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Abstract

Estetrol (E4) is the most recently described natural estrogen. It is produced by the human fetal liver during pregnancy and its
physiological function remains unclear. E4 is the estrogenic component of a recently approved combined oral contraceptive.
It is also in development for use as menopausal hormone therapy. In the context of these developments, the pharmacological
activity of E4, alone or in combination with a progestin, has been extensively characterized in preclinical models as well
as in clinical studies in women of reproductive age and postmenopausal women. Despite the clinical benefits, the use of
oral estrogens for contraception or menopause is also associated with unwanted effects, such as an increased risk of breast
cancer and thromboembolic events, due to their impact on non-target tissues. Preclinical and clinical data for E4 point to a
tissue-specific activity and a more selective pharmacological profile compared with other estrogens, including a low impact
on the liver and hemostasis balance. This review summarizes the characterization of the pharmacological properties of E4
as well as recent advances made in the understanding of the molecular mechanisms of action driving its activity. How the
unique mode of action and the different metabolism of E4 might support its favorable benefit—risk ratio is also discussed.

also currently in late stage clinical development for use as a
menopausal hormone therapy (MHT). These advancements
for E4 in women’s health are the culmination of efforts to

Estetrol presents a more selective pharmacological pro-

file compared with other oral estrogens, suggestive of a
better safety profile.

This includes a low impact on the liver and hemostasis
balance.

1 Introduction

Estetrol (E4) was recently marketed as the estrogenic com-
ponent of a new combined oral contraceptive (COC) in
combination with the progestin drospirenone (DRSP). It is
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characterize the pharmacological activity and safety profile
of this natural estrogen. In addition to the primary thera-
peutic targets, namely the prevention of pregnancy and the
alleviation of vasomotor symptoms (VMS), the pharmaco-
logical characterization of E4 has been extended to many
other tissues and biological responses.

The use of estrogens in the context of contraception and
menopause is associated with unwanted effects, including
an increased risk of breast cancer and venous thromboem-
bolism (VTE). The role of estrogens and estrogen receptors
(ERs) in the breast is well described. Estradiol (E2) physi-
ologically stimulates postnatal mammary gland development
[1, 2]. The proliferative rate in normal breast epithelium
from women exposed to an estroprogestative combination is
significantly higher compared with non-users [3—5]. Breast
cancer is the most commonly diagnosed cancer [6] and
about 70% of breast tumors express ERs. In these cancers,
estrogen acts as mitotic agent and growth factor promoting
tumor growth. Several epidemiological studies have linked
the use of hormonal contraception or MHT to an increased
risk of developing breast cancer [7-9]. Besides the ER-medi-
ated effects on cell proliferation, the production of highly
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reactive metabolites has also been described to play a role in
estrogen-induced carcinogenesis. The oxidative metabolism
of estrogen leads to the formation of catechol and quinone
species that can react with the DNA to create adducts that
can give rise to mutations and therefore contribute to the
development of tumors [10, 11]. This mechanism of breast
carcinogenesis is independent of ER. Accumulation of estro-
gen-DNA adducts was detected in human breast cancer cells
[12] and in human samples (breast tumor tissue, urine and
serum) [13-16].

The liver plays a critical role in hemostasis as it is the
primary source of the majority of coagulation factors, anti-
coagulant proteins and constituents of the fibrinolytic system
[17]. The VTE risk in hormonal contraception users is a rare
but serious adverse effect [18, 19] that is due to the strong
impact of estrogens on the liver, and in particular on the
synthesis of hepatic coagulation factors triggering a shift
towards a prothrombotic state [19]. The estrogen dosage,
the nature of the estrogenic and progestogenic components
in combined contraceptives, as well as the route of adminis-
tration are some of the parameters that can influence the risk
of VTE associated with hormonal contraception [20-22].

Based on the adverse effects reported for other estrogens,
special attention was given to deciphering the impact of E4
on the breast and the liver with a particular focus on hemo-
stasis parameters. Preclinical and clinical data suggest that
E4 has a more selective pharmacological profile compared
with other estrogens. E4 confers adequate estrogenic effects
in uterovaginal tissues and bone as well as on cardiovascular
and central nervous systems, while it has an overall limited
impact on hepatic parameters, including on the hemostasis
balance. In addition, data obtained in preclinical models sug-
gest that E4 may have a differential impact on breast prolif-
eration and carcinogenesis compared with other estrogens.
From a molecular perspective, the interaction of E4 with the
ERs has been extensively characterized.

Fig. 1 Chemical structure of the
natural estrogens estrone (E1),
estradiol (E2), estriol (E3) and
estetrol (E4)
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The focus of the current review is to provide an over-
view of the work that led to the characterization of the phar-
macological properties of E4 as well as an insight into the
recent advances made in the understanding of the molecular
mechanisms of action driving its tissue-selective activity and
ultimately underlying its favorable benefit-risk ratio.

2 Estetrol (E4)

E4 was first discovered and identified by Egon Diczfalusy
at the Karolinska Institute in Stockholm in 1965 [23]. E4
belongs to the family of natural estrogens with estrone (E1),
estradiol (E2) and estriol (E3). Structurally, E4 has four
hydroxyl groups (Fig. 1). E4 is produced by the human fetal
liver during pregnancy and reaches the maternal circulation
as indicated by increasing E4 concentrations in maternal
plasma and urine throughout pregnancy. Different studies
have shown a consistent steady rise of E4 in maternal plasma
during pregnancy to levels up to 1.2 ng/mL at term. Fetal E4
levels are reported to be over 10 times higher than maternal
levels [24, 25]. To date, the physiological function of E4
during pregnancy remains unclear. However, the physiologi-
cal exposure to relatively high concentrations of E4 during
pregnancy suggests a good tolerability of the compound.

After its discovery, preclinical research studies were
conducted with E4. The first experimental data described
E4 as a weak estrogen compared with the reference estro-
gen E2, showing a moderate affinity for the ERs [26, 27].
It was also shown that E4 was able to induce a number of
biological changes in the rat uterus, revealing its estro-
genic activity [28, 29].

The potential use of E4 as an indicator of fetal well-
being was investigated in various studies, but due to the
large intra- and interindividual variation of maternal E4
levels, this appeared not to be feasible [24, 30, 31], and

Estrone Estradiol
(E1) (E2)
OH
~mOH
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further research into E4 was subsequently abandoned. In
the 2000s, scientific interest in E4 was rekindled with the
goal of exploring its potential therapeutic use in women’s
health.

In terms of pharmacokinetic properties, E4 has a high
oral bioavailability and a long half-life in humans, in con-
trast to other natural estrogens such as E2 [32]. Metabo-
lism also highly differentiates E4 from other estrogens.
In vitro reaction phenotyping studies were conducted to
evaluate the role of drug-metabolizing enzymes in the
metabolism of E4. Furthermore, to obtain a comprehen-
sive understanding of the metabolic behavior of E4 in
humans, metabolite profiling by mass spectrometry was
performed, with samples collected during a phase I trial
in which participants received an oral dose of radiola-
beled-E4. Cytochrome P450 (CYP) enzymes do not play
a major role in the metabolism of E4 [33], and, instead,
E4 undergoes phase II metabolism with the production
of inactive conjugated metabolites. Human metabolite
profiling showed that the main metabolites observed in
plasma after oral administration are E4-16-glucuronide,
E4-3-glucuronide and E4-glucuronide-sulfate. E4 is not
converted back into other active estrogens such as E3,
E2 or El and is therefore considered as a terminal end-
product of estrogen metabolism [34].

3 The Pharmacological Profile of E4

In order to gain insight into the pharmacological profile
of E4, this compound was tested in a large panel of pre-
clinical in vitro and in vivo models and then in clinical
trials involving women of reproductive age as well as
postmenopausal women. Current knowledge on the phar-
macological activity of E4 includes data on the prevention
of pregnancy, as well as the alleviation of menopausal
symptoms. The biological responses induced by E4 on
uterovaginal tissues, bones, the cardiovascular system,
and the breast, and in regard to glucose metabolism, lipid
profile, hepatic proteins and hemostasis balance, were
also investigated and are presented below.

3.1 Prevention of Pregnancy

While the inhibition of ovulation is primarily induced by
the progestin contained in a COC, the estrogenic component
assists the progestin in its contraceptive activity and provides
an adequate cycle control.

The efficacy of E4 to inhibit ovulation was first assessed
and confirmed in rats, showing that the anti-ovulatory
effect of E4 was dose-dependent, with two administrations
per day of 0.3 mg/kg E4 effectively inhibiting ovulation in
cycling rats [35]. In this experiment, the relative potency

of E4 was about 18-fold lower than the synthetic estrogen
EE. Based on these preclinical data, it was concluded that
E4 was a good candidate to be the estrogenic component
of a COC.

A phase II dose-finding pilot study was conducted to
evaluate the efficacy of different doses of E4 (5-20 mg)
in combination with a progestin (levonorgestrel or DRSP)
in suppressing the pituitary-ovarian axis and ovulation in
healthy premenopausal women for three consecutive cycles.
Participants receiving EE 20 ug/DRSP 3 mg served as a
reference group. The compounds were well tolerated, and
all treatments resulted in inhibition of ovulation. Inhibition
of ovarian activity was more pronounced in the highest E4
dose group and was very similar to that observed for the
EE/DRSP group [36]. Another published clinical trial that
included healthy young women with proven ovulatory cycles
further demonstrated the adequate ovulation inhibition and
ovarian function suppression for the combination of E4 15
mg/DRSP 3 mg in a 24/4-day regimen for three consecutive
cycles. None of the participants using E4/DRSP ovulated
during E4/DRSP use, while the subsequent return of ovula-
tion occurred, on average, 15.5 days after treatment discon-
tinuation [37].

Two comparable pivotal phase III clinical studies, con-
ducted in North America (NCT02817841) [38] and Europe/
Russia (NCT02817828) [39], assessed the contraceptive effi-
cacy of the combination E4/DRSP. In the trial conducted in
North America evaluating 1674 women aged between 16
and 35 years for 13 cycles, the overall and method-failure
pregnancy rates were evaluated using the Pearl Index (PI)
and life-table analysis. A PI of 2.65, a method-failure PI of
1.43, and a 13-cycle life-table pregnancy rate of 2.1% were
reported, indicating that E4/DRSP is an effective method
of contraception. The trial conducted in Europe and Russia
that included 1353 women aged 18-35 years who used E4/
DRSP for 13 cycles also showed a high contraceptive effi-
cacy with a low PI of 0.47 pregnancies/100 woman-years.
This PI value is similar to the marketed DRSP-containing
COCs such as Yaz® and Yasmin®.

A pooled analysis of both phase III studies further dem-
onstrated that E4/DRSP is an effective oral contraception
overall, and, importantly, also across subgroups based on
age, contraceptive history and body mass index [40]. The
COC consisting of E4 15 mg/DRSP 3 mg is now approved
and marketed in different territories, including Europe, Rus-
sia, US, Canada and Australia.

3.2 Alleviation of Vasomotor Symptoms
The efficacy of E4 to alleviate hot flushes was investigated
in an experimental animal model considered representa-

tive for menopausal VMS. This experimental model con-
sists of recording the thermal responses in the tail skin of
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morphine-dependent ovariectomized rats after morphine
withdrawal by administration of naloxone. E4 was effica-
cious in alleviating hot flushes and suppressed the increase
in tail skin temperature in a dose-dependent manner. In this
model, the equipotent dose of E4 was 10 times higher than
EE, suggesting that the potency of E4 may be lower than EE,
although only one dose of EE was tested [41].

A dose-finding phase II clinical trial (E4Relief—
NCT02834312) was conducted to select the effective dose
of E4 for the treatment of VMS in postmenopausal women.
A total of 257 postmenopausal women aged 40-65 years,
presenting with at least seven moderate to severe hot flushes
per day or at least 50 moderate to severe hot flushes per
week received a daily dose of E4 (2.5, 5, 10 or 15 mg) for a
period of 12 weeks. During that period, the efficacy of E4 in
alleviating VMS was assessed by recording (in an e-diary)
the frequency and severity of hot flushes, with statistical
analysis performed at weeks 4 and 12. The frequency of hot
flushes decreased with all tested E4 doses, with the most
pronounced changes observed in the E4 15 mg group. The
difference in the percentage change of weekly hot flushes
frequency was significant for the E4 15 mg group versus
placebo at both week 4 and week 12. The decrease in sever-
ity of hot flushes was significantly more pronounced for E4
15 mg than for placebo at both week 4 and week 12. With
the other doses having failed to promote statistically sig-
nificant effects versus placebo, E4 15 mg was considered to
be the minimum effective daily oral dose for the treatment
of VMS [42].

3.3 Effects of E4 on Uterovaginal Tissues

The ability of E4 to bind to the rat uterine ER, but with a
lower binding affinity compared with E2, was originally
demonstrated in 1976 [27]. Subsequently, a study in 1979
that evaluated the uterine response to E4 following subcu-
taneous administration of the compound to immature rats,
showed that E4 influenced the uterine weight, luminal fluid
volume and protein content [28]. The estrogenic action
of E4 in the uterus has been confirmed in more recent
preclinical studies [43, 44]. In ovariectomized female
rats treated daily orally for 7 days, E4 1 mg/kg/day and
3 mg/kg/day induced a statistically significant increase in
uterine wet weight compared with the vehicle group. The
potency of E4 was estimated to be approximately 20-fold
lower than EE in this rat model [43].

An acute treatment with E4 in ovariectomized mice
induced uterotrophic effects and changes in uterine gene
expression. Luminal epithelial height and stromal height
were significantly increased by subcutaneous administra-
tion of E4 1 mg/kg. Accordingly, epithelial proliferation
measured by Ki67 staining was also increased in mice
treated with E4. The expression of a set of uterine genes
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known to be regulated by estrogen was evaluated in ova-
riectomized mice 6 h after a treatment with E4, and this
transcriptomic analysis revealed that all E2-responsive
genes in the uterus were also modulated by E4. In most
cases, a 100-times higher dose of E4 was necessary to
mimic the transcriptional effect induced by E2. The gene
expression profile and the histological changes induced by
concomitant treatment with E2 and E4 was similar to the
profile induced by E2 alone [44].

The estrogenic activity of E4 was also shown in the
vagina in preclinical models. A modified Allen—-Doisy test
conducted in ovariectomized female rats showed that E4
induced vaginal cornification in a dose-dependent manner
after 5 days of oral treatment (E4 0.1, 0.3, 1 or 3 mg/kg)
[43]. In ovariectomized mice, morphological and func-
tional changes in the vagina were observed after chronic
treatment with E4 (subcutaneous minipumps releasing 1
or 6 mg/kg/day), including an increase in vaginal weight,
an increase in vaginal epithelial proliferation and epithelial
height, as well as an increase in vaginal lubrication after
cervical vaginal stimulation [45].

The endometrium plays a central role in the uterine
bleeding process. One of the purposes of including an
estrogen in a COC is to counterbalance the effects of the
progestin on the endometrium, thereby providing good
cycle stability and an acceptable bleeding pattern. The fact
that a reduction of the estrogen dose in COCs or the use of
progestin-only pills often results in bleeding irregularities
clearly illustrates this role for the estrogenic component
[46, 47]. A regular and predictable bleeding profile is an
important factor influencing COC choice, acceptability
and adherence. Bleeding data from different clinical trials
highlight the favorable and highly predictable bleeding
pattern with limited unscheduled bleeding/spotting for
the combination of E4/DRSP [38, 39, 48, 49]. A pooled
analysis of two phase III trials including bleeding data
from over 3400 participants showed that the use of the E4
15mg/DRSP 3mg COC in a 24/4-day treatment regimen is
associated with a regular and predictable bleeding pattern
[48]. This further demonstrates the adequate estrogenic
activity of E4 on the endometrium as well as its capacity
to counterbalance the effects of the progestin to stabilize
the endometrium and offer a good cycle control.

In postmenopausal women receiving oral E4 alone (2.5,
5, 10 or 15 mg) for a period of 12 weeks, the endometrial
thickness increased during treatment in a dose-dependent
manner. While the mean endometrial thickness at baseline
was 2.5 mm and was comparable among groups, a mean
endometrial thickness of 3.9 mm (E4 2.5 mg) to 6.2 mm
(E4 15 mg) was reported at week 4. The endometrial thick-
ness remained stable until week 12 for all groups except the
E4 15 mg group, for which the mean endometrial thickness
increased to 7.9 mm. However, no endometrial hyperplasia
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was observed in any of the treatment groups. The endome-
trial thickness normalized and returned to baseline levels
(3.2 mm) following progestin treatment (10 mg dydroges-
terone daily for 14 days) at study completion [42].

In the same trial with postmenopausal women, the effects
of oral E4 were also evaluated on vaginal cytology, genitou-
rinary syndrome of menopause, and health-related quality-
of-life. The different outcomes included the vaginal epithe-
lial cell maturation index, maturation value, vaginal pH, the
genitourinary syndrome of menopause score (vaginal dry-
ness, vaginal pain associated with sexual activity, vaginal
irritation/itching, dysuria; reported in an e-diary) and the
Menopause Rating Scale (MRS) at baseline and at week 12.
Overall, E4 promoted estrogenic effects in the vagina and
decreased signs of atrophy, confirming that E4 is a promising
treatment option for these menopausal symptoms. Regarding
vaginal cytology, a decrease in parabasal and intermediate
cells and an increase in superficial cells was observed at
week 12 in all E4 groups compared with baseline, indicating
improved vaginal estrogenization, with a significant effect
in the E4 15 mg group. Additionally, the maturation value
was increased in all E4 groups. Vaginal pH decreased in all
E4 groups and slightly increased in the placebo group. In
terms of self-reported genitourinary symptoms, compared
with placebo, the intensity score at week 12 significantly
decreased for vaginal dryness (in the E4 15 mg group) and
vaginal pain (in the E4 5, 10 and 15 mg groups), while the
changes observed for irritation/itching and dysuria were not
significant. Of note, this trial was designed with a primary
goal of assessing the effect of E4 on VMS as opposed to
focusing specifically on genitourinary symptoms. The MRS
score decreased in all E4 treatment groups after 4 and 12
weeks of treatment, with the most pronounced effects in the
E4 15 mg group, highlighting an improvement in terms of
quality of life and well-being [50].

3.4 Effects of E4 on Bone Metabolism

Although an effect on human osteoblastic cell prolifera-
tion was not detected in vitro [51], in vivo studies have
suggested that E4 may play a beneficial role in the main-
tenance of bone mass.

A preclinical bone study conducted in ovariectomized
female rats (a model of postmenopausal osteoporosis)
showed that an oral treatment of E4 (0.1, 0.5 or 2.5 mg/
kg/day) for 4 weeks significantly prevented the ovariec-
tomy-related increase in osteocalcin levels, and improved
bone mineral density and content, while also increasing
bone strength. These bone-sparing effects induced by E4
were dose-dependent, although, similar to other studies,
the potency of E4 was lower than for EE [52].

In healthy women of reproductive age using E4/DRSP
for three consecutive cycles, no imbalance in bone markers

was observed [53]. In line with the preclinical data, in a
multiple-rising-dose study with postmenopausal women,
E4 treatment induced changes in bone turnover markers,
including a substantial dose-dependent decrease in osteo-
calcin levels, suggesting a preventative effect on bone loss
[54].

In the phase II E4Relief trial (NCT02834312), in which
postmenopausal women received E4 2.5, 5, 10, 15 mg or
placebo daily for 12 weeks, changes in bone turnover
markers (osteocalcin and type 1 collagen C-terminal telo-
peptide [CTX-1]) were evaluated at week 12 compared
with baseline and versus placebo. CTX-1 levels signifi-
cantly decreased from baseline in the E4 5 mg, 10 mg and
15 mg groups. In the analysis versus placebo, the decrease
was significant in the E4 10 mg and 15 mg groups. The
impact of E4 (5, 10 and 15 mg groups) on osteocalcin after
12 weeks of treatment was not significant from baseline
but was significant versus placebo [55]. While this effect
is consistent with the role of estrogens in bone remod-
eling and supports the potential beneficial effect of E4 in
osteoporosis, additional clinical data (including long-term
bone marker measurements, bone density scan and fracture
data) are needed to validate this effect.

Further evidence regarding the benefits of E4 on the
bone came from a phase II study evaluating a high dose of
E4 (40 mg) in male patients with advanced prostate can-
cer requiring androgen deprivation therapy (ADT), where
E4 was being evaluated as an add-on to ADT to improve
the efficacy and adverse effects of ADT, including ADT-
induced bone loss. Therefore, the secondary endpoints of
the study included the assessment of bone metabolism
(osteocalcin and type I collagen telopeptide). While bone
metabolism markers increased in the group receiving lute-
inizing hormone-releasing hormone agonist alone (48%
for osteocalcin and 151% for CTX-1) at week 24, those
turnover parameters decreased significantly from baseline
in the group cotreated with E4 [56].

3.5 Effects of E4 on the Cardiovascular System

It is known that estrogens modulate cardiovascular physiol-
ogy and function [57], and as such the impact of E4 has been
thoroughly assed in preclinical models of different cardio-
vascular functions including nitric oxide (NO) production,
vasodilation, endothelial healing, atherosclerosis, neointimal
proliferation and hypertension prevention. To date, the effect
of E4 on these cardiovascular functions are limited to pre-
clinical data, with no clinical data available yet.

3.5.1 Nitric Oxide Production and Vasodilation

Endothelial NO is a key player for vascular function and
vasodilation and is a known target of estrogens [58]. In vitro,
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E4 induced rapid NO release and stimulated endothelial NO
synthase (eNOS) activation and expression in human umbili-
cal vein endothelial cells (HUVECs). However, E4 was sig-
nificantly less effective compared with E2. When E4 was
combined with E2, E4 antagonized NO synthesis induced
by pregnancy-like E2 concentrations. However, E4 did not
impede the induction of NO synthesis induced by lower E2
concentrations [59]. These data support that E4 may be a
regulator of NO synthesis in human endothelial cells.

In a mouse model of carotid artery, E4 used at differ-
ent dose levels (0.3, 1 and 6 mg/kg/day) failed to stimulate
eNOS activation or endothelial NO production, while E2
was able to promote these two responses. When E4 was
used in combination with E2, E4 antagonized the effects
induced by E2 in mouse carotid artery. The combination
E4+E2 therefore failed to promote eNOS activation and NO
production in this experimental model [44].

Based on the antagonistic activity of E4 in the presence
of E2 on NO release described above, lower cardiovascu-
lar effects (such as vasodilation) could be expected in the
presence of E4. Importantly, several studies have confirmed
that NO production, which is essential for adequate vaso-
dilation and endothelial function, is controlled by multiple
factors besides estrogens. The regulation of vascular tone by
endothelium-derived NO is mediated by multiple controlling
mechanisms, including physical factors such as an increase
in shear stress or reduction in temperature, as well as by
neurohumoral mediators through the activation of specific
endothelial cell membrane receptors. The main physiological
driver of NO production is shear stress [60—62] and estro-
gens are considered to play a limited role in the regulation
of endothelial-derived NO production and subsequent physi-
ological vasodilation. The impact of E4 on shear stress, was
evaluated in an ex vivo model of flow-mediated vasodilata-
tion. Chronic treatment with E4 promoted the occurrence of
flow arteriolar remodeling in ovariectomized mice after an
increase in blood flow, demonstrating that the presence of E4
did not impair the NO-mediated vasodilation [63].

Moreover, E4 was shown to induce vasodilation of animal
arteries by a specific mechanism distinct from NO produc-
tion, whereby E4 induced the vasodilation of ewe uterine
arteries at high concentrations [64]. It also induced ex vivo
relaxing responses in eight different vascular beds: rat uter-
ine, aorta, carotid, mesenteric, pulmonary, renal, middle cer-
ebral and septal coronary arteries. The vasodilation induced
by E4 in rat arteries was ER-dependent since it was abro-
gated by the ER antagonist ICI 182 780. Blockade of eNOS
by Nw-nitro-L-arginine methyl ester (an NO synthase inhibi-
tor) blunted the E2-mediated, but not E4-mediated, relax-
ing response, demonstrating that E2, but not E4, induced
vasodilation by stimulating eNOS activity. Overall, this
study shows that E4 induced relaxation of precontracted rat
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arteries via both an endothelium-dependent mechanism and
a guanylate cyclase mechanism [65].

In conclusion, NO production is not the only mechanism
eliciting the beneficial impact of estrogens on vasculature.
The lack of E4-induced eNOS activity and NO release
observed in some but not all experimental models should
not be associated with any vascular safety concerns.

3.5.2 Endothelial Healing

The preclinical model of endothelial healing is usually used
to assess the vascular protective effects of a compound. The
acceleration of endothelial healing by estrogens is consid-
ered as a vasculo-protective action. A recent study demon-
strated that chronic treatment with E4 (subcutaneous pellet)
was able to accelerate endothelial healing after carotid artery
injury in ovariectomized mice. The quantitative analysis of
re-endothelialized areas, performed 5 days after endovascu-
lar injury, showed an increase of 30% of endothelial regen-
eration in control mice compared with day 0, and an increase
of about 80% in mice treated with E4 [66].

It was previously reported in another study published by
the same group that E4 was not able to promote endothe-
lial healing in the mouse carotid artery model [44]. In the
experimental model used for that study, both the artery
media and endothelium were injured by electrocoagulation
(perivascular injury) and the endothelial regeneration pro-
cess was evaluated 3 days post-injury by the quantification
of the re-endothelialized area. In these conditions, no effect
was observed with E4, regardless of the dose levels used
(0.3, 1 or 6 mg/kg/day) [44]. Davezac et al. showed that
in contrast, a model of specific endothelial destruction of
the carotid artery, preserving smooth muscle cells, does not
lead to the same results [66]. When the injury is limited
to the artery endothelium and when the underlining layer
of vascular smooth muscle cells stays intact, E4 is able to
accelerate the endothelial healing (re-endothelialization)
after artery injury, highlighting that smooth muscle cells
are necessary for E4 to mediate this endothelial function in
mice. These conflicting results, at first glance, illustrate the
crucial importance of the preclinical models and experimen-
tal conditions when interpreting data.

A recent study evaluating the impact of estrogens used in
oral contraceptives on human endothelial function showed
that E4 (107 to 107 M) significantly enhanced migration
of HUVEC: using scratch and Boyden chamber assays. The
effect of E4 on endothelial migration was comparable with
the effect of EE, suggesting comparable vascular remodeling
and regeneration capacity [67].
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3.5.3 Atherosclerosis Prevention

The impact of E4 on the prevention of atheroma was assessed
in low-density lipoprotein receptor-deficient (LDLr~~) mice
fed a high-cholesterol diet, a well-described model to inves-
tigate the atheroprotective effects of estrogens.

E4 used at 0.6 or 6 mg/kg/day in the diet for 12 weeks
prevented lipid deposition and reduced atheroma deposits
in the aortic sinus in ovariectomized LDLr~'~ mice up to
almost 80% in a dose-dependent manner. E4 also decreased
the total plasma cholesterol in these mice [44, 68].

3.5.4 Neointimal Hyperplasia Prevention

Neointimal hyperplasia refers to post-intervention (e.g. after
mechanical atherosclerosis treatment), pathological, vascu-
lar remodeling due to the proliferation and migration of vas-
cular muscle cells into the tunica intima layer. Neointimal
hyperplasia can ultimately result in vascular wall thickening
and in a reduction of the lumen diameter, which in turn leads
to vascular insufficiency and restenosis.

In a mouse model of femoral artery mechanical injury,
E4 prevented neointimal hyperplasia by a direct inhibitory
effect on the proliferation and migration of vascular smooth
muscle cells but not by acting on endothelial cells. Mor-
phometric analysis showed that 28 days after the injury, the
mice treated with E4 exhibited a reduced neointima/media
ratio [69].

3.5.5 Hypertension Prevention and Arteriolar Remodeling
Promotion

Additional vasculoprotective actions were described after
chronic treatment with E4, including the prevention of angi-
otensin II-induced hypertension, which is a major risk factor
of cardiovascular diseases, and the restoration of arteriolar
flow-mediated remodeling, which has a major role in the
homeostasis of tissue perfusion [63]. In that study, flow-
mediated remodeling was evaluated in mesenteric arteries
isolated from ovariectomized mice treated with vehicle or
E4 over 2 weeks. The arterial diameter was measured in
response to stepwise increases in pressure in mesenteric
arteries submitted to high flow or to normal flow. The effect
of E4 on angiotensin II treatment was evaluated in ovariec-
tomized female mice implanted with osmotic minipumps
delivering angiotensin II or a combination of angiotensin
IT and E4 for 1 month, with systolic blood pressure being
measured weekly. E4 prevented angiotensin II-induced
hypertension and favored flow-mediated remodeling [63].

3.6 Effects of E4 on the Breast

Sex steroids promote the growth of certain hormone-depend-
ent tissues and tumors. Efforts have been made to character-
ize the impact of E4 on breast epithelial cell proliferation
and breast cancer growth in preclinical models and prelimi-
nary clinical trials.

3.6.1 Normal Breast Epithelial Cell Proliferation

In vitro exposure of normal human breast epithelial cells
for 96 h with 10 nM E2 elicited a maximal cell proliferation
increase of about 60%. At the same concentration, E4 did
not increase human breast epithelial cell proliferation. A 100
times higher concentration of E4 (1 uM) was necessary to
stimulate the proliferation to the same extent as E2 [70].
To evaluate the effect of E4 on mammary gland, prepu-
bertal ovariectomized mice were treated orally with different
dose levels of E4 (0.3, 1, 3 or 10 mg/kg/day) or with E2 (1
mg/kg/day) for 14 days, after which mammary glands were
collected and epithelial cells isolated. The level of epithelial
proliferation assessed by the expression of cyclin D1 and
Ki67 mRNA was significantly lower in mice treated by E4
(at any dose levels) compared with mice treated with E2,
suggesting a lower proliferative effect for E4 [70].

3.6.2 Breast Cancer Growth

E4 also exhibits a lower potency than E2 to induce human
breast cancer cell growth. Liu et al. investigated the impact
of different estrogens, including E2 and E4, on proliferation
of the ER-positive breast cancer cell line ZR 75-1 in vitro.
All estrogens tested caused a significant stimulation of cell
proliferation. At the lowest concentration (10719 M), E4 had
a significantly lower stimulatory effect than E2, while at
higher concentrations (>10"° M), E2 and E4 stimulated cell
proliferation to the same extent [71]. In another assay using
MCEF-7 cells transfected with PGRMC1, E4 was also signifi-
cantly less active than E2 in promoting cell proliferation. At
10719 M, E2 increased the proliferation rate by about 160%,
while E4 induced an increase of only 50% compared with
the control condition. At higher concentrations (=10 M),
the same proliferative effect (about +160%) was elicited by
E2 and E4 [71].

In another study, a 1000 times higher concentration of E4
was needed to promote MCF-7 and MCF-7/BOS cell growth
in vitro to the same extent as E2, confirming the weaker
potency of E4 to induce human breast cancer cell growth
compared with E2 in vitro [72].
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An estrogen supplementation is necessary for the growth
of MCF-7 and the formation of tumor in vivo. To determine
if E4 could achieve the same effect as E2 in this model, ova-
riectomized immunodeficient mice implanted with MCF-7
cells received a daily oral treatment of E4 (0.5, 1, 3 or 10
mg/kg/day) or E2 (3 mg/kg/day). After 5 weeks of treatment,
E2 promoted tumor growth, with tumor weights being five-
fold higher compared with the untreated group. No signifi-
cant difference was observed between the untreated control
group and mice treated with E4 0.5 mg/kg/day. Indeed, E4
was as efficient as E2 in promoting tumor growth only at the
highest dose level of 10 mg/kg/day, confirming the lower
potency of E4 to induce breast cancer growth compared with
E2 in vivo [72].

The effect of a combined treatment with E2 and E4 on
MCF-7 tumor growth was also analyzed, whereby ovariec-
tomized mice implanted with MCF-7 cells and with a sub-
cutaneous E2 pellet received a daily oral treatment of E4
(1, 3 or 10 mg/kg/day) for 5 weeks. In these conditions, E4
attenuated E2-induced tumor growth in a dose-dependent
manner. Exposure to the combination of E2 + E4 decreased
the tumor volume and tumor weight by approximately 50%
compared with mice exposed to E2 alone. This antagonistic
effect of E4 in the presence of E2 was also observed for
MCEF-7 cell proliferation in vitro. This effect became maxi-
mal when E4 was at least 100 times more concentrated than
E2 [72].

In a broader preclinical study combining genetically
engineered mouse models, human cell line xenografts and
hormone-dependent authentic breast tumor patient-derived
xenografts, the authors showed a limited effect of E4 on
breast cancer growth in vivo when used at doses similar to
the therapeutic levels required for contraception or meno-
pause [73].

3.6.3 Breast Cancer Migration and Invasion

Breast cancer cell movement requires a remodeling of the
actin cytoskeleton, involving estrogen-mediated signaling
pathways. Interestingly, it has been demonstrated that E4
acts as a weak estrogen on breast cancer cell migration and
invasion. The effects of E4 on its own or in the presence of
E2 were tested on T47-D breast cancer cell migration and
invasion of three-dimensional matrices. Exposure of T47-D
cells to E4 weakly stimulated migration and invasion in
comparison with E2. In addition, E4 decreased the extent of
movement and invasion induced by E2 [74].

3.6.4 Clinical Data

The effect of 14 days of preoperative treatment with E4 20
mg/day on tumor proliferation markers was investigated in
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a preoperative window trial in 30 pre- and postmenopausal
women with ER+ early breast cancer. E4 had a significant
proapoptotic effect on tumor tissue, whereas Ki67 expres-
sion (a marker of cell proliferation) remained unchanged in
both pre- and postmenopausal women [75]. The efficacy of
high doses of E4 in postmenopausal patients with pretreated,
locally advanced, and/or metastatic ER+/HER2— breast can-
cer was assessed in a phase IB/IIA, dose-escalation study in
which successive cohorts of three patients received E4 20,
40 or 60 mg/day for 12 weeks by oral administration. Five of
nine patients completing 12 weeks of E4 treatment showed
objective antitumor effects, as evaluated by computer tomog-
raphy scanning according to the Response Evaluation Cri-
teria in Solid Tumors (RECIST) criteria, with stabilization
of the disease in four patients and one complete response.
The complete response was seen with the 20 mg dose, and
stabilization of the disease was observed in one patient in
the 20 mg group and three patients treated with 40 mg [76].

3.7 Lipid Profile, Carbohydrate Metabolism
and Metabolic Disorders

The use of hormone therapy can impact metabolic markers
such as total cholesterol, low-density lipoprotein cholesterol
(LDLc), high-density lipoprotein cholesterol (HDLc), tri-
glycerides and glucose levels.

The effect of E4 on the pathophysiological conse-
quences of a Western diet (42% kcal fat, 0.2% choles-
terol) was evaluated in mice. Weekly body weight meas-
urements showed that chronic treatment with E4 reduced
body weight gain and protected mice against Western diet-
induced obesity. After 7 weeks of Western diet feeding,
E4 improved glucose tolerance in mice. At the end of the
protocol, fasting glucose levels were significantly lower in
mice treated with E4. A reduced accumulation of subcuta-
neous, perigonadal and mesenteric adipose tissue was also
observed in the E4-treated group. In addition, disorders
associated with obesity, such as atherosclerosis and steato-
sis, were prevented in mice fed a Western diet and treated
with E4. Furthermore, E4 induced a lower accumulation
of lipids in the liver. Accordingly, the expression of genes
involved in lipid metabolism, including cholesterol metab-
olism and lipoprotein assembly, was decreased in the liver
of E4-treated mice compared with control mice. The study
demonstrated that E4 prevents Western-induced obesity by
increasing locomotor activity and energy expenditure [68].

In postmenopausal women receiving E4 2.5, 5,
10 or 15 mg daily for 12 weeks in the E4Relief trial
(NCTO02834312), absolute changes from baseline in tri-
glyceride levels were minimal in all study groups and
were not significant when compared with placebo. HDLc
increased from baseline in all E4 groups, while no increase
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was observed in the placebo group. An increase from base-
line was observed for LDLc in the E4 2.5 and 5 mg groups
and for total cholesterol in the E4 2.5, 5 and 10 mg groups.
None of these changes were significantly different when
compared with placebo. Regarding glucose metabolism,
no significant change in fasting glucose level was observed
from baseline. A significant decrease was seen in insulin
resistance and hemoglobin Alc in the E4 10 and 15 mg
groups, respectively, suggesting an improved glucose tol-
erance [55].

The impact of E4 in combination with a progestin on
lipid metabolism was evaluated in healthy women. Par-
ticipants (healthy women aged between 18 and 35 years)
received E4/DRSP, E4/LNG or EE/DRSP as a comparator
for three consecutive cycles. Minor effects on lipoproteins
were observed in the E4 groups and the effects on triglyc-
erides in the E4 groups were significantly lower compared
with the EE group, demonstrating that E4-containing
COCs have a limited effect on lipid metabolism [53].

The effect of the combination of E4 15 mg/DRSP 3
mg on metabolic parameters, including lipid profile and
carbohydrate metabolism, after six treatment cycles was
then evaluated in healthy subjects [77]. The study included
two frequently used EE-containing COCs as comparators,
one with LNG and one with DRSP, to validate changes
related to the estrogen component. E4/DRSP had a mini-
mal impact on lipid parameters; the largest effect was
observed for triglycerides (+24.0%), which was less com-
pared with EE/LNG (+28.0%) and EE/DRSP (+65.5%).
With E4/DRSP, no significant changes from baseline were
observed for LDL-C, total cholesterol, the HDL-C/LDL-C
ratio, and lipoprotein A. Carbohydrate parameters, includ-
ing fasting insulin and glucose, C-peptide and HbAlc,
remained relatively stable in all treatment groups. Oral
glucose tolerance test (OGTT) glucose and insulin con-
centrations varied substantially with no remarkable treat-
ment differences. Changes in carbohydrate parameters
were minimal, pointing towards a negligible impact on
glycemic control [77].

Taken together, these data tend to demonstrate a low
impact of E4 on lipids and carbohydrate metabolism. The
COC with E4 15 mg/DRSP 3 mg is associated with a favora-
ble effect on body weight control [78, 79].

3.8 Effects of E4 on Liver Proteins and Hemostasis
Balance

Sex hormone binding globulin (SHBG) is an estrogen-
responsive protein produced by the liver that reflects the
overall estrogenic impact of a compound on the liver [80,
81]. Moreover, the plasma levels of SHBG can modify the
plasma distribution of natural steroid ligands.

The effect of E4 on the production of SHBG has been
evaluated in vitro in human HepG2 cells and human Hep89
cells overexpressing ERa and was compared with the effect
of other estrogens. Exposure to E4 (0.1-1000 nM) during
24, 48 or 72 h did not stimulate the production of SHBG in
either cell lines. In contrast, a significant dose-dependent
increase in SHBG production was observed after expo-
sure to other estrogens such as EE, E2 and E3 [82]. These
in vitro data may indicate that E4 is less likely to modulate
the plasma levels of SHBG.

In a clinical trial including 49 postmenopausal women,
treatment with escalating doses of E4 (2—40 mg) for 28 days
induced a dose-dependent increase of SHBG levels. When
looking at the different doses of E4, only the 10 mg E4
group elicited a similar increase in SHBG levels as the 2 mg
E2-valerate group (59% and 62%, respectively), suggesting
a lower potency of E4 on the production of SHBG [54]. In
the E4Relief trial (NCT02834312) conducted in postmeno-
pausal women, a dose-dependent increase in SHBG levels
compared with baseline was also observed in E4-treated
groups (+10.3%, +23.3%, +61.8% and +99.4% for E4 2.5,
5, 10 and 15 mg, respectively) [55]. Moreover, the combina-
tion E4/DRSP given to healthy women during six cycles had
significantly less impact (+55%) than the combination EE/
DRSP (+251%) on SHBG production [83]. In conclusion,
although an effect on SHBG production is noted after oral
treatment with E4 in clinical trials, in contrast to the absence
of effect reported in in vitro assays, the effect of E4 stayed
small compared with other estrogens, suggesting a lower
estrogenic effect on the liver.

Preclinical studies in relation to coagulation risks, showed
that chronic E4 treatment in ovariectomized female mice
exhibited a prolonged tail-bleeding time and were protected
from arterial and venous thrombosis in vivo. In addition, E4
treatment decreased ex vivo thrombus growth on collagen
under arterial flow conditions [84].

To assess the effects of the COC containing E4 on hemo-
stasis parameters, healthy women received the combination
E4/DRSP, EE/LNG or EE/DRSP as comparators, during six
cycles.

Activated protein C resistance is observed in COC users
[85] and this functional assay is used to assess the throm-
bogenicity potential of COCs [86]. The median change of
endogenous thrombin potential (ETP)-based activated pro-
tein C sensitivity resistance (APCr) at cycle 6 was +30%
for E4/DRSP, +165% for EE/LNG, and +219% for EE/
DRSP. Changes in hemostasis parameters, including anti-
coagulant proteins and fibrinolytic proteins, after treatment
with six cycles of E4/DRSP, were smaller or similar to those
observed for EE/LNG. However, much more pronounced
changes were observed with EE/DRSP [83]. Absolute
changes from baseline for hemostasis parameters were also
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minimal in postmenopausal women receiving E4 alone for
12 weeks [55].

The thrombin generation coagulation assay is used as a
marker of hypercoagulability and risk of VTE [87]. A com-
parative assessment of the impact of E4/DRSP and EE/LNG
or EE/DRSP on thrombin generation was conducted. Data
were collected from trial NCT02957630, in which thrombo-
grams and thrombin generation parameters were extracted
for each subject at baseline and after six cycles of treatment.
It was shown that E4 in combination with DRSP does not
have any impact on thrombin generation in contrast to EE-
containing products that induce the production of proco-
agulant factors, a decrease in the synthesis of anticoagulant
factors, and therefore induce a shift towards a prothrombotic
state [21, 88]. It can therefore be concluded that EE-contain-
ing products induce a prothrombotic environment while E4
exhibits a neutral profile on hemostasis (Fig. 2).

Pooled analysis of data from two phase III trials includ-
ing 3417 participants showed that the combination of E4/
DRSP is associated with an overall favorable safety profile.
A single case of VTE was reported, which resolved without
sequelae after anticoagulant treatment [89].

While available hemostasis data described above suggest
that the E4/DRSP COC may be associated with a lower VTE
risk, this will need to be demonstrated in a larger population
in postauthorization safety studies.

4 Molecular Mechanism of Action
4.1 Estrogen Signaling Pathways

The pleiotropic effects of estrogens are mainly mediated by
ER alpha (ERa) and beta (ERf), each encoded by separate
genes, ESRI and ESR?2, respectively, located on different
chromosomes.

ERa and ERp belong to the nuclear receptors protein
family and mainly function as ligand-dependent transcrip-
tion factors. ERs contain two transactivation functional
domains AF-1 and AF-2. After ligand binding to ERs,
an ordered sequence of events takes place to regulate the
transcription of estrogen-responsive genes. The binding
of estrogen to the ligand-binding domain (LBD) of the ER
induces conformational changes in the receptor. After the
dimerization and recruitment of coregulators, the estrogen/
ER complexes translocate into the nucleus and directly bind
to the estrogen-responsive element (ERE) in the promoter
region of target genes to directly modulate their transcrip-
tion. This ERE-dependent process is referred to as the clas-
sical genomic pathway.

Distinctly, ERs can also regulate the transcription of
genes without any direct interaction with the DNA. In
this case, ERs act as co-activators for other DNA-binding
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Fig.2 Thrombin generation curves in the absence and presence of
APC in healthy pooled plasma (blue) and women using different
combined oral contraceptives. The area under the curve represents
the ETP parameter. In the presence of APC, ETP is higher with the
use of combined oral contraceptives (e.g. EE/DRSP, EE/DSG) com-
pared with HPP, leading to a resistance towards APC. APC activated
protein C, DRSP drospirenone, DSG desogestrel, EE ethinylestradiol,
ETP endogenous thrombin potential, E4 estetrol, HPP healthy pooled
plasma, LNG levonogestrel. Source: Morimont et al. [21]

transcription factors, leading to the indirect binding of
ERs to regulatory DNA sequences, such as AP-1 or Spl
sequences. This mechanism of action enables the transcrip-
tion of genes that do not harbor ERE sequences in their pro-
moter region. This pathway is referred to as the non-classical
genomic pathway.

Aside from genomic signaling, estrogens can elicit non-
genomic events, also commonly referred as extranuclear
or membrane-initiated signaling. The non-genomic effects
of estrogens are mediated via a pool of ERs present at the
plasma membrane or in the cytoplasm. The membrane-
bound ERa undergoes a post-translational palmitoylation
on cysteine 447 (451 in mice). This modification is nec-
essary for ERa localization at the cell membrane, where
it is associated with caveolin-1. The ligand binding to
membrane ER leads to rapid activation of different sign-
aling pathways, including the mitogen-activated protein
kinase (MAPK) or phosphatidylinositol-3 kinase (PI3K)
pathways, and the subsequent production or modulation of
second messengers such as AMPc, calcium mobilization or
NO synthesis, which in turn directly influence various cell
functions. The non-genomic effects usually occur within
seconds or minutes after estrogenic treatment. Another
membrane receptor termed G protein-coupled estrogen
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receptor 1 (GPER, also referred to as GPR30) has been
more recently described to contribute to the physiological
and pathological effects promoted by estrogens [90].
While the genomic and non-genomic pathways induced
by estrogens play specific roles in the regulation of tran-
scription and in rapid signaling, respectively, and modu-
late biological processes independently, they also interact
in a still poorly described way. The activation of kinase
signaling cascades can ultimately induce the phosphoryla-
tion and activation of transcription factors, including ERs
themselves and coregulators, and therefore indirectly regu-
late gene expression. This interplay between both signal-
ing pathways can thus result in enhanced transcriptional
activity and cellular responses. Conversely, the genomic
pathway can modulate the transcription of genes involved
in the non-genomic signaling. Cellular responses and bio-
logical processes induced by estrogens are usually thought
to be a convergence of both genomic and non-genomic
pathways [91]. A schematic representation of genomic and
non-genomic signaling pathways is presented in Fig. 3.

4.2 Interaction of E4 with ERa and ER

E4 selectively binds to both ERa and ERf, with a 4 to 5-fold
higher binding affinity for ERa. The binding affinity of E4
for ERa is at least 25-fold lower compared with E2 [33].
When the crystal structures of the ERoe LBD complexed
with E4 or E2 were compared, both were found to be very
similar in their overall conformation. In addition, the ligands
were perfectly superimposable and interacted equally with
residues within the ligand-binding pocket. In addition,
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Fig.3 Schematic representation of genomic and non-genomic sign-
aling pathways induced by estrogens. Classical estrogen signaling
occurs via ERs belonging to the nuclear receptors protein family and
mainly functioning as ligand-dependent transcription factors to mod-
ulate the transcription of target genes. Alternatively, estrogens may
activate non-genomic signaling via ERs located at the plasma mem-
brane. Non-genomic signaling events include the activation of kinase
cascades in the cytoplasm and the production of second messengers
that ultimately induce cellular responses. Genomic and non-genomic
signaling pathways also interact and influence each other. ER estrogen
receptor

similar to the E2-ERa complex, the E4-ERa complex
binds to the key coactivator protein SRC3 [44]. A further
functional characterization of E4-ERa has been performed
through a coregulator recruitment assay, comparing the
binding pattern of ERa to 154 coregulator motifs induced by
E2 and E4. The pattern of coregulator recruitment induced
by E4 was very similar to that elicited by E2, but E4 was
less potent than E2 to induce this recruitment pattern [92].

4.3 E4 Genomic Signaling Pathways

E4 induces transcriptional activity via both ERa and ERp.
The impact of E4 on the activation and binding of ERa to
the ERE was investigated with a luciferase reporter gene
assay based on T47D-KBluc cells (breast cancer cell line) in
the presence of increasing concentrations of E2 or E4. Like
E2, E4 stimulated the ERE transactivation in these cells,
although with a 100- to 1000-fold lower potency compared
with E2. E4 failed to antagonize the effects of E2 on the
induction of ERE transactivation [72]. These data are con-
sistent with the lower ERa binding affinity of E4 compared
with E2. The contribution of AF-1 and AF-2 in the classical
genomic actions induced by E4 was evaluated in HepG2
and HeLa cell systems. As previously described for E2,
both AF-1 and -2 are involved in this action in a cell type-
dependent manner [44].

The capacity of E4 to promote non-classical genomic
effects was also confirmed by measuring the expression of
genes that do not harbor an ERE in their promoter region:
BRCAL1 and CCDNI. These genes are thought to be regu-
lated by the recruitment of ERa to AP-1 or Spl sites in their
promoter region. E4 was able to upregulate the expression of
these genes [72], demonstrating the capacity of E4 to induce
classical and non-classical genomic effects.

Several estrogen-induced biological responses have been
described to be dependent on the nuclear activation of ERa,
including uterine epithelial proliferation [93], vaginal epi-
thelial proliferation and lubrication [45], prevention of bone
demineralization [94], the cardioprotective effect observed
in response to estrogens [44, 63], and the actions of estro-
gens on energy balance and glucose homeostasis [95]. As
described in the different sections above, E4 is able to induce
these responses to the same extent as other estrogens, con-
firming its capacity to activate the ERa nuclear pathway.

4.4 E4 Non-genomic Signaling Pathways

E4 has been shown to induce rapid extranuclear effects
on the ERK1/2 and PI3K/AKT pathways in MCF-7 cells
in vitro or in MCF-7 tumors collected from mice after
5 weeks of treatment. E4 increased the phosphorylation
of ERK1/2 in a fast and transient manner, with maximal
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activation seen after 5 min [72]. However, in this study, the
receptor responsible for the extranuclear effects induced by
estrogens was not identified and the signal of the immuno-
histochemistry staining in tumors was not quantified.

The interaction between ERa and the tyrosine kinase
Src leading to the extranuclear complex ERa:Src is a
well-described aspect of ERa activation at the membrane
[96-98]. While E2 was found to promote this interaction, E4
was much less efficient in inducing the ERa:Src interaction.
In addition, when administrated together, the combination
of E2 + E4 totally abrogated the interaction between ERa
and Src [44].

The treatment of breast cancer cells with estrogens is
associated with ERo membrane translocation and the rapid
formation of specialized cell membrane structures through
activation of the actin-binding protein moesin. This process
is responsible for rapid changes in cell membrane morphol-
ogy, leading to cell migration and invasion [99]. The treat-
ment of T47-D cells with E4 stimulated migration and inva-
sion to a much lower extent than E2. When E4 was added
to E2, an inhibition of the actin remodeling induced by E2
was seen. E4 decreased the extent of movement and invasion
induced by E2 [74].

E4 was tested on the activation of eNOS in mice aortae
by measuring eNOS phosphorylation and NO production,
which are thought to be exclusively dependent on membrane
ERa signaling after estrogen treatment [44]. While E2 rap-
idly induced eNOS phosphorylation and NO production, E4
failed to produce these effects. Furthermore, when coadmin-
istered, E4 inhibited the stimulatory action of E2 on these
endothelial actions.

Altogether, the data indicate that in specific cell types
such as breast cancer cells and endothelial cells, E4 presents
a specific profile of ERa activation by inducing only ER«a
nuclear actions and preventing ERa membrane actions.

Furthermore, a possible contribution of the membrane
receptor GPER in E4-induced breast cancer cell growth has
been suggested since G15, a GPER antagonist, partially
decreased E4-induced MCF-7 cell growth [72]. The effect
of E4 on endothelial cells migration has also been reported
to be driven by GPER-dependent mechanisms [67].

5 A Unique Molecular Mode of Action
and a Different Metabolism: The Reasons
Behind the Selective Pharmacological
Profile of E4?

Available clinical data indicate that E4 has a more selec-
tive pharmacological profile compared with other estro-
gens, reflected by a low estrogenic impact on the liver,
including on SHBG production, hemostasis parameters
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and lipid profile. Preclinical data also suggest that E4
may have a differential effect on breast epithelial cells and
breast cancer cells compared with other estrogens.

The biological effects induced by E4 were shown to be
primarily driven via ERa. E4 is able to activate the nuclear
ERa signaling pathway to the same extent as other estro-
gens to induce biological responses. However, in different
cell types, E4 displays a specific profile of ERa activation
uncoupling nuclear and membrane activation.

In breast cancer cells, E4 poorly induces the extranu-
clear interaction between ERa and Src and poorly induces
the ERa-dependent activation of moesin. Both genomic
and non-genomic actions of ERa play pivotal roles and
work in concert to induce breast cancer cell proliferation
and survival [91, 100]. The interaction between the MAPK
pathway and ERa has, for example, been described to pro-
mote a proneoplastic transcriptional network in the mam-
mary gland [101]. Furthermore, the extranuclear signaling
between ERa and Src is reported to play an important role
in ER+ breast cancer [97] and to constitute a potential
new therapeutic target in breast cancer [96]. The molecu-
lar mode of action of E4 may therefore support the lower
impact of E4 on breast cell proliferation and breast cancer
growth observed in preclinical studies.

Next to the ER-mediated effects on breast cell prolifera-
tion, the production of highly reactive estrogen metabolites
also contributes to the risk of breast carcinogenesis [10,
11]. CYP enzymes do not play a major role in the metabo-
lism of E4, suggesting that E4 metabolism does not gen-
erate reactive metabolites and that E4 might be devoid of
this carcinogenesis pathway, contrary to other estrogens.
This hypothesis needs to be verified in dedicated studies.

While the precise mechanisms behind the modulation
of hemostasis parameters by estrogens are not fully under-
stood, several studies suggest that estrogen metabolism
might be linked to the higher risk of VTE seen among
estrogen users. Women using oral but not transdermal
MHT have an increased risk of VTE, suggesting that
the hepatic first-pass effect of oral estrogens might be
involved. Oral MHT results in a substantial increase in
plasma E1 concentration, and studies showed that E1 lev-
els correlated with peak thrombin generation in women
using oral MHT. The effect of E1, the main metabolite
of oral E2, on thrombin generation may therefore pro-
vide an explanation for the higher thrombotic risk seen
in women using oral MHT [102]. Another study indicated
that the thrombotic risk may be modulated by the expres-
sion of CYP enzymes involved in the hepatic metabolism
of estrogens. Carriers of the CYP3A5%*1 allele exhibit a
high expression of CYP3AS5 and present a higher throm-
botic risk with oral estrogen compared with non-carriers
[103]. This suggests that the formation of hydroxylated
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estrogen derivatives could be involved in the exacerbated
hormone response in the liver. Since CYP enzymes are not
of importance in the metabolism of E4 and since E4 is not
converted back into E1, the metabolic particularities of E4
may support its lower impact on the hemostasis balance
compared with other estrogens.

The selective pharmacological profile of E4 is also
characterized by a low impact on lipid profile. Using trans-
genic mice expressing the ligand-binding domain of ER«a
exclusively at the plasma membrane, a study showed that
exposure to propyl-pyrazole-triol, a selective ERa ago-
nist, influenced the expression of many genes involved in
lipid synthesis and lipid content in the liver (cholesterol,
triglycerides and fatty acids). These data indicate that
membrane-localized ERa is able to regulate some meta-
bolic responses, at least in the liver, through a mechanism
independent of the nuclear ERa pathway [104]. The dif-
ferential effect of E4 on the membrane ERa may therefore
also play a role in the hepatic aspects and, more specifi-
cally, on the lipid profile.

Collectively, pieces of evidence suggest that the molecu-
lar mode of action of E4 and the different metabolism of E4
may provide explanations for its selective pharmacological
profile.

6 Conclusions

E4 is the estrogenic component of a recently marketed COC
in combination with the progestin DRSP. E4 is also under
development for use as an MHT.

Fig.4 Schematic representation
of the main pharmacological
properties of E4 based on avail-
able preclinical and early clini-
cal data. SHBG sex hormone
binding globulin

Breast _ W, aW,

Differential impact on breast cell
proliferation compared to other estrogens

Central nervous system
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The pharmacological characterization conducted in the
framework of these developments indicates that E4, alone or
in combination with a progestin, offers therapeutic efficacy
for the prevention of pregnancy and alleviation of menopau-
sal symptoms.

EA4 elicits an adequate estrogenic activity in uterovaginal
tissues and has the potential to prevent bone loss, as shown
by preliminary clinical data. In addition, preclinical stud-
ies highlighted that E4 exerts beneficial actions on different
cardiovascular functions.

While the use of oral estrogens can cause unwanted
effects due to their impact on non-target tissues, E4 seems
to display a more selective pharmacological profile. This
includes a low estrogenic impact on the liver and the
hemostasis balance, suggestive of a lower thrombotic risk.
Although sex steroids can promote the growth of certain
hormone-dependent tissues and tumors due to their hor-
monal action, preclinical evidence suggests that E4 may be
associated with a lower risk of breast carcinogenesis com-
pared with other estrogens. Epidemiological studies will
be essential to verify these hypotheses and to confirm the
improved safety profile of E4.

The main pharmacological properties of E4 described in
this review are summarized in Fig. 4.

While further elucidation of the possible mechanisms will
provide a deeper understanding, current data suggest that
the molecular mode of action and the different metabolism
of E4 may support its selective pharmacological profile and
therefore its favorable benefit-risk ratio.
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