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Background: Estetrol (E4) is a natural estrogen produced solely during human pregnancy. E4 is suitable
for clinical use since it acts as a selective estrogen receptor modulator. In clinical trials E4 has been
seen to have little or no effect on coagulation. Hence, it is interesting to investigate whether E4 alters
endothelial-dependent fibrinolysis.

Objectives: We studied the effects of E4 on the fibrinolytic system and whether this could influence the

Iég’e‘ff&ds" ability of endothelial cells to migrate. In addition, we compared the effects of E4 with those of 173-
Estrogen estradiol (E2).

HUVEC Study design: Human umbilical vein endothelial cells (HUVEC) were obtained from healthy women.
PAI-1 Expression of plasminogen-activator inhibitor-1 (PAI-1), urokinase-type plasminogen activator (u-PA)
u-PA and tissue plasminogen activator (t-PA) proteins was evaluated by Western blot analysis. Endothelial
t-PA cell migration was studied by razor-scrape horizontal and multiwell insert systems assays.

Results: E4 increased the expression of t-PA, u-PA and PAI-1 in HUVEC, but less so than did equimo-
lar amounts of E2. The effects of E4 on t-PA, u-PA and PAI-1 were mediated by the induction of the
early-immediate genes c-Jun and c-Fos. E4 in combination with E2 antagonized the effects induced by
pregnancy-like E2 concentrations but did not impair the effects of postmenopausal-like E2 levels. We
also found that the increased synthesis of PAI-1, u-PA and t-PA induced by E2 and E4 is important for
horizontal and three-dimensional migration of HUVEC.
Conclusions: These results support the hypothesis that E4 acts as an endogenous selective estrogen
receptor modulator (SERM), controlling the fibrinolytic system and endothelial cell migration.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Estetrol (E4) is a human-specific natural estrogen produced
exclusively during pregnancy by the fetal liver. E4 concentrations
increase exponentially during pregnancy and peak at term with
fetallevels about 10-20 times higher than maternal ones. Soon after
delivery, blood levels of E4 become undetectable [1]. The physio-
logical role and mechanisms of action of E4 during pregnancy are
still poorly understood.

E4 is an endogenous selective estrogen receptor modulator
(SERM), exerting estrogenic actions on the endometrium and the
central nervous system but with antagonistic effects on the breast
[2].
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Based on the available information clinical studies of E4 [3],
oral administration has minimal effects on the liver, and surro-
gate markers of coagulation and fibrinolysis are compatible with
a neutral effect on thromboembolic risk. Due to these character-
istics, E4 is currently being developed for a number of clinical
applications, including contraception and menopausal hormone
replacement therapy (HRT) [4,5]. The Women’s Health Initiative
(WHI) trial showed that oral estrogen plus progestin — an alter-
native preparation for such applications — may increase the risk
of cardiovascular disease (CVD) among postmenopausal women,
especially during the first year after the initiation of HRT [6,7].

Plasminogen-activator inhibitor-1 (PAI-1) is one of the primary
regulators of the fibrinolytic system in vivo, and over-expression of
this inhibitor compromises normal fibrin clearance and promotes
fibrin deposition and hence thrombotic events [8]. Menopausal
estrogen withdrawal is associated with increased blood levels of
PAI-1 [9], while a decrease is found with estrogen therapy [10].


dx.doi.org/10.1016/j.maturitas.2017.02.005
http://www.sciencedirect.com/science/journal/03785122
http://www.elsevier.com/locate/maturitas
http://crossmark.crossref.org/dialog/?doi=10.1016/j.maturitas.2017.02.005&domain=pdf
mailto:tommaso.simoncini@med.unipi.it
dx.doi.org/10.1016/j.maturitas.2017.02.005

2 M.M. Montt-Guevara et al. / Maturitas 99 (2017) 1-9

A 400+ Fhk D 400+
< T\ § -
3 300 ot 7 3001 x -
g — T ¢ \
(=3 ok Qg T
¢ £ 2004 \ / = = * $5 w0 \ 1
Y = a
= 100- \ / 7 1004 \ B
. \ / : \ K
0_ & / 0- & o
PAI-1 —_— = PAI-1 - - -
GAPDH " Sa—— — GAPDH
con 108 10° 10 10° 10° 101 con ICl (o H
E2 (M) E4 (M) E210°% E410°8
B 4004 s E  400-

\ *kk

g

*%

HH 2

HH=

Hi x

2004

1004

relative OD
u-PA protein expression

7 ZZZzk
AE:
i

INN\E
-

o-

u-PA i upA [

GAPDH GAPDH s

con 10° 10° 10 10° 10° 10 con ICI I g
E2 (M) E4 (M) E2108 E4 108
C 5001 P F 5004 ™
T
§ 400+ N - - 8 4w T\\
Q § ) § kkk
0 2 3004 \ 7 ;*_ *x ) g 300 ==
$ £ \ % = o e \ i .
SN / i s || B
‘& \ / Fa \ o 2
XXX
£ 100- \ / £ 1004 \
0.. & % 0_. &
t-PA — — - t-PA Ba
GAPDH = =—— _—— Sy e— ——— GAPDH — — —
con 108 10° 10 10% 10° 10 con ICI ICl
E2 (M) E4 (M) E210 E410%

Fig. 1. E4 increases expression of PAI-1, u-PA and t-PA in human endothelial cells. HUVEC were treated during 24 h with vehicle (con) or increasing doses of E2 or E4 (A-C)
in the presence or absence of ICI (D-F). Cell lysates were analyses by Western blotting for PAI-1, u-PA and t-PA. Quantitative bar graphs are expressed as mean + SEM (upper
panel) of three independent experiments and representative blots are shown (lower panel). The significance of the observed effects was evaluated using one-way ANOVA
followed by Tukey’s multiple comparisons post-test (*p <0.05, **p<0.01, ***p <0.001 vs. con) (###p <0.001 vs. E2).

These changes have been interpreted as potential reasons for of PAI-1, urokinase-type plasminogen activator (u-PA) and tissue
the beneficial vascular effects of endogenous estrogens in fertile plasminogen activator (t-PA) [11,12].

women. Additionally, estrogen receptor (ER) agonists are known In human endothelial cells, E4 mimics the effects of 17[3-
to control endothelial cell migration and the proteolytic activity estradiol (E2), enhancing nitric oxide (NO) synthesis when provided
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Fig. 2. E4 modulates the effects of E2 in human endothelial cells. HUVEC were co-treated for 24 h with vehicle (con) or increasing concentrations of E4 and E2 (A-C). Cell lysates
were analyses by Western blotting for PAI-1, u-PA, t-PA proteins. Quantitative bar graphs are expressed as mean + SEM (upper panel) of three independent experiments

and representative blots are shown (lower panel). The significance of the observed
post-test (**p<0.01, ***p <0.001 vs. control) (#p <0.05, ##p <0.01 vs. E2).

alone, but is an estrogen antagonist when the two steroids are
jointly present [13]. We aimed to assess whether E4 exerts modu-
latory actions on the fibrinolytic system directly at the endothelial
level, by controlling the protein synthesis of PAI-1, u-PA and t-PA,
and whether this could influence the ability of endothelial cells to
migrate. In addition, we compared the effects of E4 with those of
E2, and studied the effects of the combination of the two steroids.

effects was evaluated using one-way ANOVA followed by Tukey’s multiple comparisons

2. Methods
2.1. Cell culture and treatments
Human umbilical vein endothelial cells (HUVEC) were obtained

from umbilical veins from healthy women at the time of deliv-
ery. Under a laminar flow hood, the umbilical vein was cannulated
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Fig. 3. E4 modulates c-Fos and c-Jun expression. HUVEC were treated with vehicle (con), or E2, E4 or the combination of both steroids (10-2M) for different times (0-24 h).
Cell lysates were analyzed by Western blotting for c-Fos and c-Jun. Representative blots are shown (A-C) and quantitative time responses are expressed as mean + SEM of
three independent experiments (D-E). The significance of the observed effects was evaluated using two-way ANOVA followed by Tukey’s multiple comparisons post-test.
(E2 vs. E4 or E2 +E4: *p<0.05, **p<0.01, ***p<0.001) (E4 vs. E2 + E4: #p <0.05, ###p <0.001).

and rinsed with sterile saline solution. After clamping one extrem-
ity, the vein was filled with pre-warmed 0.1% type IA collagenase
(Sigma-Aldrich, USA) for 30 min at 37 °C. The action of collagenase
was blocked with DMEM 10% FBS. The collected solutions were
centrifuged at 4°C for 30 min at 1300 rpm, and the pellet resus-
pended in Medium 200PRF supplemented with Low Serum Growth
Supplement Kit (LSGS, Gibco, Invitrogen). HUVEC were plated on
culture plates pre-coated with Attachment Factor (AF, Gibco, Invit-
rogen) and maintained at 37 °C in a humidified 5% CO, atmosphere.
Cells were used up to passage 5. Twenty-four hours before exper-
iments, medium was replaced with steroid-deprived FBS. The ER
antagonist ICI 182,780 (ICI 10~7M) (Tocris Cookson, UK) was used
30min before the active treatments. Control cells were treated
with ethanol (vehicle) at a final concentration of 0.01% (solvent for
E2/E4/ICI).

2.2. Immunoblottings

After treatments, cells lysates were separated by SDS-PAGE.
Antibodies against u-PA (ab8473), PAI-1 (sc-5297), t-PA (sc-5239),
c-Fos (sc-447), c-Jun (sc-1694) and GAPDH (sc-59540, a house-
keeping protein used as loading control) were used. Primary and
secondary antibodies were incubated with a standard technique.
Immunodetection was accomplished with a quantitative digital
imaging system (Quantity One; BioRad, USA). Densitometric anal-

ysis of the proteins bands was performed using NIH Image] 1.40¢g
software. The values shown in each quantitative bar graph in the
Results section below are the ratio of each protein band vs. aloading
reference (GAPDH).

2.3. Gene silencing with RNA interference

Gene silencing was performed using synthetic small interfering
RNAs (siRNAs) targeting PAI-1 (sc-36179), u-PA (sc-36705) and t-
PA (sc-36779). Each siRNAs is a pool of 3 target-specific 19-25nt
which are designed to knock down gene expression. All siRNAs
were used at a final concentration of 25 and 50 nM according to the
manufacturer’s instructions. HUVEC were transfected with Lipo-
fectamine RNAiIMAX (Invitrogen, USA) in opti-MEM without ATB.
The efficacy of gene silencing was checked after 24, 48 and 72 h by
Western analysis and found to be optimal with 50 nM from 24 h.
HUVEC active treatments were done 24 h after siRNA transfection.

2.4. Cell migration assays

Cell migration assays with razor-scrape were performed as pre-
viously described [14]. Briefly, a razor blade was pressed through
the confluent HUVEC monolayer to mark the starting line and cells
were swept away on one side of that line. Cells were washed and a
medium was added that contained steroid-deprived FBS and ARA-C
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Fig. 4. E4-modulated HUVEC horizontal migration. HUVEC were scraped out from the culture dish and the number of cells crossing the starting line was analysed after
48 h. HUVEC were treated with vehicle (con) or increasing doses of E4, E2 (10-'° to 10-8M) or with the combination of both steroids in the presence or absence of ICI.
Representative images are shown of three independent experiments. The significance of the observed effects was evaluated using one-way ANOVA followed by Tukey’s
multiple comparisons post-test (*p<0.05, **p<0.01, ***p<0.001 vs. control), (##p <0.01, ###p <0.001 vs. E2), (Ap<0.05 vs. E4).

(Sigma-Aldrich) (10 wM), a selective inhibitor of DNA synthesis that
does not inhibit RNA synthesis. Active treatments were done one
hour later. Migration was monitored for 48 h. Cells were digitally
imaged and migration distance was measured with phase-contrast
microscopy in five different areas of the culture. Quantification of
migrated cells was performed using NIH Image] 1.40 g software.
Cell migration assays with multiwell insert systems were per-
formed using inserts (8 um pores/cm?) (1185-HTS, BD Biosciences
Labware). In brief, 40000 cells were plated in the upper well
(insert) with medium containing steroid-deprived FBS, and in the
lower chamber medium containing the active treatment. HUVEC
were allowed to expand for 24 h. Subsequently cells were fixed
in 3% paraformaldehyde phosphate buffered saline for 20 min and
stained in Giemsa solution. Non-migrated cells were removed
using a cotton-tipped swab. Cells were digitally imaged using
phase-contrast microscopy in four different areas. Quantification
of migrated cells was performed using NIH Image] 1.40 g software.

2.5. Statistical analysis

Each test condition was reproduced in three independent exper-
iments. All data are presented as mean + SEM. Statistical analysis
was performed using GraphPad Prism 6 software, using one- or

two-way ANOVA followed by Tukey multiple comparisons post-
test, depending on the outcomes analyzed. Differences at p <0.05
were considered significant.

3. Results

3.1. E4 increases the expression of PAI-1, u-PA and t-PA in human
endothelial cells

HUVEC were exposed for 24h to a range of E4 concentra-
tions, spanning those selected to treat climacteric complaints in
postmenopausal women (10-19M) to those that are found dur-
ing pregnancy (maternal side 10~°M, fetal side 10-8M). Parallel
amounts of E2 were tested, mimicking the span in reproduc-
tive life: pregnancy-like (10-8M), follicular phase-like (10-°M) or
postmenopause-like E2 (10-10M).

E4 treatment resulted in a significant increase in PAI-1, u-PA and
t-PA expression in a dose-dependent manner, although E4 was less
effective than equimolar amounts of E2 (Fig. 1A-C). The effects of
E4 were reduced by the addition of ICI, suggesting that E4 acts via
estrogen receptor recruitment (Fig. 1D-F).

To evaluate whether E4 interferes with E2 signaling, we per-
formed co-treatments with the two steroids. We observed a
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Fig.5. E4-modulated HUVEC insert migration. HUVEC were plated in the upper well (insert) and in the lower chamber medium with vehicle (con) or increasing doses of E4, E2
(10-10 to 10-8M) or with the combination of both steroids during 24 h, in the presence or absence of ICI. Representative images are shown of three independent experiments.
The significance of the observed effects was evaluated using one-way ANOVA followed by Tukey’s multiple comparisons post-test (*p <0.05, **p <0.01, ***p <0.001 vs. control),

(##p<0.01, ###p<0.001 vs E2), (Ap<0.05 vs E4).

significant reduction of the pro-stimulatory effects of E2 when E4
was added to 10-8M E2 (Fig. 2A). This reduction was related to the
amount of E4 added. However, co-treatment of E4 with 10-°M E2
produced a non-significant reduction in the expression of PAI-1, u-
PA and t-PA (Fig. 2B), while co-treatment of E4 with 10-1°M E2 did
not affect the pro-stimulatory effects of E2 (Fig. 2C).

3.2. E4 modulates c-Fos and c-Jun expression

A previous study by our group showed that estradiol induces
PAI-1 expression through up-regulation of c-Fos and c-Jun [12].

PAI-1, u-PA and t-PA genes are regulated by the Activator Protein-1
(AP-1) complex, which is composed of a heterodimer of c-Fos and
c-Jun [15,16]. We therefore checked whether E4 regulates these
transcription factors, in HUVEC, performing time-course experi-
ments with E4 alone or in combination with E2.

Both E4 and E2 administration increased c-Fos and c-Jun expres-
sion (Fig. 3A and B, D and E). The co-treatment E2-E4 resulted in
c-Fos or c-Jun delayed expression, and was less efficient than E2
alone (Fig. 3C-E).
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vs. E2), (Ap<0.05, AAp<0.01 vs. E4).

3.3. E4 modulates HUVEC migration

We tested whether E4 administration modified migration in
HUVEC. Two different migration assays obtained similar results:
arazor-scrape horizontal migration and a multiwell inserts migra-
tion assay.

E4 treatment significantly increased cell migration in a dose-
dependent manner, although E4 was less effective than equimolar
amounts of E2. Once more, the effects of E4 were blunted by ICI,
suggesting that E4 regulates endothelial cell migration via estrogen
receptors (Figs. 4 and 5).

The pro-migratory effects of 10-8M E2 were significantly
reduced when increasing amounts of E4 were added. This reduc-
tion was related to the amount of E4 added. Again, co-treatment
of E4 with 10-°M or 10-1°M E2 did not affect the pro-migratory
effects of E2 (Figs. 4 and 5).

3.4. PAI-1, u-PA and t-PA are required for E4-induced endothelial
cell migration

To study whether E4 migration involves the proteins of the
fibrinolytic system, we silenced PAI-1, u-PA and t-PA with siRNA
and performed horizontal migration. First we tested the efficacy of
gene silencing by Western blot (Fig. S1 in Supplementary Material).
After down-regulation of the mentioned proteins, we performed
a cell migration assay. E4, E2 and the co-treatment E2-E4 signif-
icantly increased horizontal migration. Silencing PAI-1, u-PA and
t-PA significantly blocked endothelial cell migration in all condi-
tions (Fig. 6).

4. Discussion

The main finding of our paper is the identification of a direct
regulation by E4 of endothelial fibrinolysis. E4 modulates endothe-

lial levels of PAI-1, u-PA and t-PA. These proteins could mediate the
effects of estrogen and estetrol on endothelial migration. Addition-
ally, E4 can interfere with the effects of E2 in HUVEC, depending on
the amount of estradiol present.

In the presence of pregnancy-like amounts of estradiol, estetrol
is a potent antagonist, decreasing E2-induced migration and PAI-1,
u-PA and t-PA expression. This is consistent with our previous work
on the regulation of NO synthesis by estetrol in human endothelial
cells [13]. The implications of this phenomenon may reside in the
hypothetical role of estetrol during pregnancy, where it may be a
key actor in dissecting the vasodilatory actions of estradiol in the
maternal and fetal circulations. Concentrations of E4 are 10-fold
lower in the maternal circulation than in the fetal one. This may
result in a lower inhibition of the fibrinolytic and NO systems [13],
therefore favoring efficient blood flow towards the fetus. In con-
trast, high amounts of estetrol on the fetal side may help to prevent
excessive vascular dilatation or may interfere more effectively with
those processes that are modulated by the components of the fib-
rinolytic system, such as blood clotting or endothelial remodeling.
Indeed, a correct function of the plasminogen pathway and NO sys-
tem is crucial in the placenta, umbilical vessels and in the fetus to
promote normal fetal development and to allow fetal preparation
for the stress of delivery [17,18].

The vascular actions of estetrol are particularly relevant in the
context of its possible use as a post-menopausal chronic treatment.
Estrogen therapy exerts a strong vascular protective action after the
menopause [19]; thus it is a relevant safety issue to assess whether
estetrol treatment shares this positive effect or whether it may be
harmful. In this setting, it is important to understand whether the
addition of E4 to concentrations of E2 similar to those found after
menopause will result in modifications of the biological actions of
estradiol. Our results suggest that this is not the case, since the
stimulatory effect on PAI-1, u-PA and t-PA expression or on cell
migration induced by postmenopausal-like amounts of estradiol
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(10-19M) was not modified by high or low amounts of estetrol
(10-8-10-10M).

Furthermore, as E4 appears to be a naturally occurring SERM
[20,21], it is valuable to characterize better its signaling mecha-
nism, particularly in view of its potential development for clinical
use [22]. E4 binds to both ERa and ER[3 with a 100-fold lower affin-
ity than E2. A competitive inhibition of ERs may in part explain its
action as an estrogen antagonist [20]. On the other hand, estetrol
may also act via G protein-coupled estrogen receptor 1 (GPER1),
which is a newer receptor mediating some of the actions of estro-
gens [23]. Our results, along with the evidence that ER inhibitors
prevent the effects of estetrol in a variety of settings [13,14,21,24],
support the notion that ER is the main mediator of estetrol’s actions.
We now add a piece of information to the characterization of
E4 signaling, highlighting its link to the expression of the early-
immediate genes c-Jun and c-Fos, which are involved in a variety
of genomic actions by hormones and growth factors.

In conclusion, based on our current and previous results, we sug-
gest that the endothelial cells are a target of estetrol. Specifically,
we found that the regulation of the fibrinolytic protein system in
endothelial cells may be one of the key actions of estetrol in the
vascular system, with potential implications for the local control of
blood clotting and for vascular remodeling. This information helps
characterize this interesting steroid and its potential for clinical use.
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