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a b s t r a c t

The changes in endometrial homeostasis found in women with polycystic ovarian syndrome (PCOS)
could be associated with alterations in the intracrine metabolism of steroid hormones. The uptake
of dehydroepiandrosterone-sulphate (DHEA-S), precursor of the intracrine pathway, is achieved by
transporters, such as organic anion transporter polypeptides (OATPs), and molecules with oestrogenic
activity, such as androst-5-ene-3�,17�-diol (androstenediol), can be generated. We aimed to determine
androstenediol generation and the expression of OATPs in human endometria throughout the menstrual
cycle and in endometria from PCOS women. Endometrial samples were obtained from control women
in the proliferative phase (control endometria (CEp), n = 7), secretory phase (CEs, n = 7), and from PCOS
patients (PCOSEp, n = 7). The mRNA levels of OATP-B, OATP-D and OATP-E were measured by reverse
transcriptase polymerase chain reaction (RT-PCR) and protein levels of OATP-E by immunofluorescence;
3�-hydroxysteroid dehydrogenase (HSD) by immunohistochemistry/Western blot; the metabolism of
DHEA to androstenediol was evaluated by thin layer chromatography–high-performance liquid chro-

matography (TLC–HPLC). Lower levels of OATP-E transcript were obtained in PCOSEp (p < 0.05) compared
with CEp, while OATP-E protein levels (p < 0.05) and DHEA conversion to androstenediol (p < 0.01) were
higher in PCOSEp. Lower 3�-(hydroxysteroid dehydrogenase) HSD protein levels were found in PCOSEp
(p < 0.05) (Western blot, immunohistochemistry). These results reveal a higher capacity of the endome-
tria from PCOS women to metabolise DHEA to androstenediol, which, coupled with the high oestrogen
sensitivity previously found in these endometria, may account for the increase in cell proliferation in
PCOSEp already reported.
During the proliferative phase of the menstrual cycle, a pre-
ominance of the action of 17� oestradiol of ovarian origin is
bserved, which induces cell proliferation and growth of endome-
rial tissue [1,2]. In polycystic ovary syndrome (PCOS), a large
ercentage of women are anovulatory; therefore, their endome-
ria are maintained at the stage of the proliferative phase [2].
COS is an endocrine-metabolic disorder that affects between
% and 10% of women of childbearing age [3]. Currently, the
iagnosis of this syndrome is based upon signs of clinical or

iochemical hyperandrogenism and, also, if the patient presents
ligo-ovulation or anovulation, and/or polycystic ovaries at ultra-
onography [4,5].
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Women with PCOS exhibit a greater plasma level of
dehydroepiandrosterone-sulphate (DHEA-S) [6,7], infertility, ovar-
ian dysfunction and insulin resistance with compensatory
hyperinsulinaemia [3,8]. In addition, these women have a higher
rate of recurrent abortions, hyperplasia and endometrial adenocar-
cinoma than control women [8–11]. In previous studies, we have
described a high expression of oestrogen and androgen receptors
and co-activators of steroid receptors, such as, AIB1 and ARA70 in
the endometrium of women with PCOS, besides an increase in the
intracellular steroid metabolism, all of which can be interpreted
as an increased sensitivity to steroidal action in these endometria
[12,13].
The intracrinology is defined as the ability of a peripheral non-
steroidogenic cell to synthesise steroid hormones, which elicits
their effect on the same cell. The precursor of these steroids is DHEA,
synthesised and subsequently secreted from the adrenal gland
into the circulation. Importantly, a number of peripheral organs,
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Table 1
Primer sequences for PCR of cDNA for the analysis of organic anion transporter polypeptide B (OATP-B), organic anion transporter polypeptide D (OATP-D), organic anion
transporter polypeptide E (OATP-E) and rRNA 18s.

Gene Primers Sequence PCR product size (bp)

OATP-B Sense
Antisense

5′-CAT GGG ACC CAG GAT AGG GCC AGC
G-3′

5′-GGC CTG GCC CCA TCA TGG TCA CTG-3′

718

OATP-D Sense
Antisense

5′-GCT GAG AAC GCA ACC GTG GTT CC-3′

5′-GAC TTG AGT TCA GGG CTG ACT GTC
C-3′

163

C ATG
TGG

A ACC
A TCC
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OATP-E Sense
Antisense

5′-GC
5′-TTC

rRNA 18S Sense
Antisense

5′-GT
5′-CC

hrough their intracellular enzymatic machinery, are capable of
ransforming precursors to steroids with androgenic or oestrogenic
ctivity [14–16].

DHEA enters the cell from circulation by passive diffusion; by
ontrast, its sulphated form needs special transporters such as some
rganic anion transporter polypeptides (OATPs). Many OATPs have
een identified in various tissues, and the studies have been con-
ucted mainly in kidney, placenta, brain and liver [17]. In fact,
he mammary gland expresses transporter OATP-B and, to a lesser
xtent, OATP-D and OATP-E [18]. Furthermore, in the intestinal cell
ine Caco-2, it was observed that the transport capacity of oestrone
-sulphate into the cell by OATP-B is higher compared with the
ther two transporters [19]. In human endometrium, the expres-
ion of these transporters has not been detected; however, the
rotein levels of OATP-D have been determined in rat endometrial
issue [20].

Once inside the cells, DHEA can be metabolised and con-
erted into androstenediol by the activity of the enzyme 17�
ydroxysteroid dehydrogenase (17�-HSD), which in turn can be
onverted into testosterone by the activity of the enzyme 3�-HSD
21–25]. Androstenediol has the ability to induce oestrogenic or
ndrogenic activity by binding to their receptors, having a role
n the proliferation of pathological tissues such as breast and
rostate cancer, without the need to be metabolise to other steroids
23,26–29]. Androstenediol has less affinity for the androgen recep-
or than testosterone and dihydrotestosterone (DHT); on the other
and, ligands of oestrogen receptors such as oestradiol, oestrone
nd oestriol have more affinity than androstenediol [26,31,32].
hus, the activity of androstenediol depends on the concentra-
ion of oestradiol, since high concentrations of 17�-oestradiol
nduce androstenediol to bind to androgen receptors, whereas a
ower concentration of 17�-oestradiol enhances the binding of
ndrostenediol to oestrogen receptors, as reported for breast can-
er cells [29,30]. Therefore, in the present investigation, we aimed
o study the transporter proteins involved in the entry of sulphated
teroids to cells and the conversion of DHEA into androstenediol in
ontrol endometria during the menstrual cycle and whether in the
COS endometria these parameters are modified.

. Experimental

This investigation was approved by the University of Chile Clin-
cal Hospital and School of Medicine, University of Chile Ethical
ommittees and informed written consent was obtained from all
ubjects, in agreement with national legislation and the Code of
thical Principles for Medical Research Involving Human Subjects
f the World Medical Association (Declaration of Helsinki).
.1. Reagents

The polyclonal antibodies for OATP-E and 3�-HSD were pur-
hased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
CCA CTG CAG GGA AAT G-3′

TAC ACC AAG CAG GAG CCC-3′
291

CGT TGA ACC CCA TT-3′

AAT CGG TAG TAG CG-3′
200

monoclonal antibody for �-actin was purchased from Sigma (MO,
USA). The secondary antibody for goat-fluorescein isothiacyanate
(FITC), mouse-horseradish peroxidase (HRP) and goat-HRP were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Amersham Biosciences (Piscataway, NJ, USA) and KPL (Gaithers-
burg, MD, USA), respectively. The Moloney-murine leukaemia
virus (M-MLV) reverse transcriptase was obtained from Invitro-
gen (CA, USA); Taq DNA polymerase from Biotools (Madrid, Spain);
diaminobenzidine (DAB) from DAKO (Carpinteria, CA, USA); BCA
Protein Assay Kit from Pierce (IL, USA); �-nicotinamide adenine
dinucleotide phosphate, reduced tetra (cyclohexylammonium) salt
from Sigma (MO, USA); the TRIzol reagent from Invitrogen (CA,
USA) and the Western blotting (WB) substrate from Pierce (IL,
USA).

1.2. Subjects

The endometrial specimens (n = 21) were classified as follows:
endometria obtained during the proliferative phase of the men-
strual cycle (control endometria (CEp), n = 7), endometria obtained
during the secretory phase of the menstrual cycle (CEs, n = 7) and
endometria obtained from patients with PCOS (PCOSEp, n = 7).
The tissues were obtained with a pipelle suction curette from
the uterine corpus from women with PCOS. The diagnosis of
PCOS was made according to the Rötterdam Consensus [4] and
Excess Androgen Society [5], considering clinical and/or biochem-
ical signs of hyperandrogenism and at least one of two other
criteria: oligo- and/or anovulation and polycystic ovaries. Hyper-
prolactinaemia (prolactin (PRL) > 35 ng ml−1), androgen-secreting
tumours (total testosterone > 2 ng ml−1; DHEA-S > 3600 �g ml−1),
Cushing’s syndrome (urine cortisol concentration > 150 �g 24 h
and fasting plasma concentration of cortisol > 25 �g dl−1), con-
genital adrenal hyperplasia (17-OH progesterone > 2.5 ng ml−1),
attenuated 21-hydroxylase deficiency, diabetes and thyroid dis-
ease (thyroid stimulating hormone (TSH) > 5 U/l−1) were excluded.
Glucose and insulin levels were evaluated by an oral glucose
tolerance test; we measured plasma glucose and insulin levels
at 2 h post-load of glucose. Then, the diagnosis of hyperinsuli-
naemia was determined when levels of insulin were 2 SD (standard
deviations) of insulin concentration over the mean of the con-
trol group, as in previous studies [33]. All women included in
the study had normal glycaemia values during oral tolerance glu-
cose test and the women with PCOS presented hyperinsulinaemia.
Endometria from patients without PCOS (control endometria,
CE) were obtained by hysterectomy from women with non-
neoplasic pathology at hysterectomy. None of the women (control
or PCOS) had received hormonal therapy, clomiphene citrate or

insulin sensitisers within 3 months prior to recruitment into the
study, and the endometria used in this study all showed nor-
mal morphology. The endometrial phases were evaluated by an
experienced pathologist using the histological criteria of Noyes
[34].
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.3. Tissue preparation

Endometrial tissue samples were divided into three pieces by
he pathologist. Two pieces of each sample were frozen in liq-
id nitrogen and maintained at −80 ◦C for RT-PCR, WB and DHEA
etabolism study. The third piece of sample was included in

araffin for morphological and protein studies by immunohisto-
hemistry (IHC) and immunofluorescence (IF).

. RNA isolation and semiquantitative RT-PCR

Total RNA was isolated from endometrial tissue (20–50 mg)
sing TRIzol reagent according to the manufacturer’s instructions
nd as previously reported [35]. Total RNA was then reverse tran-
cribed. The cDNA was subjected to PCR using specific primers for
ATP-B, OATP-D and OATP-E; the rRNA 18S was used as an inter-
al control (Table 1). Semiquantitative RT-PCRs were achieved in
he exponential linear zone amplification for each gene studied.

total of 2 �g of total RNA were used for RT. The PCR condition
as MgCl2 50 mM, dNTP 10 mM, Taq DNA polymerase 5 U �l−1 and

2.5 pmol, 10 pmol, 25 pmol and 5 pmol of the primer for OATP-B,
ATP-D, OATP-E and rRNA 18 s, respectively. The cDNA of the mam-
ary gland was used as positive control and water without cDNA as

egative control. The PCR amplification was carried out in the Ter-
ocycler PTC-100 (MJ Research Inc, Watertown, MA, USA). The PCR

roducts were resolved by electrophoresis on 1% agarose gel and
tained with ethidium bromide. The bands were evaluated using
he image analyser UN-SCAN-IT gel 4.1 (Silk Scientific Corporation,
rem, UT, USA) and normalised relative to rRNA 18S product. The

esults were expressed as the ratio of the transcript of OATP/rRNA
8S, as the mean of arbitrary units (AU). The bands detected by
T-PCR were sequenced by capillary electrophoresis (Macrogene
ompany Inc., Seoul, Korea); Basic Local Alignment Search Tool
BLAST) found 98%, 100%, 97% of identity for OATP-B, OATP-D and
ATP-E, respectively.

.1. Immunofluorescence

Immunofluorescence for OATP-E was performed on 5-�m sec-
ions of formalin-fixed paraffin-embedded endometrial biopsies.
issue sections were deparaffinised in xylene and hydrated grad-
ally through graded alcohols. The sections were incubated in
ntigen retrieval solution (10 mmol l−1 citrate buffer, pH 9.5)
t 100 ◦C for 20 min. Non-specific antibody binding was pre-
ented with 4% phosphate buffered saline–bovine serum albumin
PBS–BSA) for 1 h. Primary goat polyclonal antibody for OATP-

(1:75) was applied to the samples and incubated overnight at
◦C. Negative controls were analysed on adjacent sections incu-
ated without primary antibody. The second antibody was an
ITC-donkey anti-goat (1:100). The counterstaining was carried
ut with Hoescht (1:500) for 1 min and 30 s. IF was evaluated by
he program Image Pro Plus 6.2 (Silver Spring, MD, USA) in 10

icrophotographs per sample, where each microphotograph was
ivided in areas of epithelia and stroma. The same assessment was
ade for the negative controls, and then the background of each

ample was subtracted. The results were measured as the ratio of
rea of object of total selected area (per area (object/total)) and
xpressed as AU.

.2. Immunohistochemistry
Immunostaining for 3�-HSD was assessed on 5-�m sections of
ormalin-fixed paraffin-embedded endometrial biopsies. The pro-
edure was as previously described [36]. In brief, tissue sections
ere deparaffinised in xylene and hydrated gradually through

raded alcohols. The sections were incubated in antigen retrieval
5 (2010) 810–817

solution (10 mmol l−1 citrate buffer, pH 9.5) at 100 ◦C for 20 min.
The incubation of samples in 3% hydrogen peroxide for 15 min
prevented endogenous peroxidase activity. Non-specific antibody
binding was prevented with 4% PBS–BSA for 1 h. Primary goat
polyclonal antibody of 3�-HSD (1:100) was applied to the sam-
ples and incubated overnight at 4 ◦C. Negative controls were
analysed on adjacent sections incubated without primary anti-
body. The second antibody was a biotinylated rabbit anti-goat
immunoglobulin (1:250). The reaction was developed by the
streptavidin-peroxidase system, DAB was used as the chromogen;
counterstaining was carried out with haematoxylin (1:5). The slides
were evaluated by a Histochemical Score (HScore), a semiquanti-
tative method described by Lessey et al. [37] and validated in our
laboratory [13,38]. In all cases, the protein was evaluated in the
functional layer by three independent observers and blinded to
patient category, and the positive staining was assessed in at least
1000 epithelial cells and 1000 stromal cells per sample. The results
were expressed as HScore (HS).

2.3. Western blot analysis (WB)

The frozen endometrial tissue (∼30 mg) was homogenised in
a lysis buffer (HEPES 20 mM, ethylene diamine tetraacetic acid
(EDTA) 2 mM, ethylene glycol tetraacetic acid (EGTA) 2 mM, PSMF
15 �M, Triton X-100 1X, Na3VO4 0.4 mM) and a protease inhibitor
cocktail (Roche, IN, USA). After centrifugation at 10 000 × g for
20 min at 4 ◦C, the protein concentration was measured using the
BCA protein assay kit. For the evaluation, 50 �g of total protein were
used; after denaturation, a one-dimensional (1D) sodium dode-
cyl sulphate-polyacrylamide gel electrophoresis was run at 100 V
for 2 h. The proteins were transferred to nitrocellulose membrane
(BioRad, CA, USA) at 400 mA for 1 h. The membranes were blocked
for 1 h in BSA fraction V 10% and then incubated with antibody
against human 3�-HSD (1:600) overnight at 4 ◦C and with the sec-
ondary antibody anti-goat-HRP (1:10 000) for 1 h. To normalise,
�-actin, antibody mouse anti-�-actin (1:15 000) were used for 1 h
and anti-mouse-HRP (1:5000) for 30 min. The bound antibodies
were detected with WB substrate. Band intensities were quan-
tified by scanning densitometry using the UN-SCAN-IT software
(Silk Scientific Corporation, USA) and the results were measured
as protein level of 3�-HSD/protein level of �-actin, expressed as
AU.

2.4. Metabolism of DHEA to androstenediol

The metabolism of DHEA was performed according to the tech-
nique of Jellinck et al. [39] Twenty to 30 mg of frozen tissue (−80 ◦C)
were homogenised with phosphate buffer (100 mM KCl, 10 mM
KH2PO4, 10 mM Na2HPO4, and 1 mM EDTA (pH 7.5), and then
centrifuged at 1000 × g for 15 min to separate the aqueous phase
(supernatant) from the organic phase. The proteins in the super-
natant were quantified. A total of 100 �l of the organic phase was
added to 50 �l Dulbecco PBS buffer, 50 �l of 1 mM nicotinamide
adenine dinucleotide phosphate, reduced (NADPH) and 50 �l of
[3H]-DHEA plus DHEA. The radioactivity measured from dupli-
cate controls without samples was used for the subtraction of the
background. In addition, we used two controls without NADPH to
determine the effectiveness of the cofactor. The solution was incu-
bated in a humid atmosphere of 5% CO2 and air at 37 ◦C for 3 h with
agitation. The reaction was stopped with acetone/ethyl acetate

(1:2.5, v/v). The mixture was vortexed and then centrifuged, the
supernatant was removed and dried with nitrogen and the residue
was dissolved in 0.2 ml methanol. [3H]-Androstenediol was charac-
terised sequentially by thin layer chromatography (TLC) and with
high-performance liquid chromatography (HPLC).
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Table 2
Clinical and hormonal characteristics of patients.

Cp PCOSp Cs

n 7 7 7
Age (years) 33.3 ± 1.6 27.2 ± 0.6 35.8 ± 2.7
BMI 26.9 ± 1.3 32.7 ± 0.9* 25.6 ± 1.2
E2 (pg/ml) 73.8 ± 22.4 62.2 ± 3.5 125.2 ± 37.7
P4 (ng/ml) 0.69 ± 0.28 0.61 ± 0.06 6.9 ± 2.0
T (ng/ml) 0.44 ± 0.06 0.81 ± 0.05* 0.49 ± 0.06
A4 (ng/ml) 1.6 ± 0.2 2.8 ± 0.2* 2.1 ± 0.3
SHBG (nmol/l) 51.7 ± 9.5 24.2 ± 2.1* 57.5 ± 8.5
FAI 3.7 ± 0.7 13.5 ± 1.6* 3.3 ± 0.6
DHEA-S (ng/ml) 1312 ± 187.5 2273 ± 285.3* 1057 ± 198.7

Controls in proliferative phase (Cp), patients with polycystic ovary syndrome in pro-
liferative phase (PCOSp) and controls in secretory phase (Cs), number of women by
group (n), body mass index (BMI), 17� estradiol (E2), progesterone (P4), testosterone
(
i
m

2
l

s
T
a
s
v
H
b
s
o
d
u
s
e
p
s

2

(
ˇ
o
b
S
w
p
I

3

3

w
c
3
h
a
b
c
n
r

Table 3
Semiquantitation of organic anion transporter polypeptide B (OATP-B), organic
anion transporter polypeptide D (OATP-D) and organic anion transporter polypep-
tide E (OATP-E).

CEp PCOSEp CEs

OATP-B/rRNA 18s 2.29 ± 0.22 1.80 ± 0.09 1.92 ± 0.57
OATP-D/rRNA 18s 0.65 ± 0.09 0.75 ± 0.04 1.01 ± 0.17
OATP-E/rRNA 18s 0.92 ± 0.15 0.20 ± 0.20* 1.44 ± 0.14*

Control in proliferative phase (CEp), polycystic ovarian syndrome in proliferative
phase (PCOSEp) and control in secretory phase (CEs). The number of women eval-
uated was n = 7 for each of the analysed groups. The results are expressed as

wise, no differences were observed in the stromal compartment
between the studied groups.

Fig. 1. Semiquantitation of organic anion transporter polypeptide B (OATP-B),
D (OATP-D) and E (OATP-E). Conventional RT-PCR was performed in human
T), androstenedione (A4), steroid hormone binding globulin (SHBG), free androgen
ndex (FAI), dehydroepiandrosterone-sulphate (DHEA-S). Values are expressed as

ean ± S.E.M.
* p < 0.05 vs. Cp.

.5. Thin layer chromatography (TLC) and high-performance
iquid chromatography (HPLC)

Separation by TLC was performed on silica-gel plates, using a
olution of xylene–ethyl acetate–chloroform (40 ml–40 ml–20 ml).
he identification of radioactive metabolites was monitored by the
ddition of non-radioactive steroids controls; it was resolved with
ulphuric acid spray at 5% and subsequently exposed to 100 ◦C. To
erify the identity of [3H]-androstenediol, reverse-phase HPLC (RP-
PLC) was used. Samples were separated by TLC as described above,
ut without staining of standard compounds, and the region corre-
ponding to androstenediol was eluted and analysed by RP-HPLC
n a Merck-Hitachi liquid chromatograph (L-6200 pump, UV/vis
etector). The detection of androstenediol was by dual-wavelength
ltraviolet absorbance (240 nm), and the radioactivity was mea-
ured in a scintillation counter for liquid samples. The results were
xpressed as the mean of picomoles of androstenediol per mg of
rotein. The HPLC confirmed that the radioactivity measured in the
cintillation counter corresponded to [3H]-androstenediol elutes.

.6. Statistical evaluation

The results were expressed as mean ± standard error of mean
S.E.M.). The number of subjects was calculated with ˛ = 0.05 and
= 0.2, difference between mean of 0.25 and SD of 0.16 according to
ur previous studies [35]. The distribution of the data was analysed
y the Kolmogorov–Smirnov test. The results were analysed by
tudent’s t-test or Mann–Whitney test. The statistical differences
ere considered with p-values less than 0.05. The evaluation was
erformed using Graph Pad 5.0 for Windows version 5.0 Software,

nc.

. Results

.1. Clinical and endocrine characteristics

Table 2 shows the hormonal profile of patients. The PCOS
omen present a higher body mass index (BMI) compared with

ontrols, which is inherent to the syndrome. In fact, more than
0% of PCOS patients are obese [40]. All PCOS women showed
yperandrogenism expressed by an increase of testosterone, 4-

ndrostene-3,17-dione (androstenedione), a decrease of SHBG
lood levels and a high free androgen index (FAI) compared with
ontrol subjects. The DHEA-S blood level in PCOS women was sig-
ificantly higher than the control group, although within normal
ange, which is characteristic of the syndrome [6].
AU ± S.E.M. rRNA 18 s was used as the internal control.
* p < 0.05 vs. CEp.

3.2. Messenger RNA levels for OATP-B, OATP-D and OATP-E

We describe for the first time the expression of transporters
OATP-B, D and E in human endometrium (Table 3). No differ-
ences were observed either between CEp and CEs for OATP-B
(p = 0.32) and OATP-D (p = 0.11), or between CEp and PCOSEp for
OATP-B (p = 0.18) and OATP-D (p = 0.65). Nevertheless, there was
a significant increase (p < 0.05) in the level of mRNA for OATP-E
during menstrual cycle progression. When comparing the level of
transcripts of the three transporters between CEp and PCOSEp, it
appears that the transporter OATP-E is the only one that mod-
ifies the level of its mRNA, being lower in PCOSEp (p < 0.05)
(Fig. 1).

3.3. Protein levels of the transporter OATP-E

The presence and location of the transporter OATP-E in the
endometrial cells of the studied groups were performed by IF. The
staining was detected in a peripheral location in endometrial cells
from both compartments, as shown in Fig. 2(A) and (B). In fact,
the PCOSEp group exhibits a significant increase of fluorescence
compared with the CEp group (p < 0.05) in the epithelial compart-
ment. Although similar results were obtained between epithelia
from proliferative and secretory phase of control endometria, like-
endometria: negative control C(−), performed without cDNA; positive control C(+),
performed using mammary gland cDNA; control endometria in proliferative phase
(CEp); polycystic ovarian syndrome endometria in proliferative phase (PCOSEp) and
control endometria in secretory phase (CEs). Representative gel (2% agarose gel elec-
trophoresis, staining with ethidium bromide). rRNA 18 s was used as the internal
control. The number of women evaluated was n = 7 for each of the analysed groups.
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Fig. 2. (A) In a, b, c, d representative microphotographs of immunofluorescence detection of OATP-E in human endometria obtained from control in proliferative phase
(a); polycystic ovarian syndrome in proliferative phase (b); control in secretory phase (c); the negative control (d) performed by omitting the primary antibody. The
immunolocalization was in the cytoplasm towards the cell periphery. In e, f, g, h is shown representative microphotographs of the immunohistochemistry detection for
3� hydroxysteroid dehydrogenase (3�-HSD) in endometria of control proliferative phase (e); polycystic ovarian syndrome in proliferative phase (f); control in secretory
phase (g); the negative control (h) performed by omitting the primary antibody. The positive staining was observed at the cytoplasm level and it was of granular type. The
arrows indicate the positive immunostaining. Magnification in all panels is 400× and the scale bars represent 50 �m. The number of women evaluated was n = 7 for each
o contro
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f the analysed groups. (B) Semiquantitation of OATP-E protein. Endometria from
PCOSEp); control in secretory phase (CEs). The results were measured as the ratio
ection 2. p < 0.05 vs. CEp. (C) Semiquantitation of 3�-HSD protein. The immunost
Ep; ***p < 0.001 vs. CEp.

.4. Protein levels of the enzyme 3ˇ-HSD

The enzyme 3�-HSD plays an important role in the intracel-
ular formation of androgens; therefore, we assessed the location
nd protein levels of the enzyme by IHC and WB analysis. IHC
howed that the staining for 3�-HSD was homogeneous and of
he granular type and was only detected at the cytoplasm level

Fig. 2(A) and (C)). In addition, the semiquantitative analysis indi-
ated a decrease in the immunostaining during the menstrual cycle,
ith a significant difference between CEs and CEp (p < 0.001) in the

landular epithelium and in the stromal compartment. In PCOSEp,
he immunostaining for 3�-HSD protein detected in the glandu-
l in proliferative phase (CEp); polycystic ovarian syndrome in proliferative phase
ea of object of total selected area and expressed as AU ± S.E.M, as we described in
was measured by HScore, expressed as HS ± S.E.M. *p < 0.05 vs. CEp; **p < 0.01 vs.

lar epithelium and the stroma was significantly lower than in CEp
(epithelium: p < 0.05; stroma: p < 0.01). These observations were
confirmed by WB evaluation with significant differences between
CEp and PCOSEp (p < 0.05), and between CEs and CEp (p < 0.05)
(Fig. 3), showing higher protein levels in CEp.

3.5. Metabolism of DHEA to androstenediol
The formation of metabolites with oestrogenic and/or andro-
genic activities is relevant to the intracrinology of cells. To further
understand the steroid action within endometrial cells, we eval-
uated the metabolism of DHEA to androstenediol by TLC–HPLC.
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Fig. 3. Western blotting analysis of 3� hydroxysteroid dehydrogenase (3�-HSD)
protein levels in human endometria. (A) Representative gels of 3�-HSD and �-
actin bands of control endometria in proliferative phase (CEp), polycystic ovarian
s
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Fig. 4. Thin layer chromatography and high-performance liquid chromatography
yndrome endometria in proliferative phase (PCOSEp) and control endometria in
ecretory phase (CEs). (B) 3�-HSD protein levels corrected by �-actin levels and
xpressed as AU ± S.E.M. *p < 0.05 vs. CEp. The number of women evaluated was
= 7 for each of the analysed groups.

he data presented in Fig. 4 reveal that the PCOSEp group exhib-
ted an increase in production by 275% of androstenediol than
ontrols (PCOSEp: 0.6 ± 0.06 pmol androstenediol mg−1 protein vs.
Ep: 0.16 ± 0.04 pmol androstenediol mg−1 protein; p < 0.01). In
arallel, HPLC confirmed that androstenediol was the metabolite
uantified from TLC.

. Discussion

The human endometrium is a tissue highly sensitive to
he effects of steroids, which lead to both morphological
nd molecular changes during the normal menstrual cycle. As
nown, the endometrium present changes in the levels of some
roliferation/apoptosis-related proteins throughout the menstrual
ycle. In fact, the proliferation rate is high during the first phase

f the cycle under the effect of oestrogens, whereas, a cell-
ifferentiation process occurs in the secretory phase induced by
rogesterone. Further, androgens exhibit a role in the modulation
f cell survival [1,2,41]. Because the enzyme 3�-HSD has a key
ole in the formation of androgens in the cells, it is important to
assays for the study of metabolism of DHEA to androstenediol performed in human
endometria: control in proliferative phase (CEp), polycystic ovarian syndrome in
proliferative phase (PCOSEp) and control in secretory phase (CEs). The results are
expressed as pg of androstenediol/mg of protein ± S.E.M. **p < 0.01 vs. CEp.

note that the protein levels of this enzyme changes during the nor-
mal menstrual cycle, being high during the proliferative phase and
decreasing in the secretory phase, as observed in this study. There-
fore, the data of the present investigation allow us to propose that
in proliferative phase the metabolism of molecules with andro-
genic activity such as testosterone, androstenedione and 5�-DHT,
could be increased, suggesting a positive effect on cell prolifer-
ation, besides the effect of ovarian oestrogens. This is consistent
with a study, which indicates that androgens increase cell prolif-
eration in the stromal compartment of human endometrial tissue
[41]. Moreover, during the secretory phase, the decrease in pro-
tein levels of the enzyme may prevent the metabolic activity of
molecules with androgenic activity. The protein levels of 3�-HSD
decrease apparently associated with hormonal changes during the
menstrual cycle, because there is information showing that steroid
hormones have a regulatory role upon the enzyme. Indeed, in tis-
sues such as placenta, 17�-oestradiol stimulates the transcription
of the enzyme as well as androgens in the ovary of women with
PCOS, but 17�-oestradiol has a repressor action in the transcription
of 3�-HSD in human corpus luteum [42,43].

It is known that the sensitivity of endometrial tissue to steroid
hormones, specifically to oestrogen together with the effect exerted
by progesterone, induces cell proliferation and differentiation
required for embryonic implantation during the secretory phase
[1]. On the other hand, women with PCOS have higher prevalence
of abortion and recurrent miscarriages, and to develop endometrial
hyperplasia and adenocarcinoma [2,9]. Therefore, these findings
indicate that women with PCOS, in addition to the anomalies

present in ovarian function, can present alterations in the function
of other tissues such as the endometrium.

In previous studies from our laboratory, a change in the home-
ostasis of the endometrial cells of these patients was reported,
characterised by increased protein Ki67 and phospho-histone 3,
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arkers of cell cycle and mitosis, respectively [36,44]. Furthermore,
n the endometrium of women with PCOS, an increased Bcl-2/Bax
atio [36,44,45] and increased levels of cyclin D1 protein (unpub-
ished data), involved in the progression of G1 to S and decrease
n p27, a cell-cycle inhibitor, were found [46]. These antecedents
trongly suggest an increase in cell proliferation and a decrease in
he process of apoptosis, which is reflected in the potential devel-
pment of endometrial hyperplasia and adenocarcinoma in women
ith PCOS.

Alterations in the regulation of the cell cycle could be impor-
antly related with changes in the intracellular concentration of
teroid hormones and their action on the endometrial cells. This tis-
ue, in women with PCOS, exhibits a high expression of oestrogen
eceptor �, androgen receptor and co-activators of steroid hor-
one receptors [12,13,47,48], which together with the results of

he present study suggest that the sensitivity of the PCOS endome-
ria to the action of steroid hormones is increased.

Some unpublished data from our laboratory show no differences
n testosterone, androstenedione, oestradiol or progesterone lev-
ls between endometria from PCOS women and control subjects.
herefore, these patients have similar levels of circulating oestro-
en or tissue concentration compared with controls, which lead us
o believe that molecules generated by the intracrine metabolism
hat have oestrogenic action, such as androstenediol, could be act-
ng upon the human endometrium. In fact, studies on cell lines
f prostate cancer (LNCaP) and breast cancer (MCF-7), found that
ndrostenediol is able to bind to the androgen and oestrogen
eceptors, stimulating cell proliferation. As reported, the binding
f androstenediol to oestrogen or androgen receptors is depen-
ent on oestrogen tissue concentration [28,29]. Therefore, if there

s a high concentration of oestradiol, androstenediol preferentially
inds to the androgen receptor and vice versa; when low levels
f oestradiol are present, androstenediol binds to the oestrogen
eceptors. The high levels of endometrial androstenediol found in
ur model suggest the preferential binding to oestrogen receptors.
ndoubtedly, the action at the cellular level depends on the inter-
ction between the ligand, the receptors and co-regulators, which
hould be addressed in the future.

Androstenediol is a steroid that derives from the precursor
HEA of adrenal origin. In this study, we found significantly higher

evels of circulating DHEA-S in PCOS patients compared with the
ontrol group, although within the normal range. These findings
re consistent with those reported in the literature [6,7]. The
igh plasma concentration of DHEA-S, coupled with the high lev-
ls of the transporter OATP-E, suggest a potential higher uptake
f DHEA-S into the endometrial cells from PCOS women, which
ill be discussed later. As mentioned, the DHEA-S requires trans-
orters to enter cells, which until now have not been characterised

n endometrial tissue. In fact, to our knowledge, this is the first
tudy to describe the expression of OATPs in human endometrium
hroughout the menstrual cycle. In this study, we obtained tran-
cripts of transporters OATP-B, OATP-D and OATP-E in human
ndometrium during the menstrual cycle and also those from
omen with PCOS. The OATP-E transporter transcript levels were

he only one increased in the control endometrium in the secretory
hase of the menstrual cycle. On the other hand, a lower tran-
cript expression of OATP-E in the endometrium of PCOS women
as observed compared with the control group. These differences

n the mRNA expression could involve changes within the tis-
ue protein levels of steroids receptors and co-regulators, where
he action of testosterone increases and oestrogen decreases gene

ranscription [49]. This has been described for oatp1 mouse kid-
ey tissue but not in liver, suggesting a tissue-specific regulation.

mportantly, in the present study, we found a high protein expres-
ion of the transporter OATP-E in the endometrium of women with
COS. The discrepancies between transcript and protein levels are
5 (2010) 810–817

unclear, and further investigation is needed to elucidate this find-
ing.

The data of this study suggest a greater uptake of sul-
phated steroids by the endometrial cells of women with PCOS
in the glandular epithelial compartment, even though in the
present investigation we did not measure the activity of trans-
porters. Once DHEA-S enters the cell, it is the precursor of the
metabolic intracrine pathway. In DHEA replacement therapy for
postmenopausal women, endometrial atrophy persists after 12
months of treatment, probably due to the lack of metabolisation
of this steroid [50]. Nevertheless, the changes observed in the
PCOS endometria generate a high sensitivity of the steroids and
an increase in the metabolisation of DHEA [12,13,35,51].

In our previous studies, it was determined that there is an
increase in the activity of sulphatase, the enzyme that transforms
DHEA-S into DHEA, in PCOS endometrium compared with controls
[51]. These results indicate an increase in free DHEA and, therefore,
the availability of this precursor to be metabolised by enzymes such
as 17�-HSD and 3�-HSD. Previous studies from our group indicate
that it is most likely that the metabolism of DHEA to androstene-
diol and of androstenedione to testosterone could be facilitated in
women with PCOS, because an increase in the transcript of 17�-
HSD type 1 vs. type 2 and reduced activity of 17�-HSD type 2 was
detected [35,51]. Consistent with the above information, the results
obtained in this investigation indicate that the metabolism of DHEA
to androstenediol is favoured in patients with PCOS, probably due
to the higher concentration of enzyme17�-HSD isoform 1 [35].
Therefore, we can speculate that, in the PCOS endometrium, a high
tissue concentration of androstenediol may be generated, which
could bind to the oestrogen receptor and co-activators, exerting an
oestrogenic effect in the cells.

Another of the enzymes involved in this metabolic path-
way is 3�-HSD, which converts DHEA to androstenedione and
androstenediol to testosterone [43]. Our data in the endometrium
of women with PCOS revealed that they have a lower protein
expression of 3�-HSD compared with the endometrium of control
women. These findings suggest that the amount of enzyme is lim-
iting for the conversion of androstenediol to testosterone, allowing
a greater availability of androstenediol. To address this point more
precisely, future studies will be necessary to determine the enzy-
matic activity of 3�-HSD in this tissue. Consequently, previous data
from our laboratory indicate that the PCOS endometrium has a high
sensitivity to oestrogen action [12], which together with the results
obtained in the present study, suggest a greater potential input
of DHEA-S, an increased metabolism of DHEA to androstenediol
as well as the limited transformation of androstenediol to testos-
terone in endometrial cells of patients with PCOS. We can infer that
the high concentration of androstenediol in the endometrial cells
of women with PCOS can bind to oestrogen receptors and promote
the transcription of genes that regulate cell proliferation.

Finally, because we know that there is a high sensitivity of the
endometrium to oestrogen and androgen action, our hypothesis has
been focussed on the possible oestrogenic activity of androstene-
diol, based primarily on the known ability of oestrogen to regulate
the cell cycle during the normal menstrual cycle. However, it is
possible that androgens may also have a significant role in these
processes, with androstenediol acting on the androgen receptor as
well as other androgens with high activity such as DHT. Therefore,
further work must not only focus on androstenediol and its role in
the homeostatic alteration of endometrial tissue, but also on other
metabolites with androgen action, such as DHT.
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