
tion but very low bioavailability of oral resveratrol in
humans.  Drug Metab Dispos 2004, 32:1377-1382.

30. Wong CW, McNally C, Nickbarg E, Komm BS, Cheskis BJ: Estrogen
receptor-interacting protein that modulates its nongenomic
activity-crosstalk with Src/Erk phosphorylation cascade.  Pro-
ceedings of the National Academy of Sciences USA 2002,
99:14783-14788.

31. Pearson G, Robinson F, Beers GT, Xu BE, Karandikar M, Berman K,
et al.: Mitogen-activated protein (MAP) kinase pathways: reg-
ulation and physiological functions.  Endocr Rev 2001,
22:153-183.

32. Mermelstein PG, Becker JB, Surmeier DJ: Estradiol reduces cal-
cium currents in rat neostriatal neurons via a membrane
receptor.  Journal of Neuroscience 1996, 16:595-604.

33. Kelly MJ, Qiu J, Ronnekleiv OK: Estrogen modulation of G-pro-
tein-coupled receptor activation of potassium channels in
the central nervous system.  Ann N Y Acad Sci 2003, 1007:6-16.

34. Pappas TC, Gametchu B, Yannariello-Brown J, Collins TJ, Watson CS:
Membrane estrogen receptors in GH3/B6 cells are associ-
ated with rapid estrogen-induced release of prolactin.  Endo-
crine 1994, 2:813-822.

35. Lottering M-L, Haag M, Seegers JC: Effects of 17β-estradiol
metabolites on cell cycle events in MCF-7 cells.  Cancer Res
1992, 52:5926-5932.

36. Watson CS, Norfleet AM, Pappas TC, Gametchu B: Rapid actions
of estrogens in GH3/B6 pituitiary tumor cells via a plasma
membrane version of estrogen receptor-∀.  Steroids 1999,
64:5-13.

37. Campbell CH, Watson CS: A comparison of membrane vs.
intracellular estrogen receptor-alpha in GH(3)/B6 pituitary
tumor cells using a quantitative plate immunoassay.  Steroids
2001, 66:727-736.

38. Cato AC, Nestl A, Mink S: Rapid actions of steroid receptors in
cellular signaling pathways.  Sci STKE 2002, 2002:RE9.

39. Adlercreutz H, Fotsis T, Lampe J, Wahala K, Makela T, Brunow G, et
al.: Quantitative determination of lignans and isoflavonoids in
plasma of omnivorous and vegetarian women by isotope
dilution gas chromatography-mass spectrometry.  Scand J Clin
Lab Invest Suppl 1993, 215:5-18.

40. Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, Saag PT van
der, et al.: Interaction of estrogenic chemicals and phytoestro-
gens with estrogen receptor beta.  Endocr 1998, 139:4252-4263.

41. Jonas JC, Plant TD, Gilon P, Detimary P, Nenquin M, Henquin JC:
Multiple effects and stimulation of insulin secretion by the
tyrosine kinase inhibitor genistein in normal mouse islets.  Br
J Pharmacol 1995, 114:872-880.

42. Dasgupta B, Milbrandt J: Resveratrol stimulates AMP kinase
activity in neurons.  PNAS 2007, 104:7217-7222.

43. Gerits N, Kostenko S, Moens U: In vivo functions of mitogen-
activated protein kinases: conclusions from knock-in and
knock-out mice.  Transgenic Res 2007, 16:281-314.

44. Klinge CM, Blankenship KA, Risinger KE, Bhatnagar S, Noisin EL,
Sumanasekera WK, et al.: Resveratrol and estradiol rapidly acti-
vate MAPK signaling through estrogen receptors alpha and
beta in endothelial cells.  J Biol Chem 2005, 280:7460-7468.

45. Zhang CC, Shapiro DJ: Activation of the p38 mitogen-activated
protein kinase pathway by estrogen or by 4-hydroxyta-
moxifen is coupled to estrogen receptor-induced apoptosis.
J Biol Chem 2000, 275:479-486.

46. Zhou JH, Yu DV, Cheng J, Shapiro DJ: Delayed and persistent
ERK1/2 activation is required for 4-hydroxytamoxifen-
induced cell death.  Steroids 2007, 72:765-777.

47. Razandi M, Oh P, Pedram A, Schnitzer J, Levin ER: ERs associate
with and regulate the production of caveolin: Implications
for signaling and cellular actions.  Mol Endocrinol 2002,
16:100-115.

48. Shaul PW: Rapid activation of endothelial nitric oxide syn-
thase by estrogen.  Steroids 1999, 64:28-34.

49. Ososki AL, Kennelly EJ: Phytoestrogens: a review of the present
state of research.  Phytother Res 2003, 17:845-869.

50. Morton MS, Chan PS, Cheng C, Blacklock N, Matos-Ferreira A,
Abranches-Monteiro L, et al.: Lignans and isoflavonoids in
plasma and prostatic fluid in men: samples from Portugal,
Hong Kong, and the United Kingdom.  Prostate 1997,
32:122-128.

51. Coldham NG, Sauer MJ: Pharmacokinetics of [(14)C]Genistein
in the rat: gender-related differences, potential mechanisms
Page 10 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12482819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15072920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15072920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15072920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15494610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15494610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15494610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9927501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9927501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10511697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10511697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16118406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16118406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16118406
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15090535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15090535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15090535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7892301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7892301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7892301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5015385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5015385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8970179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8970179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8970179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11250801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11250801
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15531431
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15531431
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15531431
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15811834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15811834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15811834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11602649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11602649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11602649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13486041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13486041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8593855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8593855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9391166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9391166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9391166
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16732220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16732220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15333514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15333514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15333514
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11294822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11294822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8551343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8551343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8551343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14993035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14993035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14993035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1327520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1327520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10323667
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11522334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11522334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11522334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12084906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12084906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8392221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8392221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8392221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7773549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7773549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7773549
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17438283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17438283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17219248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17219248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17219248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15615701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15615701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15615701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10617642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10617642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17714751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17714751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17714751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11773442
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11773442
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11773442
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10323670
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10323670
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13680814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13680814
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9215400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9215400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9215400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10764634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10764634


Journal of Molecular Signaling 2009, 4:2 http://www.jmolecularsignaling.com/content/4/1/2
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

of biological action, and implications for human health.  Toxi-
col Appl Pharmacol 2000, 164:206-215.

52. Shupnik MA, Pitt LK, Soh AY, Anderson A, Lopes MB, Laws ER Jr:
Selective expression of estrogen receptor alpha and beta iso-
forms in human pituitary tumors.  J Clin Endocrinol Metab 1998,
83:3965-3972.
Page 11 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10764634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9814476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9814476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9814476
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Materials and Cells
	PRL release measured via RIA
	ERK and JNK assays
	Ca2+ imaging
	Statistics

	Results
	PRL release caused by E2 and different phytoestrogens (Figure 
	Phosphorylation of ERK1/2 caused by E2 and different phytoestrogens (Figure 
	Phosphorylation of JNK1/2/3 by E2 and different phytoestrogens (Figure 
	E2 and different phytoestrogens cause Ca2+ influx
	Rapid nongenomic responses to phytoestrogens and E2 are mediated via the mERa (Figure 

	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References

