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Abstract
Objectives: 17b-oestradiol interacts with growth
factors to modulate lactotroph cell population. How-
ever, contribution of isoforms of the oestrogen recep-
tor in these activities is not fully understood. In the
present study, we have established participation of a
and b oestrogen receptors in effects of 17b-oestradiol
on lactotroph proliferation induced by insulin and
shown involvement of the NO ⁄ sGC ⁄cGMP pathway.
Materials and methods: Cell cultures were prepared
from anterior pituitaries of female rats to evaluate
lactotroph cell proliferation using bromodeoxyuri-
dine (BrdUrd) detection, protein expression by wes-
tern blotting and cGMP by enzyme immunoassay.
Results: In serum-free conditions, 17b-oestradiol
and a and b oestrogen receptor agonists (PPT and
DPN) failed to increase numbers of lactotroph cells
undergoing mitosis. Co-incubation of 17b-oestra-
diol ⁄ insulin and PPT ⁄ insulin significantly decreased
lactotroph mitogenic activity promoted by insulin
alone. Both ICI 182780 and NOS inhibitors
(L-NMMA and L-NAME) induced reversal of the
anti-proliferative effect promoted by 17b-oestradiol ⁄
insulin and PPT ⁄ insulin. Moreover, 17b-oestradiol,
PPT and insulin increased sGC a1 protein expression
and inhibited b1, whereas co-incubation of 17b-
oestradiol ⁄ insulin or PPT ⁄ insulin induced increases
of the two isoforms a1 and b1. 17b-oestradiol and
insulin reduced cGMP production, while 17b-oestra-

diol ⁄ insulin co-incubation increased this cyclic
nucleotide.
Conclusions: Our results suggest that 17b-oestradiol
is capable of arresting lactotroph proliferation
induced by insulin through ER a with participation
of the signalling NO ⁄ sGC ⁄cGMP pathway.

Introduction

17b-oestradiol is an important regulator of anterior pitui-
tary function, by stimulating prolactin (PRL) secretion
and modulation of lactotroph cell population size (1,2).
These effects are mediated by the two isoforms, a and b,
of the oestrogen receptor (ER). Both of these have been
identified in different pituitary cell types including lacto-
trophs (3). Furthermore, variants of ER, termed truncated
ER products (TERP-1 and TERP-2), have been detected
in rat pituitary cells (4,5).

The biological role of these two ER subtypes is poorly
understood, with its elucidation being the aim of much
present research. Effects of oestrogen are mainly mediated
through ER a. However, in different tissues, several
studies have shown that ER b has the capacity to repress
transcriptional activity of ER a by acting as a dominant
negative regulator (6,7). In the pituitary gland, some
evidence suggests that ER a mediates oestradiol action on
lactotroph cell population growth (8,9) and PRL secretion
(10,11). However, although other studies indicate that the
biological action of oestradiol in the pituitary may involve
both isoforms of ER (12), specific contribution of ER a
and ER b to control of lactotroph proliferation has still not
been completely resolved.

17b-oestradiol binds to the two ER subtypes with
very similar affinity, thus regulating expression of key
proteins at the genomic level. Moreover, 17b-oestradiol
can rapidly modulate cell functions through signalling
pathways that begin at cell membrane level and involve
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phosphatidylinositol-3 kinase (PI3K), mitogen-activated
protein kinase (MAPK) (13,14) and nitric oxide (NO)
(15). In a previous study, we have reported that 17b-oes-
tradiol inhibited insulin-induced lactotroph proliferation
via membrane ER, with protein kinase C ⁄MAPK involve-
ment (14). However, mediation of the NO ⁄ soluble guan-
ylyl cyclase (sGC) ⁄3¢,5¢-cyclic guanosine monophosphate
(cGMP) signalling pathway on anti-mitogenic effects of
oestradiol remains unknown.

NO is a versatile molecule with a wide spectrum of
effects on numerous tissues (16,17). As a signalling mole-
cule, synthesis of NO is catalysed by NO synthase (NOS).
Three isoforms of this have been well characterized, neu-
ronal NOS, inducible NOS and endothelial NOS (18),
which are widely expressed in most cell types including
those of the pituitary (19,20). NO acts mainly through its
major intracellular receptor, heterodimeric enzyme sGC
(21), which is constituted by a and b subunits, with four
types existing (a1, a2, b1, and b2). a1 ⁄b1 is the most
abundant heterodimer, also showing the greatest activity
(22). Binding of NO to sGC leads to formation of cGMP,
which binds to target proteins such as cGMP-dependent
protein kinase, cGMP-regulated ion channels and several
families of phosphodiesterases, to subsequently alter cell
responses (23,24).

It has been reported that NO modulates proliferation
of different cell types (25,26). However, its participation
in mitogenic activity of lactotrophs has not previously
been evaluated. Moreover, NO regulates secretion of vari-
ous anterior pituitary hormones (27) including that of
PRL (28,29).

17b-oestradiol influences NO ⁄ sGC ⁄ cGMP pathway in
different tissues (15,30) including in the pituitary gland,
where it has been demonstrated to have an inhibitory role.
It has been demonstrated that oestrogen down-regulates
nNOS mRNA and protein expression (31), while castra-
tion reverts these effects by inducing increase in NOS
enzyme activity (32). In addition, oestrogen decreases
sensitivity of anterior pituitary cells to inhibitory effects of
NO on PRL release by down-regulating the NO ⁄ cGMP
pathway (33). Moreover, acute treatment with 17b-oestra-
diol has been shown to have opposite effects on sGC su-
bunits, increasing a1 while decreasing the b1 subunit
protein and mRNA expression as well as sGC activity, in
immature rats (34). Additionally, these sGC subunits fluc-
tuate through the oestrous cycle, with these changes being
directly related to oestradiol level fluctuations rather than
to NO level variations (35).

To increase the body of knowledge concerning molec-
ular mechanisms responsible for the modulatory role of
17b-oestradiol in expansion of lactotroph population, we
focused the present work on establishing participation of
a and b ER in the effects of 17b-oestradiol on insulin-

induced lactotroph proliferation and also on determining
involvement of the NO ⁄ sGC ⁄ cGMP pathway.

Materials and methods

Animals

Three-month-old female Wistar rats of were used. Large
pools of these animals were assigned to provide each cul-
ture, taken at random cycle stages. All rats were raised in
our laboratory under controlled temperature (21 ± 3 �C)
and lighting conditions (14 h light ⁄10 h dark), with free
access to commercial laboratory chow and tap water. Ani-
mal conditions were in compliance with the Guidelines on
the Handling and Training of Laboratory Animals, pub-
lished by the Universities Federation for Animal Welfare
and the local Institutional Animal Care Committee.

Dissociation of anterior pituitary cells

Protocol for dissociation of pituitary cells was as
described previously (36). Briefly, anterior pituitaries
excised from female rats were placed in minimal essential
medium for suspension culture (SMEM) before being
minced, digested with 0.4% trypsin, and dispersed using
Pasteur pipettes. Cell yield was 1.5–2 · 106 per pituitary
and cell viability (tested by trypan blue exclusion) was
always better than 90%. Final suspensions were adjusted
to 1 · 106 cells ⁄ml of medium. For proliferation assays,
cells were seeded on glass coverslips (13 mm) density
2 · 105 cells ⁄well, and placed at the bottom of 24-well
culture plates (Corning, New York, NY, USA). For other
techniques, cells were plated in six-well culture plates
(Corning) at density of 5 · 105 cells ⁄well. Then, cells
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) without phenol red, supplemented with 4% foe-
tal calf serum and 8% horse serum (Gibco, New York,
NY, USA), in an incubator with humidified atmosphere of
5% CO2 and 95% air at 37 �C for 3 days.

All culture media were filtered through 0.2 lm
Nalgene membranes (Nalge Company, New York, NY,
USA). Cell culture grade reagents were obtained from the
Sigma Chemical Co. (St Louis, MO, USA).

Cell treatments

After 3 days culture, medium was discarded and replaced
with serum-free DMEM, supplemented with hydrocorti-
sone (100 lg ⁄ l), 3,3¢-triiodothyronine (400 ng ⁄ l), transfer-
rin (10 mg ⁄ l) and sodium selenite (5 lg ⁄ l) for 24 h. Then,
cells were stimulated for 60 min with 17b-oestradiol
(1 nM, Sigma) and insulin (1000 ng ⁄ml, from bovine pan-
creas, Sigma) either alone or in combination.
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Selective ER agonists: a agonist, 4,4¢,4¢¢-(4-propyl-
[1H]-pyrazole-1,3,5-tryl) trisphenol (PPT; 1, 10 and
100 nM) and b agonist, 2,3-bis (4-hydroxyphenyl)-propio-
nitrile (DPN; 1, 10 and 100 nM; Tocris Cookson Inc,
Ellisville, MO, USA) were added separately to culture
media for 60 min. These concentrations were chosen
based on previous reports (37,38).

ER inhibitor ICI 182780 (100 nM, Sigma) was added
30 min before other agents to be assayed, and then cul-
tures were incubated for 60 min.

To study possible involvement of NOS ⁄NO via 17b-
oestradiol, and insulin effects on lactotroph proliferation,
other batches of cells were treated with NOS inhibitors.
As NOS activity is competitively inhibited by L-arginine
analogues, including Nx-nitro-L-arginine methyl ester (L-
NAME) and Ng-monomethyl-L-arginine (L-NMMA)
(Sigma) (16), L-NMMA (0.1 mM) and L-NAME (1 mM)
were added 30 min prior to addition of further agents,
then cell cultures were maintained for 60 min.

At the end of each experimental condition, anterior
pituitary cells were processed to evaluate lactotroph pro-
liferation using bromodeoxyuridine (BrdUrd) detection,
protein expression by western blotting and cGMP by
enzyme immunoassay.

Immunocytochemical detection of lactotroph proliferation

Cells at DNA-synthesizing stage and lactotrophs were
individualized by the dual-immunocytochemical detection
of BrdUrd and PRL, according to Oomizu et al. (39) with
modifications (2). After 60-min stimulation with the dif-
ferent reagents, culture medium was replaced and BrdUrd
(100 nM) was added for an additional 24 h. Then cells
attached to coverslips were fixed in 4% formaldehyde in
phosphate-buffered saline (PBS) for 30 min at room tem-
perature, washed in PBS and permeabilized with 0.5%
Triton X-100 for 10 min. Non-specific immunoreactivity
was blocked with 1% PBS–BSA for 30 min at room tem-
perature. Cells were then incubated overnight with mono-
clonal antibody to BrdUrd (Amersham, Buckinghamshire,
UK) at 4 �C in a wet chamber. After washing in PBS, cells
were incubated in biotinylated anti-mouse IgG, diluted
1:100, for 30 min at room temperature. Coverslips were
washed again in PBS and incubated in avidin–biotin–
peroxidase complex (ABC). Immunoreactivity of BrdUrd
was visualized using 3,3-diaminobenzidine tetrahydro-
chloride (DAB) as chromogen that leaves nuclei of prolif-
erating cells stained brown. PRL immunocytochemistry
for lactotroph detection was then performed on the same
coverslip, and cells were incubated with rabbit anti-rat
PRL at 1:3000 dilution (NIH Hormone Program) in a wet
chamber for 1 h at 37 �C. This was followed by washing
in PBS and incubation in biotinylated anti-rabbit IgG

1:150 for 30 min. After a further wash in PBS, avidin–
biotin–peroxidase complex was applied for 30 min at
room temperature. Immunoreactivity of PRL was then
detected using chloronaphthol, by which immunostained
lactotrophs acquired purplish blue colour. Finally,
coverslips were mounted on glass slides using glycerol.
Controls were also performed, by applying the same
protocols, but omitting BrdUrd or PRL antibodies.

Totals of 1000 PRL-immunoreactive cells were exam-
ined by light microscopy in randomly chosen fields, on
each glass slide, to establish percentage of immunoreac-
tive pituitary cells for both PRL and BrdUrd. Three slides
were analysed for each experimental group.

Preparation of cell homogenates for immunoblot analysis

Once the experimental protocols were completed, cells
were rinsed in PBS and lysed on ice by addition of 200 ll
of cold PBS containing 1.25% Igepal CA-630, 1 mM ethy-
lenediaminetetraacetic acid, 2 mM phenylmethylsulphonyl
fluoride, 10 lg ⁄ml leupeptin and 10 lg ⁄ml aprotinin.
This was followed by scraping off and transfer of lysate to
centrifuge tubes placed on ice. After 30 min, lysates were
centrifuged at 14 000 g for 10 min at 4 �C to pellet Igepal
CA-630-insoluble material, and supernatants were stored
in aliquots and frozen at )40 �C until required.

Protein measurement

Protein content was measured using a Bio-Rad kit
(Bio-Rad Protein Assay; Bio-Rad Laboratories, Hercules,
CA, USA).

Western blot analysis

Thirty micrograms of total homogenate was run in 12%
acrylamide gel (Sigma Chemical Co.). To estimate corre-
sponding molecular weights, Full Range Rainbow Molec-
ular Weight Marker was run in parallel (Amersham-Life
Science). Proteins were transferred to a nitrocellulose
membrane, and non-specific binding was blocked by PBS
containing 5% non-fat dried milk and 0.1% Tween 20
(blocking buffer), at room temperature. Membranes were
rinsed and incubated for 2 h with the following appropri-
ate primary antibodies: guanylyl cyclase a1 rabbit anti-
body (1:1700) and guanylyl cyclase b1 rabbit antibody
(1:700) (Sigma-Aldrich). These antibodies were raised
against amino acid residues 673–690 and 189–207 of rat
guanylyl cyclases a1 and b1 respectively. Blots were
incubated with peroxidase-conjugated (HRP) goat anti-
rabbit secondary antibody (Jackson Immunoresearch Labs
Inc, West Grove, PA, USA) diluted in blocking buffer
(1:5000). These blots were thoroughly rinsed in

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 505–514.

Oestradiol by ER a inhibits lactotroph proliferation 507



PBS ⁄0.1% Tween-20, and HRP-coupled secondary anti-
body was revealed with ECL western blot detection
reagents (Amersham Biosciences), according to manufac-
turer’s instructions. Emitted light was captured on Hyper-
film (Amersham-Pharmacia-Biotech). Signals were
scanned and quantified using Scion Image software (V.
beta 4.0.2; Scion Image Corp., Frederick, MD, USA) at
three different exposure times. Expression of b-actin
(1:5000, mouse monoclonal antibody; Sigma-Aldrich)
was used as internal control to confirm equivalent total
protein loading.

Intracellular cGMP determination

Cyclic GMP was measured in triplicate using cGMP
enzyme immunoassay Biotrak System (Amersham),
according to manufacturer’s instructions. After the differ-
ent experimental protocols, culture media were decanted,
lysis reagent added and plates were shaken for 10 min to
facilitate cell lysis. Then, acetylation reagent was added to
all sample wells and mixed on a shaker for 5 min before
antiserum was added and incubated at 3–5 �C for exactly
2 h. This was followed by addition of diluted conjugated,
and plates were incubated at 3–5 �C for 60 min in the
dark. All wells were washed, enzyme substrate was added
to the plates and then mixed for 30 min at room tempera-
ture. Colour intensity was first read at 630 nm, and then
again at 450 nm after addition of sulphuric acid.

Intracellular cGMP concentrations were expressed as
fmol ⁄ lg protein, with total protein content in pellets being
measured as described above.

Statistical analysis

Statistical analysis was carried out on three replicates
measured on three independent cell cultures using
ANOVA. This was followed up using Tukey test of Info-
Stat software package. Significance levels were chosen at
P < 0.05.

Results

Lactotroph cell proliferation

ER a mediated anti-proliferative effects of 17b-oestradiol
in interaction with insulin As we previously reported in
serum-free pituitary cell cultures, although 17b-oestradiol
did not induce a proliferative effect on lactotrophs, it was
able to reverse mitogenic activity promoted by insulin
(14). With the aim of investigating whether this anti-
mitogenic effect was mediated by ER a or b, PPT and
DPN (a and b agonists) were used. First, we performed
dose–response analysis for both agonists at 1–10 and

100 nM. BrdUrd-labelling index was determined in these
pituitary cells cultured in serum-free DMEM and sub-
jected to double-labelling immunocytochemistry. All
doses of PPT and DPN failed to increase numbers of lacto-
trophs undergoing mitosis (Fig. 1).

On the other hand, increased numbers of BrdUrd-
labelled lactotrophs induced by insulin (150%) was signif-
icantly reversed with all doses of PPT. Moreover, doses of
DPN tested were unable to induce anti-mitogenic effects,
resulting in a similar number of BrdUrd-labelled lacto-
trophs observed after insulin treatment (Fig. 2). Taking
into account these results, and considering that high con-
centration of DPN (100 nM) provokes loss of ERb selec-
tivity and activates ERa as well (37,38), lowest doses of
both agonists (1 nM) were selected for the following
experiments.

ER inhibitor ICI 182780 reverted effects of 17b-oestradiol
and PPT. To confirm that both 17b-oestradiol and PPT
act through specific ER, experimental protocols with
inhibitor ICI 182780 were tested. Addition of 100 nM of
ICI 182780 did not modify lactotroph proliferation
induced by insulin. Pre-incubation with ICI blocked anti-
proliferative effects promoted by 17b-oestradiol and also
induced partial reversal of PPT effects on prolactin cell
proliferation stimulated by insulin (P < 0.001) (Fig. 3).

NOS inhibitors attenuated anti-mitogenic effects induced
by 17b-oestradiol on insulin-stimulated lactotrophs. To
investigate whether the NO ⁄GC signalling pathway was

Figure 1. Effects of 17b-oestradiol (E; 1 nM), PPTand DPN on lacto-
troph proliferation. None of the concentrations tested increased num-
bers of BrdUrd-labelled lactotrophs. The ANOVA-Tukey test was
performed on three independent experiments. Data are expressed as
mean ± SEM of triplicate determinations from a representative experi-
ment.

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 505–514.

508 S. Gutiérrez et al.



involved in the anti-mitogenic effect induced by 17b-
oestradiol ⁄ insulin co-incubation, action of NOS inhibitors
(L-NMMA and L-NAME) was evaluated. These inhibi-
tors were able to revert 17b-oestradiol-induced inhibition

of insulin-dependent lactotroph mitogenic activity reach-
ing similar values to those produced by insulin alone
(P < 0.001). These results could suggest that co-incubation
of 17b-oestradiol ⁄ insulin increased NOS activity inducing
NO-mediated anti-mitogenic effects on lactotrophs. Addi-
tion of L-NMMA or L-NAME alone did not modify
BrdUrd labelling index compared to basal values (Fig. 4).

L-NMMA and L-NAME attenuated anti-proliferative
effects induced by PPT ⁄ insulin on lactotrophs. NOS
inhibitors L-NMMA and L-NAME were added for
30 min prior to addition of ER a agonist then cell cultures
were maintained for 60 min. These inhibitors partially
reverted anti-mitogenic effects induced by PPT on insulin-
stimulated cells. As shown in Fig. 5, lactotroph prolifera-
tion increased by around 33% due to the effect of L-
NMMA and by 25% after addition of L-NAME in cell
cultures treated with PPT ⁄ insulin (P < 0.01). These
results show that ER a activation by its agonist increased
NOS activity, which could be involved in modulating lac-
totroph proliferation induced by insulin.

Guanylyl cyclase expression by western blotting

17b-oestradiol and insulin modified sGC a1 and b1
expression. The two sGC isoforms a1 and b1 were
detected by immunoblotting using specific antibodies,
as bands of approximately 80 and 70 kDa respectively.
17b-oestradiol applied for 60 min in serum-free culture
medium increased sGC a1 protein expression but inhibited

Figure 2. 17b-oestradiol (E; 1 nM) and all doses tested of a agonist,
PPT, reversed mitogenic activity induced by insulin (1000 ng/ml) on
lactotrophs. DPN failed to induce any anti-mitogenic effect. The ANO-
VA-Tukey test was performed on three independent experiments.
*P < 0.001 versus control, **P < 0.001 versus insulin. Data are
expressed as the mean ± SEM of triplicate determinations from a repre-
sentative experiment.

Figure 3. Effects of ICI 182780 (100 nM) on lactotroph cell prolifera-
tion. This inhibitor reversed anti-proliferative effects promoted by 17b-
oestradiol (1 nM) or PPT (1 nM) on lactotroph proliferation induced by
insulin (1000 ng ⁄ml). The ANOVA-Tukey test was performed on three
independent experiments. *P < 0.001 versus control, **P < 0.001 ver-
sus insulin, •P < 0.01 versus 17b-oestradiol ⁄ insulin or PPT ⁄ insulin.
Data are expressed as mean ± SEM of triplicate determinations from a
representative experiment.

Figure 4. Effects of NOS inhibitors on lactotroph proliferation
induced by 17b-oestradiol (1 nM) and insulin (1000 ng/ml). Inhibition
of NOS activity by L-NMMA (0.1 mM) and L-NAME (1 mM) reversed
anti-proliferative effects induced by 17b-oestradiol ⁄ insulin. The ANO-
VA-Tukey test was performed on three independent experiments.
*P < 0.001 versus control, **P < 0.001 versus insulin and •P < 0.01
versus 17b-oestradiol ⁄ insulin. Data are expressed as mean ± SEM of
triplicate determinations from a representative experiment.
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b1, compared to respective control model. Insulin was able
to induce similar dual effects on the two sGC isoforms,
with significant increase noted in a1 protein level, and
reduction occurring in b1 expression. However, co-incuba-
tion of 17b-oestradiol ⁄ insulin induced an increase in the
two isoforms a1 and b1, with respect to controls
(P < 0.01) (Fig. 6). Expression ofb-actin was used as inter-
nal control to confirm equivalent total protein loading.

PPT ⁄ insulin increased both sGC isoforms. As shown in
Fig. 7, ER a agonist PPT applied for 60 min in pituitary
cultures induced increases in sGC a1 and decrease in b1
protein levels in a similar way to that of 17b-oestradiol
(P < 0.001). As expected, co-incubation of PPT ⁄ insulin
provoked significant increase in both sGC isoforms a1
and b1. These results suggest that 17b-oestradiol effects
on GC expression are mediated by ER a. Expression of
b-actin was used as internal control to confirm equivalent
total protein loading.

ICI 182780 reverted 17b-oestradiol and PPT effects on
sGC isoforms. To confirm the role of ER in modulating
sGC a1 and b1 expression, other pituitary cell batches
were pre-incubated with ICI 182780 (100 nM) for 30 min
and then cultures were stimulated for 60 min with 17b-
oestradiol or PPT. Addition of ICI 182780 blocked effects
promoted by 17b-oestradiol and PPT on sGC a1 and b1
expression (P < 0.001) (Fig. 8). Expression of b-actin
was used as internal control to confirm total equivalent
protein loading.

Intracellular cGMP determination

With the purpose of investigating sGC activity, its intra-
cellular product cGMP was quantified in these pituitary
cell cultures after all different treatments. 17b-oestradiol
or insulin stimulus for 60 min induced reduction in cGMP
production of around 44% (415 ± 1.64 fmol ⁄ lg protein)
and 26% (550 ± 37 fmol ⁄lg protein), respectively, when
compared to controls (745 ± 15.26 fmol ⁄lg protein).
However, 17b-oestradiol ⁄ insulin co-incubation provoked

Figure 5. Effects of L-NMMA (0.1 mM) and L-NAME (1 mM) on
lactotroph proliferation induced by 17b-oestradiol agonists and insu-
lin. Both inhibitors reversed only anti-proliferative effects exerted by
PPT ⁄ insulin. The ANOVA-Tukey test was performed on three indepen-
dent experiments. *P < 0.001 versus control, **P < 0.01 versus insulin,
•P < 0.01 versus PPT ⁄ insulin. Data expressed as mean ± SEM of tripli-
cate determinations from a representative experiment.

Figure 6. sGC a1 and b1 expression in total
pituitary extract from cell cultures stimulated
with 17b-oestradiol (E; 1 nM) or insulin
(I; 1000 ng/ml) alone or as co-incubations.
Both E or I increased protein expression of sGC
a1 and decreased b1. In contrast, E + I induced
increases in both isoforms. Bands correspond to
representative experiment from a total of three
with similar results. The ANOVA-Tukey test was
performed on three independent cell cultures:
*P < 0.01 versus control. Data shown as
mean ± SEM of triplicate determinations from a
representative experiment.
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a significant increase in cGMP with respect to 17b-oestra-
diol or insulin alone (670 ± 21.64 fmol ⁄lg protein).

Discussion

Our current data provide evidence that 17b-oestradiol
modulates proliferation of lactotrophs induced by insulin.
The isoform a of ER seems to participate in this effect,
which in turn, could regulate NO ⁄ sGC ⁄ cGMP signalling
pathway.

In this investigation, we used ER isoform-selective
ligands, which specifically activate each one of ER sub-
type, in physiological presence of the other. This is impor-
tant in the study of ER signalling pathways, given that
several isoforms may contribute as regulators in target
tissues. Thereby, this method has an advantage over
knockout models, where either a or b forms of ER are
selectively eliminated. Although such knockout models
are very instrumental, activation of compensatory mecha-
nisms in the absence of one receptor may partially hamper
interpretation of the results.

In the present study, insulin treatment increased num-
bers of BrdUrd-labelled PRL cells, thus demonstrating
that this hormone is a growth-promoting factor for this
cell type. These results concur with previous reports
demonstrating that this hormone stimulates replication of
lactotrophs in vivo and in vitro (40–42). Interactions
with oestradiol have also been previously shown, with
cooperative crosstalk between oestradiol and insulin sig-
nalling pathways playing a critical role in cell proliferation
in different tissues (43). In our study, ICI 182780 did not

modify percentages of BrdUrd-labelled PRL cells stimu-
lated with insulin, suggesting that effects of this hormone
on lactotroph proliferation are independent of ERs.

It has been described that effects of insulin and IGF-1
were mediated by either insulin or IGF-1 receptors (44).
Related to this in pituitary glands, insulin at high doses
may interact with IGF-1 receptor (45). However, in previ-
ous studies, we demonstrated that the lowest dose of
insulin tested (10 ng ⁄ml) was effective in augmenting
mitogenic activity of lactotrophs (42) through PKC, ERK
1 ⁄2 and Pit-1 (14) pathways. Therefore, the possibility in
our study that insulin at high concentrations might be
stimulating lactotroph proliferation via the IGF-1 receptor
is not ruled out.

Our findings have shown that the a agonist, PPT,
attenuated mitogenic effects exerted by insulin on lacto-
trophs. Moreover, the data allowed us to infer that ER a
participated in this anti-mitogenic effect of 17b-oestradiol
on lactotrophs. Previous studies have indicated that most
of oestradiol activity on the pituitary is exerted through
ER a, with this isoform being involved in stimulatory
action and cell proliferation, as well as PRL release
(10,46). However, it remains unknown whether ER a is
involved in negative effects in tissues such as the pituitary,
in which mitogenic and anti-mitogenic effects of 17b-
oestradiol have been demonstrated previously. In this way,
17b-oestradiol inhibited lactotroph proliferation via ER,
although the isoform of ER involved in this result was not
explored (1). In addition, in a previous report, we have
demonstrated that 17b-oestradiol induced anti-proli-
ferative effects through membrane-bound ER (14). It is

Figure 7. sGC a1 and b1 expression in total
pituitary extract from cell cultures stimulated
with PPT (1 nM) or insulin (I; 1000 ng/ml)
alone or co-incubations. Bands correspond to a
representative experiment from a total of three
which had similar results. The ANOVA-Tukey
test was performed on three independent cell cul-
tures: *P < 0.001 versus control. Data are shown
as the mean ± SEM of triplicate determinations
from a representative experiment.
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possible that in our system, 17b-oestradiol activated ER
a, whereas ER b exerted competitive blocking of ER a
binding to DNA sites, thus inhibiting ER a transcriptional
activity, as has been proposed previously (7).

Results obtained with L-NMMA and L-NAME
showed that inhibition of NOS reversed anti-mitogenic
effects exerted by 17b-oestradiol, reaching similar values
to those observed with insulin alone. These data suggest
that 17b-oestradiol stimulates NOS activity, which could
be responsible for arrest of lactotroph proliferation
induced by insulin. It has been demonstrated previously
that NO inhibits proliferation of different cell types, such
as in neuronal and endothelial cell proliferation
(26,47,48). Moreover, a similar effect of endogenous NO,
acting as a negative signal for proliferation, has been
shown to occur in FRTL-5 thyroid cells (16). NOS inhibi-
tion has been reported to reduce mitogenic activity in
adult olfactory epithelium (25). However, in tissues such
as vascular smooth muscle, oestradiol induces an anti-pro-
liferative effect that could be mediated by a NO indepen-
dent mechanism (49). Our findings support that NO in
response to 17b-oestradiol arrests lactotroph proliferation
induced by insulin, thus suggesting that this mechanism
might regulate expansion of lactotroph population. NOS
inhibitors reversed anti-mitogenic effects induced by PPT
in interaction with insulin, indicating that effects of

17b-oestradiol on NOS were mediated by ER a. In agree-
ment with our results, Scordalakes et al. (50) demon-
strated that ER a regulates nNOS in both male and female
brains. In contrast, in hypothalamic neurons, oestradiol
stimulates the NO system through ER b (51,52).

In addition, we observed an opposite effect of 17b-
oestradiol on the two sGC subunits, with a1 protein levels
being elevated and b1 levels lowered. Furthermore, our
results showed decrease in sGC activity, as evidenced by
reduction in endogenous cGMP production. However,
both results are consistent, because the two sGC isoforms
are required in 1:1 stoichiometry to form an active cGMP-
producing enzyme. A previous study has demonstrated
that 17b-oestradiol regulates a1 and b1 subunits of NO
receptor sGC, modifying mRNA and protein levels in rat
uterus (53). In agreement with our findings, it has previ-
ously been observed that 17b-oestradiol exerts acute
inhibitory effects on sGC in the pituitary gland by down-
regulating sGC b1 subunits and sGC activity in a specific
ER-dependent manner (34). The effect of 17b-oestradiol
on GC isoform protein expression shown in this study
was mediated by ER a, as indicated by increase in GCa1
and decrease in GCb1 induced by ER a agonist PPT. In
addition, blocking of these effects by ICI 182780 strength-
ens this conclusion. This result is further evidence that
17b-oestradiol binds to ER a to affect the NO pathway.

Figure 8. ICI 182780 (100 nM) blocked effects promoted by 17b-oestradiol (1 nM) or PPT (1 nM) on sGC a1 and b1 expression. Bands corre-
spond to a representative experiment from a total of three which had similar results. The ANOVA-Tukey test was performed on three independent cell
cultures: *P < 0.01 versus control, **P < 0.01 versus 17b-oestradiol, •P < 0.01 versus PPT. Data are shown as the mean ± SEM of triplicate determi-
nations from a representative experiment.
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Insulin used alone induced similar antagonistic effects
on two sGC subunits and inhibited endogenous cGMP
production. Several studies have suggested that NO medi-
ates many central and peripheral effects of insulin (54,55).
In our study, co-incubation with 17b-oestradiol ⁄ insulin
significantly increased both sGC subunits and induced
increase in endogenous cGMP, which could be involved
in arrest of the lactotroph proliferation. These results sug-
gest that the NO signalling pathway is mediated by 17b-
oestradiol ⁄ insulin and could explain anti-mitogenic effects
of 17b-oestradiol on lactotroph population.

Our results strengthen the inhibitor role of
NO ⁄ sCG ⁄ cGMP pathway, which mediates anti-mitogenic
oestrogen effects on insulin-induced lactotroph prolifera-
tion. 17b-oestradiol, through ER a, was able to regulate
NOS activity, protein expression of sGC subunits and
cGMP production.

Activation of the NO ⁄ sGC ⁄ cGMP pathway as possi-
ble mediator of anti-proliferative effects of 17b-oestradiol
in interaction with insulin on lactotrophs, here provides
additional data for our previous study that showed inhibi-
tion of PKC ⁄ERK 1 ⁄2 signalling pathway under the same
experimental conditions (14). Both signalling mechanisms
were able to participate in the regulatory effect of 17b-
oestradiol on the lactotroph population in these pituitary
glands. From these and previous results, it could be pro-
posed that 17b-oestradiol is capable of arresting sustained
activation of lactotroph proliferation induced by growth
factors, thereby counterbalancing this response and modu-
lating pituitary cell population.
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