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ABSTRACT ARTICLE HISTORY
Introduction: Estrogens used in women’s healthcare have been associated with increased risks of Received 28 September

venous thromboembolism (VTE) and breast cancer. Estetrol (E4), an estrogen produced by the human 2021

fetal liver, has recently been approved for the first time as a new estrogenic component of a novel Accepted 14 March 2022
combined oral contraceptive (E4/drospirenone [DRSP]) for over a decade. In phase 3 studies, E4/DRSP
showed good contraceptive efficacy, a predictable bleeding pattern, and a favorable safety and
tolerability profile.

KEYWORDS
Combined oral
contraception;

Areas covered: This narrative review discusses E4’s pharmacological characteristics, mode of action, contraception; estetrol; E4;
and the results of preclinical and clinical studies for contraception, as well as for menopause and estrogen; estrogen receptor;
oncology. hemostasis; menopause;

Expert opinion: Extensive studies have elucidated the properties of E4 that underlie its favorable safety venous thrombosis
profile. While classical estrogens (such as estradiol) exert their actions via both activation of nuclear and

membrane estrogen receptor a (ERa), E4 presents a specific profile of ERa activation: E4 binds and

activates nuclear ERa but does not induce the activation of membrane ERa signaling pathways in

specific tissues. E4 has a small effect on normal breast tissue proliferation and minimally affects hepatic

parameters. This distinct profile of ERa activation, uncoupling nuclear and membrane activation, is

unique.

1. Introduction insulin resistance, cardiovascular events, and neurodegenera-
tive diseases [2].

Four natural estrogens are found in human species over the
course of life (Figure 1A). The names and abbreviations reflect
the number of hydroxyl groups present on the 4-ring back-
bone, as is similar for all hormones. Estrone (E1) is present
throughout life and is considered the primary estrogen during
the menopausal years in women. Estradiol (E2), produced by
cells. Estrogens are ubiquitous, impacting on almost all phy-  the ovaries, is the primary estrogen during the reproductive
siological systems and tissues, including the urinary tract and years. Estriol (E3) is produced naturally by the placenta and is
cardiovascular system, as well as the brain, bone, breast, skin, the major estrogen during pregnancy. Lastly, estetrol (E4) is
hair, mucosa, pelvic muscles, and eating behavior [3,4]. the estrogen of fetal life, produced by the fetal liver, and
Estrogens impact the liver, effecting glucose tolerance, and  present only during pregnancy with relatively high levels in
lipid homeostasis [5]. Furthermore, estrogens are also involved  the fetus and lower levels in the maternal circulation.
in diseases, such as breast, endometrial, ovarian, colorectal, Interestingly, whereas E1, E2, and E3 are found in other mam-
and prostate cancers, along with endometriosis, deep venous  malian species, E4 is primarily only found in humans, present
thromboembolism, and some autoimmune diseases [2]. In  as early as 9 weeks of gestation. Some higher order mammals
contrast, they are protective against osteoporosis, obesity, have limited levels of E4 present but only in the last few weeks

The widespread physiological role of estrogen receptors (ERs)
probably contributes to the pleiotropic actions of estrogens
[1,2]. Whereas estrogens are traditionally considered as simply
sex hormones responsible for the development and regulation
of the female reproductive system and secondary sex charac-
teristics, they actually induce changes in almost all vertebrate
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Article highlights

o Estetrol (E4) is an estrogen that activates the nuclear estrogen
receptor (ER) a signaling pathway but does not activate membrane
ERa signaling pathway in specific tissues. This unique molecular
mode of action of E4 is distinct from other estrogens.

e E4 has been referred to as the first native estrogen with selective
tissue activity due to its tissue-specific actions mainly supported by
a differential activity on nuclear and membrane ERa activation.

e E4 has recently been approved in the United States of America,
Europe, Canada, and Australia as a new estrogenic component of
a combined oral contraceptive (E4 monohydrate 15 mg/drospirenone
3 mg [DRSP]).

e E4/DRSP displays good contraceptive efficacy, safety, and user
tolerability.

e E4 has a low impact in the liver and breast and a more potent effect
in the endometrium, vaginal keratinocytes, and the cardiovascular
system.

o Relative to other contraceptives, E4/DRSP showed less impact on
several hemostasis parameters, including markers of prothrombotic
states. This suggests that E4/DRSP may have less residual risk of
thromboembolic events than other contraceptives.

o Clinical trials examining the therapeutic potential of E4 treatment for
menopausal symptoms, as well as for breast and prostate cancer, are
underway.

of gestation. The unique role of E4 in humans, compared to
lower-order mammals, is still not understood.

Estrogens were first synthesized in the laboratory almost
100 years ago with purification of E1 in 1929 and the discovery
of E2 in 1931 and E3 in 1933. Within 5 years of their discovery,
E1, E2, and E3 were introduced as potential therapeutic
agents. Ethinyl estradiol (EE) was the first synthetic estrogen,
produced in 1938, and marketed in 1943 for the treatment of
dysmenorrhea [6]. Conjugated equine estrogens (CEEs),
a mixture of estrogen conjugates found in the urine of
mares, were introduced in 1941 for the relief of hot flushes
in postmenopausal women. Since then, no new natural estro-
gens have been characterized and evaluated for the benefit of
women’s health for over 80 years.

The use of natural or synthetic estrogens is associated with
a number of risks, especially related to liver and cardiovascular
factors. These effects are related to the route of delivery, with
oral methods directly impacting the liver through first-pass
metabolism, and the type of estrogen, with the highly potent
synthetic estrogen EE impacting the liver regardless of route
of delivery.

The use of estrogens in combined oral contraceptives
(COCGs) has also been linked to an increased risk of throm-
boembolic events, including venous thromboembolic events
(VTE) or pulmonary embolism [7,8]. An increased risk of breast
cancer in women using estrogen-based hormonal contracep-
tives or menopausal hormone therapy (MHT) has also been
reported [9,10]. An estrogen-based pharmaceutical that offers
safer use, including a lower risk of thromboembolic events and
less impact on breast tissue proliferation, has been an impor-
tant unmet need in women'’s health [11,12].

E4 has recently been approved in the United States of America
(USA), Europe (EV), Canada, and Australia as a new estrogenic
component of a COC and is also in clinical development for the
treatment of menopausal symptoms as well as breast and pros-
tate cancer. These clinical advancements are the culmination of

decades of research elucidating the properties of E4 that underlie
its favorable safety profile. Here, we review the characterization of
E4 with preclinical genetically modified animal models and bio-
chemical and molecular biology investigations that have guided
the progression into clinical studies in contraception and meno-
pause. In addition, we discuss E4’s unique molecular mechanism
of action along with providing insight into its tissue-specific
actions. Finally, we review the pivotal phase 3 studies that have
supported the marketing authorization of E4.

2. Introduction to estetrol (E4)

E4 was first described by the group of Diczfalusy in 1965 ['*7'°].
For several decades, E4 was perceived as a weak estrogen with
no therapeutic potential [17,18]. However, in 2001 Coelingh
Bennink et al. at Pantarhei Bioscience (Zeist, the Netherlands)
initiated preclinical and phase 1 clinical studies that described
E4's unique profile of activity and its suitability for therapeutic use
[19]. Beginning in 2009, Pantarhei, Mithra Pharmaceuticals, and
several academic groups joined efforts to examine the pharma-
cological characteristics of E4 and its molecular mechanisms of
action with the aim of developing E4 for therapeutic use. For
human use, E4 is synthesized from commercially available soy
estrone. It is over 99.9% pure [20] without contamination [21].
The initial phase 1 and 2 clinical trials focused on using E4 in
a COC. The efficacy and safety of a new COC consisting of E4
15 mg (as monohydrate, equivalent to 14.2 mg anhydrate) com-
bined with the progestogen drospirenone (DRSP) 3 mg has been
studied in two phase 3 trials in both the USA/Canada and EU/
Russia [22,23]. Its usage has been recently approved by the US
Food and Drug Administration (FDA), the European Medicines
Agency (EMA), Health Canada, and the Therapeutic Goods
Administration (TGA) in Australia. Two other phase 3 trials are
ongoing for the relief of menopausal symptoms: one in USA/
Canada with E4 alone (15 or 20 mg) in both hysterectomized and
non-hysterectomized women (NCT04090957), and one in EU/
Russia/North and Latin America with E4 alone (15 or 20 mg) in
hysterectomized and non-hysterectomized women or E4 (20 mg)
in association with progesterone in non-hysterectomized women
(NCT04209543) [**®]. Phase 2 studies examining the efficacy of
E4 for the treatment of advanced breast cancer and for prostate
cancer have also been conducted, demonstrating anti-tumor
effects of relatively high doses of E4 (20-40 mg) in both cancers,
with no safety concerns [29,30]. Table 1 depicts the clinical
applications of E4 that are currently being studied in humans.
As E4 is a natural estrogen, the efficacious dose that is
associated with its most optimal efficacy and safety profile is
expressed in milligrams. This is similar to E2, another natural
estrogen also used in milligrams for contraception, but in
contrast to EE, a highly potent synthetic estrogen used in
micrograms. The daily dose for the therapeutic use of other
natural steroids is also in the milligram range, for example,
progesterone 100-200 mg and cortisol 30-60 mg per day.

2.1. Chemistry

E4 is structurally different from the other estrogens because of
the presence of an additional hydroxyl group at position 15-a
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Table 1. Clinical applications of E4.

Combination/Dosage level Indication Study phase ClinicalTrials.gov number

E4 15 mg/DRSP 3 mg Contraceptive 1l} NCT02817828/NCT02817841

E4 15-20 mg Menopause Il NCT04090957/
NCT04209543

E4 20-60 mg Breast cancer Il NCT02718144

E4 40 mg and androgen-deprivation therapy Prostate cancer Il NCT02718378

E4 15 mg (21 days) SARS-CoV-2 infection Il NCT04801836

E4: estetrol, CoV: corona virus, DRSP: drospirenone, SARS: severe acute respiratory syndrome

H
) - | o
HO
E1  Estrone E2  Estradiol
HO
E3  Estriol E4  Estetrol
A/B Domain c D E Domain F

Figure 1. Structure of the four natural estrogens, estrogen receptors (a and f) and ligand-binding domains. A: Structure of natural estrogens. E1 and E2: adult
estrogens; E3 and E4: fetal estrogens. B: Estrogen receptors a and B (ERa and ERP). Functional domains include the DNA-binding domain (DBD), ligand-binding
domain (LBD), and two transcriptional activation functions, AF-1 and AF-2. The A/B domain, at the protein amino terminus (NH2), contains AF-1. The C domain binds
to DNA motifs (consensus estrogen response elements [EREs]). The D domain (the hinge region) is involved in specific DNA binding and nuclear ER localization. The
E domain is the LBD: it interacts with estrogens and selective estrogen receptor modulators (SERMs) and contains the AF-2 region. The carboxy terminus (COOH) is at
the F domain. C&D: Ribbon diagrams. ERa-LBD structure complexed with estrogens (blue:E2; red:E3; green:E4). C: Ball-and-stick rendering of the ligand-binding site
of the ligands and their interacting residues. Dotted lines: hydrogen bonds. D: LBDs depicted in C and the glucocorticoid receptor-interacting protein 1 (GRIP1)
peptide fragment coactivator protein complexed with E3 or E4 only (darker red/green). Ligand: represented as space-filled model. Helix 12 position depicted by an
arrow. Panel B adapted from Arnal JF, et al (2017) [3], and panels C and D from Abot A, et al (2014) [48].

of the molecule, resulting in a total of 4 hydroxyl groups end of pregnancy (up to 1.2 ng/mL in maternal plasma). Fetal
(Figure 1A). Its concentration in fetal and maternal plasma plasma levels of E4 are higher than maternal plasma levels at
increases throughout pregnancy to reach a maximum at the parturition [31,32].
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2.2. Pharmacokinetics

Following oral administration, E4 undergoes fast absorption
(tmax ranges between 0.25 and 0.5 hours), followed by rapid
distribution [33]. The elimination half-life of E4 is 24-32 hours,
which is longer than other natural estrogens, such as E2 and
micronized E2, which have half-lives of 1-2 hours and 10-
12 hours, respectively. E4 undergoes extensive phase 2 meta-
bolism in the liver where it is glucuronized mainly by the
uridine 5'-diphospho-glucuronosyltransferase (UGT) enzyme
UGT2B7 to form glucuronide and sulfate conjugates that are
excreted in urine [34,35]. Importantly, E4 is an end-stage
product of metabolism, which is not converted in vivo into
active metabolites like E3, E2, or E1. Unlike E2, E4 is not
converted into hydroxylated metabolites, precursors of qui-
none estrogens that can react and damage the DNA, which
has been linked to breast cancer development [36,37].
Moreover, circulating levels of E1 have been linked to throm-
bin generation and are consequently associated with the dif-
ferent thrombotic risk profiles of oral and transdermal
hormone therapy [38]. Unlike EE and E2, cytochrome P450
(CYP450) enzymes do not play a major role in the metaboliza-
tion of E4 and E4 shows minimal impact on the major CYP450
enzymes [19°°7*']. As a result, E4 may potentially exhibit fewer
drug-drug interactions relative to other estrogens, including
EE and E2.

Further, unlike other estrogens, E4 neither binds sex hor-
mone-binding globulin (SHBG), nor increases its production by
hepatic cells as much as other estrogens [41]. The first is an
important and unique characteristic of E4, as only non-protein
bound estrogens are biologically active and able to reach
target tissues [42].

Enterohepatic recirculation of estrogen therapies has been
linked to a 2.5-fold increased risk of biliary tract conditions,
including benign or malignant gallbladder disease [43]. This
risk may not apply to E4 as it does not appear to enter the
enterohepatic circulation. E4 is excreted in urine in the form of
a ring D monoglucuronide and is otherwise metabolically
unaltered [**7*¢]. Collectively, the pharmacokinetic profile of
E4 is unique, with desirable features that have formed the
basis for the development of a safe once daily oral pharma-
ceutical compound [47].

2.3. Mode of action of E4

2.3.1. Introduction to the molecular mechanisms of action
of estrogens
The pleiotropic effects of estrogens are mainly mediated
through the two ERs: ERa and ERB [3,48]. The two ERs share
a domain structure, which comprises six domains, A-F
(Figure 1B). The central C domain binds with high affinity
and specificity to specific estrogen responsive element (ERE)
sequences of DNA. Ligand binding occurs at the COOH-
terminal E domain via the ligand-binding domain (LBD). Two
estrogen-dependent activation functions (activation function
[AF]-1 and AF-2) are present within ERs.

In the classical mechanism of ER action, ERa and ERP func-
tion as ligand-dependent factors that regulate the transcrip-
tion of target genes containing the consensus ERE in their

promoter regions (Supplemental Figure 1A). Estrogens bind
to the ERs in the cytoplasm, and ER-ligand complexes then
dimerize and translocate to the nucleus, where they interact
with ERE DNA sequences in target genes. Through AF-1 and
AF-2, the estrogen-ER complexes then recruit coregulators and
components of the RNA polymerase Il complex that will sub-
sequently regulate the transcription of target genes and initi-
ate nuclear actions. ERs can also indirectly initiate nuclear
actions by interacting with other transcription factors, such
as activator protein 1 and specificity protein 1 that mediate
the transcription of genes whose promoters do not harbor an
ERE (Supplemental Figure 1B). Some growth factors can also
mediate nuclear effects by activating intracellular signal trans-
duction pathways, leading to the phosphorylation and activa-
tion of ERs and the modulation of their transcriptional activity
(Supplemental Figure 1C) (for a review see Arnal et al. 2017) [3].

The nuclear transcriptional actions of ERa do not, however,
account for all the biological functions of estrogens. A pool of
ERa is also associated with plasma membrane caveolae/lipid
rafts, where it can activate rapid non-nuclear signaling, termed
nongenomic/membrane-initiated steroid signaling (MISS)
[397°?]. Caveolae, a subset of lipid rafts, are specialized cho-
lesterol-rich plasma membrane organelles that compartmen-
talize signal transduction molecules on the cell surface via, for
example, myristoylation and palmitoylation. This membrane
ERa activity results in the activation of intracellular signaling
pathways (e.g. phosphoinositide 3-kinase [PI3K], mitogen-
activated protein kinase [MAPK]), the activation of multiple
kinases and the production of a variety of
downstream second messengers (e.g. nitric oxide [NO], cal-
cium flux, and cyclic adenosine monophosphate), directly
influencing cell activities that contribute to the regulation of
cell survival and proliferation (Supplemental Figure 1D).

Nuclear and membrane pathways interact, which is still
poorly recognized. The kinases activated by the MISS pathway
can phosphorylate various transcription factors, including ERs
and coregulators, and therefore indirectly modulate the tran-
scriptional activity in the nucleus [53,54]. Besides ERa, MISS
actions can also be induced by several other receptors located
at or near the membrane. ERp is present at the membrane and
induces rapid nongenomic responses [55]. The more recently
described G Protein-Coupled Estrogen Receptor (GPER) is pre-
sent at the membrane and is involved in the rapid activation
of several signaling pathways by estrogens in different cell
types [56].

2.3.2. The mode of action of E4: E4 has tissue specific
properties

Using pharmacological tools and genetically modified animal
models, E4 has been identified as a specific nuclear ERa acti-
vator in vivo, uncoupling membrane, and nuclear ERa activa-
tion. E4 activates the nuclear ERq, similarly to E2, but E4 does
not activate the membrane ERa pathway in specific tissues. In
a mouse model of electric injury of the carotid artery, for
instance, E2 but not E4 accelerated reendothelialization; E4
even was able to inhibit the acceleration of endothelial heal-
ing induced by E2 [48]. Based on several other in vivo and
in vitro experiments, it was concluded that E4 is able to elicit
nuclear ERa actions (for example, in the uterus) as does E2, but



E4 does not elicit and even antagonizes the membrane-
initiated actions of ERa at variance to E2 [3,48].

In contrast, several in vitro studies including our own have
described the presence of MISS actions after treatment with
E4, in several cell contexts. It was shown using cell cultures
that E4 activates extra-nuclear signaling cascades, such as
MAPK and PI3K/Protein Kinase B pathways, which are involved
in many biological processes including human breast cancer
cell growth and survival. However, the receptor at the origin of
this MISS actions was not investigated [54]. The impact of E4
on ERa MISS in a human breast cancer cell line (Michigan
Cancer Foundation-7 [MCF-7]) was also investigated by high-
lighting the interaction at the membrane between ERa and
the tyrosine kinase src using the Proximity Ligation Assay
technique. E4 significantly induced this interaction but was
considerably less efficient in inducing this interaction com-
pared to E2. Importantly, when administered together, the
combination of E2 and E4 totally abrogated the ERa-scr inter-
action [48].

Finally, Giretti et al. 2014 showed that E4 weakly induced
human breast cancer cell invasion and migration via a rapid
phosphorylation of moesin but, again, the efficacy of E4 to
induce these processes was much lower compared to E2 [57].
In co-treatment with E2, E4 blocked the activation of this actin
controller in a concentration-related fashion. The same group
addressed the effects of E4 on the activity and expression of
the endothelial nitric oxide synthase (eNOS) in cultured
human umbilical vein endothelial cells (HUVEC). E4 stimulated
the activation of eNOS and NO production in HUVEC but was
significantly less effective compared to E2. When E2 was com-
bined with E4, E4 antagonized NO synthesis induced by preg-
nancy-like E2 concentrations [58].

In summary, while a complete absence of ERa MISS actions
after treatment with E4 is observed in the mouse model of
carotid artery reendothelialization after perivascular injury,
a limited activation of ERa MISS can be observed in other
experimental or cellular contexts. The efficacy of E4 to induce
these ERa MISS actions always appears to be much lower
compared to E2. Moreover, in all studies cited above, E4 con-
sistently antagonized ERa MISS actions induced by E2. This
unique behavior of E4 regarding the activation of ERa-MISS is
believed to support, at least in part, differences between E4
and other estrogens in terms of biological and clinical effects.

In conclusion, E4 induces nuclear actions but not the MISS
effects and, as a result, has the ability to act selectively as an
agonist or antagonist depending on the target cell or tissue.
Cellular and transgenic mouse models contributed to pre-
cisely delineating this tissue specific profile of E4, and the
data indicate that E4 elicits potent estrogenic-like effects on
the brain [59,60], bone tissue [61], the cardiovascular system
[48], ovulation [62], and the uterus [48,63]. These estrogenic-
like effects are mediated by activation of the ERa nuclear
pathway, since they are abolished in transgenic mice (ERa
knock-out, ERaAF1°, ERa-AF2°) or in the presence of fulves-
trant, a selective ER degrader [64]. For instance, in animals, it
has been demonstrated that E4 stimulates uterine gene
expression, and proliferation of epithelial endometrial cells
and vaginal keratinocytes. These effects are abrogated in
ERaAF2° or ER0AF1° mice [48,65], whereas they are fully
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preserved using a mouse with a point mutation of the palmi-
toylation site of ERa (C451A-ERa), which leads to membrane-
specific loss of ERa function [66]. In postmenopausal women,
various doses of E4 increased endometrial thickness, induced
endometrial proliferation, and reversed vaginal atrophy [28].

Data from the preclinical studies also suggest that E4 has
anti-estrogenic-like effects in the breast and a limited impact on
normal or malignant breast cell proliferation. This property of
E4 is associated with its antitumor activity in the presence of
E2 and is thought to be linked to differential activation of
signaling pathways and not E2-induced nuclear activity
blockade.

In the liver, E4 has a minimal impact on liver gene expres-
sion, which is suggested to contribute to the low impact of E4
on several hepatic functions (i.e. small changes in liver enzyme
values and coagulation parameters) and which is very different
from that of E2 and EE.

The selective action of E4 in tissues led to the question of
whether this natural estrogen is a selective estrogen receptor
modulator (SERM) like tamoxifen and raloxifene [48]. Like
estrogens, SERMs bind to ERs with high affinity, and regulate
transcriptional events characterized by tissue-specific actions,
being agonists and mimicking the effects of estrogen in some
tissues, but antagonizing their effects in others [67]. SERMs
and estrogens differ, however, as seen in the effects that occur
in the LBD of ERa [68]. The LBD is composed of 12 a helices
(H1-H12) and 2 antiparallel B sheets. This helical arrangement
creates a scaffold that maintains a ligand-binding cavity
(Figure 1C & D). However, E4 is distinct from SERMs as it
binds ERa differently than SERMs and in a manner more
similar to estrogens.

Estrogen binding induces a major structural reorganiza-
tion of the LBD, which converts the inactive ER to the
functionally active form. When E2 binds to its LBD, H12
packs against helices 3, 5/6, and 11, forming the coactiva-
tor-binding groove recognized by the leucine (L) amino
acid (X)XLL motifs of coactivators. This positioning of H12
is a prerequisite for transcriptional activation as it induces
the activation of the receptor’'s AF2 transactivation func-
tion that binds numerous co-regulatory proteins. In con-
trast, SERMs alter the conformation of the LBD of ERa. The
position of H12 in relation to the other helices of the LBD
differs when SERMs occupy the ligand-binding pocket. This
characteristic orientation of H12 in the presence of tamox-
ifen occludes the coactivator-binding groove, whereas it
allows the release of the A domain and possible recruit-
ment of corepressors [69,70]. Crystallographic analysis
shows that E4 interacts with ERa in a similar way to
other estrogens and induces similar conformational
changes (Figure 1C), unlike SERMs. Ligands are perfectly
superimposable and interact equally with identical residues
within the ligand-binding pocket. E4 binds ERa, in a similar
way to E2 and E3, forming a complex that binds a key
coactivator  protein,  steroid receptor  coactivator
(SRC3) [48].

Functional comparison of E2- and E4-binding to ERa has
also been performed using MARCoNI (Microarray Assay for
Real-time Coregulator-Nuclear receptor Interaction). This
platform measures the binding of a nuclear receptor to
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a set of peptides with coregulator-derived LXXLL motifs,
thus providing in vitro coregulator recruitment data and
a functional readout of receptor conformation [71]. E2 and
E4 modulate coregulator recruitment in a very similar man-
ner (Figure 2). At receptor saturating concentrations, the
binding pattern and affinities of all coregulators in the
presence of E4 were identical to that elicited by E2 but
with a 50-fold lower potency. A SERM-induced ERa confor-
mation would result in coregulator displacement and vir-
tually opposite behavior to E4 on the MARCoNI platform
[72,73]. These data together with analyses of the crystal
structures of E2, E3, and E4 complexes within the ERa
binding domain confirm that E4 interacts with nuclear ERa
in a manner identical to that of other estrogens [/*77°].

In summary, estrogen gene regulation is a complex multi-
receptor mediated mechanism, which controls cellular func-
tions by cross-talk between MISS and nuclear actions [77]. The
properties of E4 show that it has specific action in tissue
activity due to the activation and antagonization of nuclear
and membrane-bound ERq, respectively [3]. Studies of mole-
cular interactions of E4 with nuclear ERa point to an estro-
genic mode of action, that is distinct from SERMs.

3. Phase 2 clinical trial results
3.1. Contraception

Phase 2 clinical trials were performed using different E4 doses
in combination with different doses of DRSP and levonorges-
trel (LNG) to develop a formulation with suitable contraceptive
efficacy and cycle control. An early phase 2 clinical trial
showed that E4 5 to 20 mg in combination with LNG 150 pg
or DRSP 3 mg inhibited ovarian activity adequately to prevent
pregnancy [78]. Additionally, bleeding pattern, cycle control,
tolerability, body weight control, and user satisfaction were
better with the E4/DRSP combinations than with the E4/LNG
combinations, with E4 15 mg/DRSP 3 mg being most favorable
[79,80]. Based on the cumulative results of these different test
products, E4 15 mg/DRSP 3 mg (E4/DRSP) was selected for late
phase 2 and phase 3 clinical studies. The results of subsequent
phase 2 studies showed that the effect on ovulation inhibition
and suppression of ovarian function for E4/DRSP was compar-
able to EE 20 pg/DRSP 3 mg, a marketed COC [81]. E4/DRSP
also demonstrated limited effects on endocrine and metabolic
parameters; the effects on gonadotropins, cortisol, corticoster-
oid-binding globulin (CBG), angiotensinogen, SHBG, and
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Figure 2. Comparison of E2- and E4-induced in vitro coregulator recruitment by ERa. Full-length estrogen receptor a (ERa) was stimulated with estradiol (E2) or
estetrol (E4) and incubated with a set of 154 immobilized peptides representing coregulator-derived binding motifs; binding was detected using a fluorescently
labeled ERa-antibody. The subset with ERa-interacting peptides is shown here. Each panel displays concentration-dependent (log(M), x-axis) modulation of ERa
binding (arbitrary units’ fluorescence, y-axis) to a particular coregulator motif by E2 (red) or E4 (blue).



triglycerides were less pronounced compared to EE 30 ug/LNG
150 pug or EE 20 pug/DRSP 3 mg [82,83]. In addition, changes in
hemostasis parameters, such as endogenous thrombin poten-
tial based activated protein C (APC) resistance (expressed as
normalized APC sensitivity ratio, nAPCsr), and prothrombin
fragment 1 + 2 were all significantly less with E4/DRSP than
with EE 30 pg/LNG 150 pg and EE 20 pg/DRSP 3 mg. SHBG was
significantly less with E4/DRSP than with EE 20 ug/DRSP 3 mg
[84]. These results highlight the key clinical advantages that
E4-containing COCs may have in relation to other estrogen-
containing COCs.

3.2 Enhanced safety: tissue-specific effects of E4 in the
liver (hemostasis, lipids, renin-angiotensin-aldosterone
system), breast, and cardiovascular system

3.2.1. Impact of E4 on hemostasis

Liver function is closely linked to the hemostatic system as
liver parenchymal cells produce the majority of factors
involved in the clotting and fibrinolytic systems. Interestingly,
E4 displays a specific transcriptional program in the liver,
which differs from those induced by E2 and tamoxifen. This
underlines the fact that each ERa ligand causes a highly spe-
cific profile of gene regulation in the liver, consistent with the
differential action of E4, E2, and tamoxifen on hepatic coagu-
lation factors in humans [82,84,85]. Although additional mole-
cular studies are necessary to precisely understand the
complex interactions between the extranuclear/membrane
and nuclear sub-populations of ERq, current knowledge sug-
gests that the absence of ERa MISS activity could contribute to
the limited impact of E4 on the liver that has been observed in
several studies and which is very different from that of E2 and
EE [82,85,86].

The above presented phase 2 clinical hemostasis data for
E4 demonstrate that the impact of COCs on hemostasis
parameters is modulated by the total liver estrogenicity of
the COC [84]. The progestin can modulate the overall effect,
with more liver 'neutral’ progestins having less impact and
allowing the full estrogen effect to be realized. The lower
the estrogenicity of the combination of the estrogen and
progestin in a COC equates to lower thrombogenic poten-
tial and thereby reduced VTE risk. Indeed, in a meta-analysis
it was reported that EE/DRSP use is associated with
a greater VTE risk than the combination of EE/LNG [87].
Among many factors that could explain this difference
(e.g. bias, such as preferential prescribing), it is likely that
the anti-estrogenic properties of LNG counteract the estro-
genic properties of EE on the liver more than DRSP, and as
a result EE/LNG has a less thromboembolic risk than EE/
DRSP. Since E4 is a less potent estrogen, the combination of
DRSP with E4 results in a total estrogenicity that has
a similar or even lower hemostatic impact as the EE/LNG
combination [84]. Therefore, choosing DRSP instead of LNG
in a COC as the progestin with E4 was justified, also
because of the better bleeding pattern observed (the com-
bination with LNG resulted in a COC with anti-estrogenic
properties that were too high), and better tolerability and
user preference [79,80]. In this context, it is also good to
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note that studies examining usage of progestin-only COCs,
including DRSP only, have shown no increased VTE risk [88].

Changes to hemostasis parameters elicited by the E4/DRSP
combination in a phase 2 trial were equivalent to or less than
that of an EE/LNG COC and were more favorable than an EE/
DRSP COC (Figure 3A) [84]. The impact of E4 alone (2.5, 5, 10,
or 15 mg) on hemostasis parameters in postmenopausal
women was also found to be limited compared to placebo
when used once daily over 12 weeks [89]. Hemostasis markers
including fibrinogen, prothrombin, prothrombin fragment
1 + 2, D-dimer, factor VIl activity, protein C, protein S, antith-
rombin, and tissue factor pathway inhibitor, did not show
significant changes from baseline compared to placebo in
postmenopausal women treated with E4. Moreover, E4 had
a limited effect on nAPCsr, a parameter associated with the
relative risk of developing thrombosis (Figure 3C) [90]. The
effect on nAPCsr and other relevant hemostatic parameters
was also lower with E4 use relative to those obtained with
contraceptive combinations containing EE, including the com-
bination considered as the safest option by the EMA (i.e. EE/
LNG) (Figure 3B) [84,91].

The hemostasis results realized in the phase 2 clinical stu-
dies are in line with those obtained with thrombotic mouse
model studies. However, it is important to remember that in
mice, estrogens do not alter the circulating coagulation factors
toward a procoagulant profile, as they do in humans [85°%79%].,
In one study, a chronic high physiologic dose of E2 (reminis-
cent of pregnancy) decreased platelet responsiveness,
increased tail-bleeding times, and protected animals against
collagen/epinephrine-induced thromboembolism, through
hematopoietic ERa, and independently of hematopoietic ERB
[93]. Following chronic E4 treatment, mice exhibited
a prolonged tail-bleeding time and were protected from arter-
ial and also venous thrombosis in vivo [95]. In addition, E4
treatment decreased ex vivo thrombus growth on collagen
under arterial flow conditions [93,95].

In summary, the presented data show that E4 might have
less residual thromboembolic risk than other estrogens,
including those used in COCs or MHT, due to its limited impact
on the liver [91].

3.2.2. Impact on lipids

Phase 2 studies demonstrated also that the E4/DRSP com-
bination or E4 alone (15 mg) had a minimal impact on
plasma triglycerides levels, which were more increased
with the EE/LNG or EE/DRSP combination. E4 alone or in
combination with DRSP significantly increased high-density
lipoprotein cholesterol, and non-significantly decreased low-
density lipoprotein (LDL) cholesterol [28,75,82,83].

3.2.3. Impact on the renin-angiotensin aldosterone system
Interestingly, in the phase 2 studies, E4/DRSP demonstrated
limited Renin-angiotensin Aldosterone System (RAAS) stimula-
tion [83]. Other estrogens stimulate RAAS, a key regulator of
fluid and electrolyte balance, arteriolar resistances and thereby
long-term blood pressure [96]. Enhanced stimulation of RAAS
can lead to the development of salt retention and of arterial
hypertension. EE-containing COCs result in the stimulation of
angiotensinogen production, a rate limiting substrate of renin
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ratio (NAPCsr) during combined oral contraceptive (COC) use. * p < 0.05 vs baseline; # p < 0.05 vs E4/DRSP. Panel A and B: Published in Douxfils et al. 2020 [84].
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enzymatic activity of the generation of angiotensin I. This
subsequently leads to the activation of RAAS, and thereby
results in a rise of exchangeable sodium levels [*7'%%]. In
healthy normotensive women, however, renin and aldoster-
one increments are limited due to the RAAS negative feedback

loop. Prolonged exposure to EE can lead to persistent
increases in angiotensinogen levels, but the negative feedback
loop leads to a reduction in plasma renin concentration, and
to only small elevations in plasma renin activity (PRA) and
thereby angiotensin |, Il and aldosterone, with no substantial



impact on arterial blood pressure. In women that become
hypertensive due to EE-based pharmaceutical usage, the com-
pensatory inhibition of renin concentration is not sufficient,
and thereby leads to larger increases in PRA, angiotensin I,
aldosterone, and blood pressure. In contrast, E4 seems to have
a limited effect on angiotensinogen, which would explain the
limited changes in weight and blood pressure observed in the
clinical trial program. E4 treatment is also able to prevent
angiotensin ll-induced hypertension by selective activation
of nuclear ERa in transgenic mice [63]. In addition, the anti-
mineralocorticoid activity of DRSP attenuates salt and water
retention, thereby preventing elevation in blood pressure
[102]. Beside these mild diuretic characteristics, DRSP also dis-
plays anti-androgenic activities, thereby reducing side effects
associated with many COCs [103].

3.2.4. Impact of E4 on normal and malignant breast tissue
In vitro studies involving normal and malignant breast epithe-
lial cell cultures demonstrated that E4 acts as a weak estrogen
in stimulating the growth of normal human breast epithelial
cells and of hormone-dependent breast cancer (BC). E4 dis-
played a stimulatory impact only at concentrations exceeding
menopausal therapeutic needs [54]. Concentrations of E4 were
1,000-fold higher (1x1078M) than that of E2 in order to pro-
mote growth. In addition, E4 presented antitumor activity in
the presence of E2, by reducing the strong proliferative stimu-
lation induced by E2. The dual weak-estrogenic and anti-
estrogenic-like properties of E4 result from differential signal-
ing pathway activation and not from a capacity to antagonize
E2-induced nuclear activity.

Estrogens paradoxically induce apoptosis in long-term
estrogen-deprived BC cells. Long-term treatment with
SERMs and anti-estrogens leads to cell populations in
which multiple stress- and inflammation-associated tran-
scription factors and pathways are activated and participate
in the promotion of acquired endocrine resistance [104].
Simultaneously, these stress and inflammatory responses
create a microenvironment facilitating E2- and E4-induced
apoptosis in the acquired resistant BC cells [105]. In a recent
study, the pharmacology of E4 was examined in eight bio-
logically different human BC cell lines with the full agonists
E1, E2, and E3, a partial agonist triphenylethylene bisphenol,
and the antagonists tamoxifen and endoxifen. E4 was clas-
sified as a less-potent full-estrogen agonist, causing tumor
regression in long-term estrogen-deprived BC cells by trig-
gering a rapid unfolded protein response (UPR) and apop-
tosis. Based on the results, the authors concluded that the
use of E4 as a full agonist to treat advanced BCs is poten-
tially superior to a partial agonist, given the partial agonist
delayed induction of UPR and apoptosis, with a higher
probability of tumor clonal evolution and resistance [106].

In animal studies, E4 is weakly estrogenic in the normal
breast and mammary gland, but is an E2-antagonist when
administered in combination with E2 [54,107]. E4, dose-
dependently, prevented the growth of chemically induced
(7,12-dimethylbenz(a)anthracene, DMBA) mammary tumors
in female rats [108]. While E4 alone (3-10 mg/kg/day) mod-
erately enhanced the tumor growth of human MCF7 breast
carcinoma cells inoculated to ovariectomized nude mice, it
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reduced tumor growth in the presence of E2 [54]. In a recent
study, E4 (0.3 mg/kg/day) was administered continuously
(either alone or with progesterone or DRSP) to PymT-
transgenic mice or to patient-derived xenograft mice to
mimic the steady-state plasma concentrations observed in
women receiving a therapeutic dose of 15-20 mg E4 [109].
This dose increased the proliferation and gene expression of
uterine epithelial cells but did not affect BC growth nor
metastatic dissemination to the lung, nor breast gene
expression. Nevertheless, when E4 was used at 10-fold the
therapeutic dose (3 mg/kg/day), it exerted pro-tumoral activ-
ity similar to that observed with E2.

In women with recently diagnosed BC, short-term exposure
to 20 mg E4 induced apoptosis, and not proliferation, of breast
carcinoma cells [110]. E4 used in patients with end-stage
endocrine resistant BC at a dose of 20-60 mg was safe and
well tolerated during 12 weeks of treatment, with anti-tumor
effects in five of nine heavily pre-treated patients with pro-
gressive, anti-estrogen resistant, advanced BC [29].

In summary, both preclinical and initial clinical study results
indicate that E4 is a weak estrogen in the breast and almost
neutral at concentrations used for contraception and meno-
pause. Limited results suggest that the combined estrogenic
and anti-estrogenic properties of E4 on BC may provide a safe
therapeutic window for the treatment of menopausal symp-
toms in healthy women. Also, as described, the beneficial
effect of E4 in a phase 2 study for the treatment of women
with late stage, endocrine resistant, advanced BC is promising
[29]. Extensive clinical studies are needed to further delineate
the effect of E4 on the normal and malignant breast. It is
noteworthy to mention that the wuse of E4/DRSP as
a contraceptive is contraindicated in women with BC or with
a past history of BC.

3.2.5. Nuclear ERa mediated cardiovascular protection
Several cardiovascular protective effects (including reendothe-
lization, atheroprotection after arterial injury, and those
mediated by nitric oxide), which were studied using mouse
models, have until now been shown to rely on membrane ERa
actions. However, as already depicted above, E4 appears as
a specific ERa nuclear agonist and membrane antagonist.
These actions of E4 have been extensively evaluated in various
animal models of vascular protection, which demonstrated
that E4 prevents atherosclerosis (Supplemental Figure 2A)
[48], inhibits postinjury arterial vascular smooth muscle cell
proliferation, and neointimal hyperplasia (Supplemental
Figure 2C) [111]. Guivarc’h et al., for instance, demonstrated
that selective activation of nuclear ERa with E4 elicited vascu-
loprotective effects by preventing angiotensin Il-induced
hypertension along with restoring flow-mediated arterial dila-
tion and remodeling (Supplemental Figure 2B) [63]. These
results reveal an unexpected and prominent role of nuclear
ERa in the vasculoprotective action of estrogens, in contrast to
the wide belief that the vasculoprotection conveyed by estro-
gens is the consequence of their selective activation of the
membrane ER. In line with this, membrane ERa participates in
flow-mediated dilation in a ligand-independent manner [112].
Interestingly and in agreement, the presence or absence of E4
does not alter the flow-mediated dilation [112].
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Acceleration of endothelial healing and increased NO pro-
duction are considered as two important protective mechan-
isms of arteries. This, however, does not necessarily mean that
the before mentioned less effective activation of eNOS and NO
production in HUVEC with E4 in comparison to E2, results in
a deficit of vasodilation and in a poorer endothelium-
mediated vascular protection in comparison to E2. The main
physiological driver of NO production is not estrogen but
shear stress [''>7''°] and estrogens are considered to play
a limited role in regulating endothelial-derived NO production
and vasodilation. Also, several studies confirmed that NO pro-
duction is controlled by multiple mechanisms besides estro-
gen and shear stress, including reduction in temperature as
well as by a large number of neurohumoral mediators through
the activation of specific endothelial cell membrane receptors
and/or posttranslational modifications ["*7’®]. In addition, E4
induces vasodilation in uterine arteries [116] and relaxing
responses in rat uterine, thoracic, aortic, carotid, mesenteric,
pulmonary, renal, middle cerebral, and septal coronary
arteries, by a specific mechanism distinct from NO production
[117]. It was shown that this vasodilation was ER dependent
since it was abrogated by ICI 182780, an ERa antagonist.
Blockade of eNOS by N(w)-nitro-l-arginine methyl ester
(L-NAME) blunted E2- but not E4-mediated relaxing responses,
demonstrating that E2 but not E4 induces vasodilation by
stimulating eNOS activity. Only, the soluble guanylate cyclase
inhibitor, ODQ, blocked E4 relaxation. These studies also
showed that E4 inhibited smooth muscle cell Ca++ entry
and contraction, and it was concluded that E4 caused relaxa-
tion of precontracted rat uterine arteries via both an endothe-
lium-dependent mechanism involving ER and a guanylate
cyclase mechanism. Finally, tamoxifen-like E4 but unlike E2,
does not accelerate endothelial healing after electric injury of
the carotid artery that destroys the endothelial and smooth
muscle cell layers. However, in other models of injury of
carotid artery where only the endothelial cells are destroyed,
tamoxifen accelerates endothelial healing through activation
of the nuclear ERa in smooth muscle cells. It is therefore
tempting to speculate that such a mechanism could be opera-
tional for E4 [118].

3.2.6. Effects of E4 on metabolism
The decreased estrogen production by ovaries at meno-
pause causes a redistribution of body fat, with visceral
adiposity that is associated with an increased risk of car-
diovascular diseases, type 2 diabetes, and steatosis [''°~
1211, Chronic E4 exposure prevented aortic atherosclerosis,
body weight gain, glucose intolerance, and steatosis in
ovariectomized C57BI/6 mice and in the atheroprone LDL
receptor-/- mouse fed with a Western diet [122]. The
beneficial effects of E4 on body weight gain, glucose
tolerance, and atheroma is dependent of nuclear ERa but
persisted in mice harboring a hepatocyte-specific ERa
deletion. However, hepatic ERa was necessary to prevent
steatosis in mice.

In summary, the phase 2 trials demonstrated that the
combined properties of E4 and DRSP could make this

a promising COC due to its reliable contraceptive proper-
ties, good bleeding profile, cycle control, user satisfaction,
and potentially less residual thromboembolic risk than its
comparators [79,80].

4. Phase 3 clinical trial results

Two open-label, non-comparative, phase 3 trials were con-
ducted in EU/Russia (EU/RUS) and the USA/Canada (USA/
CAN) to confirm the contraceptive efficacy and safety of E4/
DRSP given for 1 year, in healthy reproductive age women
(Table 2) [22,23]. With over 1,500 women enrolled in each
study, the primary contraceptive efficacy endpoint was
determined in women 35 years and younger. In the EU/
RUS trial, the Pearl Index (Pl) was 0.44 (95% confidence
interval [CI] 0.14-1.03) [22], while in the USA/CAN trial the
Pl was 2.65 (95% ClI 1.73-3.88) [23]. These Pl values are
consistent with other contemporary COCs and show that
E4/DRSP indeed provides a high level of contraceptive pro-
tection. The higher Pl values in the USA/CAN relative to the
EU/RUS trial are also typical as the Pl has increased in US-
based trials over the last few decades [123]. The two most
likely important contributors to this increase in Pls in the
USA are more frequent pregnancy testing with more sensi-
tive tests and less adherent study populations [124]. In
women aged 18-35 years, compliance based on expected
pill intake averaged 99.4% across all cycles in the EU/RUS
study and 98.7% in the USA/CAN study. Overall, respec-
tively, 90.1% or 82.0% of participants missed no pills, with
6.1% or 9.1%, 2.0% or 3.6% and 1.8% or 5.3% missing an
average of one, two, or more than two pills across 13
consecutive cycles, respectively, in the EU/RUS study and
in the USA/CAN study, indicating a lower adherence to
treatment in the USA and Canada [22,23].

In these phase 3 trials, E4/DRSP also showed excellent
cycle control, which is an important factor influencing con-
traceptive selection, adherence, and treatment continuation
[22,23]. These findings confirmed previous phase 2 findings
[80]. In the EU/RUS trial, more than 92% of women had
regular cycles, while in the USA/CAN trial more than 83%
of women had regular cycles. Only a few women did not
have scheduled bleeding/spotting (EU/RUS: 7.9%; USA/CAN:
16.0%). In addition, the percentage of women that reported
at least one unscheduled bleeding/spotting during treat-
ment was 16.4% in the EU/RUS study and 20.3% in the
USA/CAN study, the majority of which were qualified by
participants as spotting (not needing sanitary protection).
The percentage of women that discontinued treatment due
to bleeding problems was 3.5% in EU/RUS and 2.7% in USA/
CAN. In addition, E4/DRSP showed excellent tolerability with
no unexpected safety concerns [22,23]. A single case of
venous thrombosis was observed in the 1,553 participants
in the EU/RU trial and none in the 1,864 participants in the
USA/CAN trial of whom 23% had a body mass index (BMI)
>30.0 kg/m?, a risk factor for VTE [125]. In comparison, the
number of VTE cases in other contraceptive US trials was 3
for EE 10 pg/norethindrone acetate 1 mg (N = 1,683, 18%
obese) [123], 4 for a vaginal ring delivering EE 13 pg and
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segesterone acetate 150 pg per day (N = 1,188) [126], and 4
for a patch with dosing equivalent to an EE 30 pg/levonor-
gestrel 120 pg oral contraceptive (all in obese participants
[N = 2,031, 35% obese]) [127]. Thus, even with low-dose EE
short-acting combination contraceptives, thrombosis risk
remains.

In conclusion, phase 3 clinical trials examining E4 15 mg
in combination with DRSP 3 mg (E4/DRSP) in a 24/4-day
regimen showed high efficacy, excellent cycle control, high
user ssatisfaction,and a good tolerability and safety profile.
In addition, minimal impact was noted on hemostasis and
metabolic parameters in women aged 16-50 years inclusive
with a BMI <35.0 kg/m?.

The classical contraindications and warnings for the use
of COCs remain valid with the E4/DRSP combination. The
decision to prescribe E4/DRSP should take into considera-
tion the individual woman’s current risk factors, particularly
those for VTE. Finally, the beneficial impact of E4/DRSP on
hemostasis as indicated by their limited impact on coagula-
tion markers has to be confirmed in a larger post-
authorization safety study investigating the incidence of
VTE events, as agreed with regulatory authorities.

5. Other therapeutic applications for E4
5.1. Hormone replacement for menopause

In the MHT development program, E4 is used as a stand-
alone compound. E4 efficacy for menopausal vasomotor
symptoms (VMS) relief was initially tested in rat models,
whereby E4 effectively prevented temperature increases
(representative of hot flushes/VMS) in a dose-dependent
manner and a potency 10-fold less than EE [19,128]. An
early clinical trial in postmenopausal women showed that
oral E4 in multiple rising doses (from 2 to 20 mg) resulted
in a decrease in the mean number of hot flushes and
sweating, and in an expected increase in endometrial
thickness. A  dose-dependent decrease in anti-
gonadotropic activity was observed in both serum follicle
stimulating hormone (FSH) and luteinizing hormone
levels [86].

Based on these early findings, a phase 2 multicenter,
randomized, placebo-controlled, double-blinded, dose-
finding study was conducted to determine the minimum
effective dose of E4 in relieving VMS in postmenopausal
women [27,28,129]. The study included 257 postmenopau-
sal women from 40 to 65 years old. Women received E4
2.5, 5,10, or 15 mg or placebo once-daily for 12 weeks. All
E4 doses demonstrated a reduction in the frequency of
moderate to severe hot flushes. However, the E4 15 mg
dosage group demonstrated the most pronounced
improvement with a significant difference in the percen-
tage change of weekly hot-flush frequency relative to
placebo and a statistically significant absolute decrease
in severity of VMS. Menopause-related complaints, as
assessed by the menopause rating scale [130], showed
a reduction in hot-flush severity and sweating with E4
15 mg compared to placebo. The incidence and severity
of symptoms of genitourinary syndrome of menopause

(GSM) and vaginal cytology parameters also improved
from baseline to week 12 in all E4 dosage groups.
However, the greatest reduction in the incidence and
severity of GSM symptoms compared to placebo was in
the E4 15 mg group [27,28,129]. In addition, health-related
quality-of-life was improved, most prominently in the E4
15 mg group [27]. Based on these results, two phase 3
studies examining E4 15 mg and 20 mg in menopausal
women were initiated in 2019 and are currently ongoing
[24,25].

5.2. Perimenopause, central nervous system disorders,
vascular protection, and oncology

The therapeutic potential of E4 as a pharmaceutical compo-
nent for contraception, as well as its utility in menopause,
suggests the potential of E4 to relieve symptoms while
providing both contraception and cycle control during the
perimenopause. E4 may thus offer women an alternative
estrogen with an improved risk/benefit ratio to cater for
these needs during this transitional period of life.

While the impact of E4 on the reproductive system is
better understood than its impact on the central nervous
system, initial studies have also shown that E4 has neuro-
protective, promyelinating (i.e. promotion of myelin depos-
its around neuronal processes and fibers, important in
effective electrical transmission), neurogenic, and cerebro-
angiogenic effects. E4 can effectively reduce blood markers
of brain damage (S100 Calcium-Binding Protein B and glial
fibrillary acidic protein) and its antioxidative actions are
navigated through E4’s impact on estrogen receptors ERa
and ERP [131]. Antioxidant properties of estrogens poten-
tially correlate with their phenolic moiety, whereby the
presence of free phenolic hydroxy groups is linked to their
capacity to protect against oxidative stress. E4 has the
greatest number of free phenolic hydroxy groups among
natural estrogens, and thereby may have strong antioxidant
effects [132]. E4 may therefore have therapeutic potential in
newborns, especially premature neonates (hypoxic-ischemic
encephalopathy), and adults with neurological disorders
[133,134].

Preclinical studies have also shown that E4 performs as an
estrogen antagonist in breast tumor tissue due to its antag-
onistic activity on the membrane ERa. Clinical studies of E4 in
postmenopausal women with estrogen-receptor positive
early breast cancer demonstrated a significant pro-apoptotic
effect on tumor tissue, and that Ki67 expression, which is
a marker of cell proliferation, was not changed [110]. A dose-
escalation study with E4 (20, 40, and 60 mg) in postmenopau-
sal patients with ER+/HER2- breast cancer resistant to anti-
estrogens has been completed with favorable anti-tumor
effects [29]. Furthermore, high-dose E4 has been investigated
in advanced prostate cancer as co-treatment with
a luteinizing hormone-releasing hormone agonist in andro-
gen-deprivation therapy (ADT) [30]. Phase 2 results show that
co-treatment in ADT with high-dose E4 is well tolerated and
safe. Moreover, E4 provides highly effective estrogen substi-
tution, and further suppresses free testosterone, prostate-



specific antigen, and FSH, suggesting enhanced disease con-
trol [30].

6. Conclusions

Natural and synthetic estrogens have been used for decades
in contraception and MHT, with known but rare potential
adverse events, such as increasing thrombosis and breast
tissue proliferation. New estrogens with a better safety profile
are an unmet medical need. The unique pharmacologic prop-
erties and molecular mechanisms of action of E4 suggest that
it would provide a better benefit/risk ratio compared to other
estrogens.

E4 is a native estrogen with differential action in tissues.
The molecular nuclear mode of action of E4 is very similar to
the actions of classic estrogens and is not like SERMs. Unlike
other estrogens, the tissue selectivity of E4 is potentially
a consequence of the differential activation of the nuclear
and membrane ERa pathways; E4 does not stimulate the
membrane ERa and antagonizes the membrane effects
induced by E2. Clinical studies demonstrate that E4, in contrast
to EE or E2, has little or no effect on circulating SHBG, angio-
tensinogen, triglycerides, or coagulation factors. This limited
impact of E4 on the liver represents an important facet of this
innate molecule, which may have a safer profile regarding the
risk of thromboembolic events.

The development of E4 in contraception, menopause, and
prevention/treatment of hypoxic-ischemic encephalopathy is
an example of how basic research and preclinical studies have
guided the clinical characterization of E4 activities in humans
and enabled precise delineation of its differences from the
three other natural estrogens. These results also highlight
the importance of the estrogenic component of COCs; the
specific estrogen/progestin combination has an impact on
the total estrogenicity of the formulation, its clinical use, and
linked benefit/risk balance. Both preclinical and clinical data
have shown the cardiovascular safety of E4, acting as a classic
estrogen to induce a series of cardiovascular/arterial benefits
through activation of the ERa nuclear pathway. At the same
time, E4 may pose less of a risk on thromboembolic events,
such as VTE due to its neutral profile on the synthesis of
hemostatic proteins. Finally, E4 has been shown to have
a lower impact on breast tissue compared to other estrogens.
Nevertheless, the effects of the tissue selectivity of E4, in
particular in the liver and breast, will require further molecular
studies for validation.

7. Expert opinion

With its unique profile of activity, E4 is a new chemical entity,
distinct from all other estrogens as recognized by the EMA,
FDA, and TGA. This estrogen, first described over 80 years,
could fill the gap for a safer hormone therapy to address the
needs of women during the reproductive (contraception),
perimenopause, and menopause years. With its minimal
impact on liver metabolism, hemostasis, lipids, RAAS, and
breast, a low risk of drug—drug interactions, and its favorable
VTE risk profile, E4 has the potential to be a safer estrogen.
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Overall, E4 in combination with DRSP offers excellent cycle
control with additional safety in a contraceptive indication.

Previous attempts to reduce the increased risk of VTE by
decreasing the EE content resulted in poor cycle control and
miserable tolerance. Replacement of EE by E2 also resulted in
an increase in high rates of transient amenorrhea, spotting,
and bleeding. This is the consequence of the transformation of
E2 in the endometrium into estrone by the 17-f hydroxyster-
oid dehydrogenase type 2 induced by all progestins present in
all COCs [135]. E4 escapes this inactivation, stabilizes the
endometrium and provides a bleeding/spotting profile
equivalent to that of the best EE containing COCs, together
with comparable efficacy and tolerance, but with the potential
for a considerably improved safety profile.

Many women will spend >40% of their lives in post-
menopause. Current guidelines still highlight the need to
inform women that there could be an increased risk of breast
cancer, stroke, and VTE associated with MHT. They recom-
mend limiting the MHT to the shortest possible period. E4
alone or in combination could become an ideal chronic treat-
ment for aging women beyond a short-term treatment to
alleviate hot flushes only. Other menopausal symptoms
including changes in mood, sleep patterns, memory, body
shape, as well as the onset urogenital symptoms can also be
very distressing and affect a woman'’s personal and social life.

Early-stage clinical oncologic studies point also to the safety
of this new estrogen. We therefore consider that the introduc-
tion of E4 in women's healthcare is a breakthrough with multiple
therapeutic opportunities throughout women’s lives.
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