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Aquaporin 1 is expressed in the human endometrium during
normal cycle and increases after mifepristone treatment
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Abstract. Aquaporin-1 (AQP1) is involved in the angiogenesis
and structural modifications of microvessels and possibly
also in the pathogenesis of idiopathic menhorrhagia, where
a reduced AQP1 expression is seen in the endometrium.
Mifepristone treatment induces reduced menstrual bleeding
and amenorrhea and also has a direct effect on endometrial
arterioles. Administered with gestagen-only contraceptive
methods, antiprogestins improve the bleeding pattern. The
objective of this study was to evaluate the AQP1 expression in
endometrial blood vessels during normal cycle and after
mifepristone treatment. Localization and expression of AQP1
was determined using immunohistochemistry and reverse
transcriptase chain reaction (RT-PCR) in 43 biopsies from
human endometrium taken during a normal cycle and after
mifepristone treatment. AQP1 expression in human endo-
metrial vessels is not cycle dependent and is stronger in
capillaries and arteries than in veins. After mifepristone
treatment the staining intensity was increased, but not the
number of stained vessels. The presence of AQP1 was also
confirmed using RT-PCR. The changes in AQP1 expression
could contribute to the reduced bleeding seen following
mifepristone treatment and could be an effect of either
antagonizing progesterone or cortisol.

Introduction

Unscheduled bleeding is a common side effect of gestagen-
only contraceptive methods, limiting their acceptability. The
bleeding pattern can be improved by combining the treatment
with an antiprogestin (1,2). However, the exact underlying
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mechanism is not known. Treatment with mifepristone results
in an increased expression of estrogen receptors allowing
the endometrium to respond to endogenous or exogenous
estrogen (3). Mifepristone also directly affects endometrial
arterioles in the mid luteal phase (4) as well as inhibits endo-
metrial receptivity and embryo implantation in vivo and in vitro
(5,6). When used in low daily doses mifepristone induces
amenorrhea in a majority of the women treated (7).

In adult humans physiological angiogenesis, the sprouting
of new vessels from existing ones, takes place only in the
female reproductive tract and during the wound healing
process (8). Endometrial angiogenesis occurs during all
phases of the menstrual cycle and in different layers of the
endometrium. After the menstrual shedding, new vessels are
formed in the remaining superficial basalis layer. During the
proliferative phase, angiogenesis takes place at two different
locations: throughout the functionalis layer and also directly
under the epithelium, where a capillary plexus is formed.
These vessels continue growing during the remaining prolife-
rative phase in order to form a network and is sprouted from
the spiral arteries at onset of the secretory phase (9,10). During
the secretory phase, a development of spiral arteries is observed.

Recently we showed that the expression of aquaporin-1
(AQP1) was reduced in women with idiopathic menhorragia.
At present, at least 13 different aquaporins have been identified
in mammals (11). AQPI is an hourglass-shaped membrane
integral protein, divided into six membrane-spanning segments
(12). This water channel is strongly expressed throughout
microvascular endothelia outside of the central nervous
system (13,14). Recent experiments in knockout mice revealed
a role for AQP1 in angiogenesis, microvascular modifications
and endothelial cell migration (15).

The aim of the present study was to examine the effect of
mifepristone on the expression of AQP1 in mid-luteal phase
endometrial vessels.

Materials and methods
Endometrial tissue. Endometrial biopsies were obtained from

43 healthy women, with regular menstrual cycles and proven
fertility. The mean age was 34 years (range 21-44). None of
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the women had been using steroid hormone contraceptives or
an intrauterine device for 3 months or more prior to the study,
nor had they been pregnant or had a history of inflammatory
pelvic disease within the previous 12 months.

The biopsies originated from the anterior wall of the
uterine cavity and were obtained without dilatation using a
Randall curette (Stille Werner AB, Stockholm, Sweden). One
biopsy was obtained from each woman. From 28 women, the
biopsies were taken at a randomly selected time between days
LH<O0 and LH+14, where the dating refers to the number of
days past LH peak (LH peak, day 0). From an additional 15
women, biopsies were obtained in either control cycles (no
treatment), or following treatment with a single dose of 200 mg
mifepristone administered on day LH+2. The day of LH surge
was identified by the participants testing their morning urine
using a ClearPlan Home Ovulation Test (Unipath Ltd, Bedford,
UK). This test has proven to correlate well with the LH surge
determined in peripheral blood (16). LH+7 corresponds to
cycle day 21 in a standardized cycle, as per the histology
according to Noyes et al (16).

The endometrial samples obtained during the proliferative
phase and luteal phase until LH+14 (n=28), were fixed in 4%
phosphate buffered formaldehyde (Apoteket, Goteborg,
Sweden), for a maximum of 24 h and thereafter stored in 70%
ethanol until being embedded in paraffin. The endometrial
samples obtained with or without mifepristone treatment
(n=15) were snap frozen in liquid nitrogen. Larger biopsy
samples were cut, and one piece was used for RT-PCR
analysis. Eight samples were obtained after mifepristone
treatment and seven samples were used as control.

The paraffin-embedded biopsies were divided into four
groups according to LH peak (<LH+0: proliferative phase,
n=4; LH+0 to LH+5: early luteal phase, n=8; LH+6 to LH+8:
mid-luteal phase, n=8; LH+9 to LH+14: late luteal phase,
n=8).

The Ethics Committee at Karolinska Institutet approved
the study and all women gave written informed consent.

Immunohistochemistry. The paraffin-embedded endometrial
samples were cut into sections of 4 ym. The paraffin was
removed by rinsing in Bioclear (Bio-Optica, Milan, Italy).
The sections were rehydrated using gradient ethanol (99.5,
95 and 70%) and finally rinsing in distilled water, and sub-
sequently washing three times in PBS. The frozen samples
were mounted in an embedding medium (OTC Compound;
Miles Inc, Elkhart, IN, USA) and serially sectioned to 9 pm
using a Reichert-Jung Cryocut 1800 (Cambridge Instruments
GmbH, Nussloch, Germany). The sections were mounted on
glass slides, immersed in 2% paraformaldehyde in PBS, then
wrapped in parafilm and stored at -70°C until use. Thereafter
all samples were treated in the same way.

Endogenous peroxidase activity was blocked using 3%
hydrogen peroxide in methanol for 30 min in the dark. After-
wards the sections were washed in PBS/BSA (0.05%) and
covered with 75 ul blocking serum (normal goatserum, 1.5%,
Vector Laboratories Inc., Burlingame, CA, USA) and incu-
bated for 30 min in a humid chamber. The sections were then
incubated with the primary antibody over night at 4°C in a
humid chamber. The specificity of the AQP1 antibody has
been described previously (17,18). After incubation with the

primary antibody the slides were washed in PBS/BSA and
subsequently incubated with the secondary antibody, a
biotinylated goat anti-rabbit antibody (Vector Laboratories),
diluted 1:300 with blocking serum, for 30 min in a humid
chamber. Then the slides were washed in PBS/BSA and
incubated for 30 min with horseradish peroxidase-avidin-
biotin complex (Vectastain ABC Elite, Vector Laboratories).
After washing the slides once more in BSA/PBS the enzyme
binding site was visualized by the application of 3,3-dia-
minobenzidine (a chromogen producing a brown insoluble
precipitate when incubated with an enzyme) in H,0, (DAB-
kit, Vector Laboratories). The slides were washed in PBS and
counterstained with haematoxylin and rinsed in water.
Finally the sections were mounted with glycerogelatine
(Merck, VWR, Stockholm, Sweden). Negative controls were
incubated similarly, but with blocking serum replacing the
primary antibody.

RNA isolation and reverse transcriptase chain reaction (RT-
PCR). Total tissue-RNA was isolated using SV Total RNA
Isolation System (Promega Corp., Madison, WI, USA) accor-
ding to the manufacturer's protocol. Total RNA (2 ug) was
reverse-transcribed using the First-Strand cDNA Synthesis
Kit (Pharmacia Biotech AB, Uppsala, Sweden). cDNA (2 ug)
was then amplified in a total volume of 25 ul, composed of
10X PCR buffer (100 mM Tris-HCI, pH 8.4, 500 mM KCl),
0.5 u1 dNTP, 2 ul of each primer (4 uM), 0.15 ul Taqg DNA
polymerase and 15.85 ul sterile water. AQP1 specific primers
were generated from known sequences: forward, GTCTTCA
TCAGCATCGGTTC and reverse, GTCGGCATCCAGGTC
ATACT, as previously described (19). The amplification
cycle included denaturation at 95°C for 3 min, 25 cycles of
amplification at 94°C for 30 sec, annealing at 64°C for 45 sec
and extension at 72°C for 1 min. Visualization of the RT-PCR
products was conducted by electrophoresis using a 1.5%
agarose gel with subsequent treatment with ethidium bromide.
As a standard a 100-basepair ladder (Pharmacia Biotech AB)
was chosen. In order to exclude the possibility of non-specific
amplification, a negative control reaction was included in
which no cDNA template was added.

Evaluation of immunohistochemistry and statistics. Evaluation
of staining intensity followed using a grading scale of 0-3, as
follows: 0, no staining; 1, faint staining; 2, moderate staining,
and 3, intense staining. The number of stained cells was
similar in all biopsies. Two observers, each unaware of the
identity of the slides, evaluated the staining intensity. The
average value was calculated from the evaluations of the two
observers.

Immunostaining of AQP1 was statistically evaluated
using the Kruskal-Wallis one-way ANOVA on ranks and all
pairwise comparison procedures according to Dunn's method.

Results

Immunohistochemistry. AQP1 was expressed in the vessels of
the human endometrium (Fig.1). There were no statistically
significant cycle-dependent changes, either in the intensity of
staining, or in the number of vessels stained (Fig. 2A and C).
After mifepristone treatment the staining intensity was
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Figure 1. Immunohistochemical staining of AQP1 in endometrium from healthy fertile women. AQP1 is visible in (A) small veins, (B) small arteries and (C)

erythrocytes.
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Figure 2. Immunohistochemical data showing staining intensity and number
of stained vessels of AQP1 in human endometrium. (A) Staining intensity of
AQPI in endometrium throughout the menstrual cycle. (B) Staining intensity
of AQP1 in human endometrium with or without mifepristone treatment on
day LH+2. (C) Number of stained vessels in human endometrium through-
out the menstrual cycle. (D) Number of stained vessels with or without
mifepristone treatment on day LH+2. Statistical differences of p<0.05 are
shown.

increased (p<0.05), but not the number of vessels stained
(Fig. 2C and D).

RT-PCR. The expression of AQP1 in the human endometrium
was verified in RT-PCR, where a positive band of 701 bp
was observed (Fig. 3). The optical density ratio was 17.8,
82.7 and 80.2 for the early, mid- and late secretory phases
respectively.

Discussion

In the human endometrium, angiogenesis is crucial for
several events of the normal menstrual cycle. Recent studies
in AQP1 knockout mice reveal that AQPI has a role in
angiogenesis and endothelial cell migration (15). We pre-
viously demonstrated the aberrant expression of AQP1 in the
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Figure 3. PCR image of AQP1 mRNA in human endometrium.showing
early, mid- and late secretory phases.

endometrium of women with menorrhagia compared to
healthy women (19). In the present study, we demonstrated
that treatment with mifepristone results in the increased
expression of AQP1 in endometrial endothelial cells.

Today an increasing number of women request bleeding-
free contraceptive methods (20). Unpredictable bleeding is the
most common reason for the discontinuation of a gestagen-
only contraceptive method. Mifepristone has been shown to
have various effects on ovulation and endometrial develop-
ment depending on the dose given and the duration of the
treatment. When given postovulatory once a month it has
been shown to act as an effective contraceptive method
through the inhibition of endometrial development and
receptivity (5). Narverkar et al showed that when given in
low daily doses mifepristone induces anovulation as well as
affecting endometrial development, resulting in amenorrhea
in a high proportion of women (7). The connection between
mifepristone-induced amenorrhea, an increased number of
glandular glucocorticoid receptors and microvessel density
was described in the same study. Therefore it was proposed
that the high incidence of amenorrhea after mifepristone
treatment might be due to vascular functional regulation (7).
Adding mifepristone or other antiprogestins to gestagen-only
contraceptive methods significantly improves bleeding
pattern (1). A direct effect of mifepristone on endometrial
arterioles has been suggested (4). However, while ERB has
been shown to be present in endometrial endothelial cells,
progesterone receptors (PR) could not be detected in endo-
metrial arterioles. Since AQP1 is involved in endometrial
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angiogenesis and was shown to be reduced in women with
menorrhagia, the reduced bleeding could be due to an effect
of mifepristone on AQP1 expression.

The presence of AQP1 in the endometrium has been shown
in the uterus of both humans and rats (19,21). It has previously
been demonstrated that AQP1 is located solely in endothelial
cells (15,22). In our previous study, we could not detect any
significant differences in vessel staining between cycle day 7
and cycle day 21. This was confirmed by our present study,
where samples obtained during different stages of the secre-
tory phase showed no statistically significant differences,
although the mRNA levels of AQP1 increased during the
secretory phase. The discrepancy could possibly be explained
by technical particularities, e.g. the homogenizing of whole
tissue as a preparation for real time PCR, while with the use
of immunohistochemistry, variations in specific cell types
can be detected.

The female reproductive tract is the only tissue in the
adult where physiological angiogenesis takes place (9,23).
Angiogenesis, increased vascular permeability and successful
remodeling of spiral arteries are important events during
endometrial development, implantation and placentation
(24). The endometrial capacity for angiogenesis is present
throughout the cycle, however, the pattern of angiogenesis is
unclear. In artificial cycles in primates, the process of angio-
genesis is most intense in the early proliferative phase. In
humans, there seems to be a second wave of angiogenesis
during the secretory phase as well (25).

The present study shows the distribution of AQP1 in the
human endometrium during the normal menstrual cycle and
after mifepristone treatment. We have previously reported
that AQP1 is present in human endometrium, with an aberrant
expression in endometrium from women with menorrhagia,
suggesting that AQP1 is important for normal endometrial
function (19).

The hormonal regulation of AQP1 is unclear. In rats, both
estrogen and progesterone are connected to AQP1 regulation
(21,26). In the present study, treatment with mifepristone, a
19-nor steroid that binds with high affinity to the PR, thus
inhibiting the effect of endogenous progesterone, increased
the staining intensity of AQP1. The increase in AQP1 after
mifepristone treatment could imply that progesterone, at least
to some extent, is involved in the regulation of AQP1. The
highest levels of AQP1 were seen during the late secretory
phase, when progesterone levels have declined. However,
mifepristone is also responsible for other actions, such as a
glycocorticoid effect (27), which might explain the discre-
pancy between the changes during cycle and the effect of
mifepristone. In the present study, the number of stained
vessels did not change after a single dose of mifepristone,
and it is likely that a longer duration of mifepristone treatment
is needed to increase microvessel density (7).

Previous studies showed that other aquaporins, e.g. AQP2
might also be involved in the regulation of water homeostasis
in the human endometrium (28). AQP2 is mainly located in
the endometrial glandular and luminal epithelium, and could
play a role in the regulation of the uterine secretion during
the menstrual cycle (28,29). In the mouse uterus, a shift in
AQP5 could be observed on the apical surface of the
epithelial cells during the time of implantation (21).

A single dose of mifepristone immediately after ovulation
has an effect on endometrial development, converting the
uterus into a non-receptive stage (30), which is observed
when inhibiting the normal downregulation of progesterone
receptors in the endometrium (31). Mifepristone is also
known to have a high affinity to the glucocorticoid receptor
(27). Glucocorticoids suppress angiogenesis in tumor cells
(32), and it can be speculated that the effect of mifepristone
is due to its action on the glucocorticoid receptor. The precise
action of mifepristone in the endometrial epithelial cells and
its possible role in the treatment of menorrhagia as well as in
reducing menstrual bleeding remains to be further studied.

In conclusion, the presence of AQP1 in human endometrial
blood vessels indicates an involvement in the regulation of
edema, and also a possible role in the regulation of angio-
genesis, as well as endothelial cell migration. Furthermore,
the increase in AQP1 staining intensity after mifepristone
treatment suggests progesterone as a candidate in AQP1
regulation.
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