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Atherosclerosis and its most significant clinical repercussion,
cardiovascular disease (CVD), is the leading cause of morbidity and
mortality in postmenopausal women, with a substantial global public
health impact as a consequence. Vascular endothelial dysfunction, which
is potentiated by decreasing estrogen levels in the menopausal transition
period, is an early hallmark of developing CVD. The action of estrogens
has been widely investigated in many critical areas of atherogenesis, due
to the presence of estrogen receptors in the vascular system. Estrogens
can have both positive and negative effects on the vascular wall
depending on the stage of atherosclerosis disease. The estrogen response
is mediated by different mechanisms, involving either genomic pathways
requiring ligand-activated transcription with posterior modulation of
protein synthesis, or non-genomic pathways, mainly affecting enzyme

activity and rapid signaling cascades.

The vigorous debate surrounding the risk/benefit profile of
estrogen in the development and timing of CVD in postmenopausal
women is still ongoing. Evidence that the progestin component of
hormone therapy increases breast cancer risk or even attenuates the
potential beneficial effects of estrogens has been paralleled by a decline
in the use of hormone therapy in postmenopausal women in recent years.
This data, along with problems associated with long-term use of

bisphosphonates, has shifted the focus of recent research to other
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molecules capable of activating estrogen receptors, leading to
transcriptional activity in some tissues but not in others. Selective
estrogen receptor modulators (SERMs) and more recently, tissue
selective estrogen complex (TSEC) have been developed as alternatives

to hormonal replacement therapy (HRT).

Previous experimental studies have shown the capacity of
estrogens and second-generation SERM raloxifene to promote
endothelial cell regrowth and improve cell survival rate in the early
stages of atherosclerosis disease. Clinical trials involving bazedoxifene
or conjugated estrogens plus bazedoxifene have shown cardiovascular
safety in healthy postmenopausal women. However, one research group
working with an atherosclerotic animal model in monkeys demonstrated
that therapeutic application of bazedoxifene had no effect on
atherosclerosis. What is more, bazedoxifene completely impeded the
antiatherosclerotic effects of estrogen treatment in the mentioned study.
To date no report has been published of bazedoxifene’s effect on
vascular cell proliferation and the mechanisms involved using an in vitro

model.

This study was designed to evaluate the effect of bazedoxifene on
the proliferation of human umbilical arterial endothelial cells (HUAEC)
compared with estradiol, raloxifene and the combination of bazedoxifene
plus estradiol. Additionally, we assessed whether the process was

associated with changes in the protein and gene expression of key cell
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cycle regulators such as cyclin A, cyclin B, cyclin D1 and p27%P! in both

fresh and cryopreserved endothelial cells.

HUAEC were obtained from umbilical cords from healthy
women at time of delivery in a Hospital Clinico of Valencia maternity
ward. Umbilical cords were processed under specific conditions in the
laboratory of the Pediatrics, Obstetrics, and Gynecology Department in
the Faculty of Medicine. Primary culture and subcultures were carried
out until sufficient endothelial cells were obtained for the study. Cells
were synchronized at the GO and G1 cell cycle phases, and active
treatments were applied. Cell proliferation was measured using the
Colorimetric Cell-Proliferation Kit II (XTT). Western blot experiments
measured changes in protein expression and quantitative real-time

polymerase chain reaction tested for gene expression alterations.

At increasing doses bazedoxifene alone showed moderately
enhanced increased cell proliferation, a similar increase to estradiol and
raloxifene. No significant results on proliferation were found after
concurrent cell treatment with bazedoxifene plus estradiol.
Immunoblotting assays detected an isolated increase in cyclin A and
p27%Pl expression after treatment with estradiol, even though no
significant changes in gene expression were associated with
bazedoxifene, estradiol, raloxifene, or bazedoxifene plus estradiol for
any cyclins. Analysis of the previous cryopreserved status of endothelial

cells revealed positive changes in the protein content of almost all
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cyclins compared to the fresh endothelial cells. In contrast, no significant

trend was observed in their RNA profile.

In a broader perspective, the results of this study show for the
first time the capacity of bazedoxifene to promote endothelial cell
proliferation in an in vitro model. This beneficial effect has been
corroborated in the literature for its predecessors estradiol and raloxifene,
as is also confirmed in our work. The bazedoxifene-induced
improvement in cell proliferation may facilitate endothelial regeneration
and repair and thus contribute to the recovery of vascular functions
during the early stages of atherosclerosis development. This observation
turns the spotlight on bazedoxifene as a potential therapeutic target in
CVD prevention when administered to women during the initial

postmenopausal period.

Although our results were inconclusive for the gene and protein
expression of cell cycle key regulators such as cyclin A, cyclin B, cyclin
D1 and p27%P' associated with bazedoxifene treatment, further
experimental studies are nonetheless warranted. These should include the
full panel of key regulators in cell cycle machinery to confirm whether

other regulatory proteins play a role in the proliferative process.
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1. 1. Risk of cardiovascular disease in postmenopausal women
Changes in population dynamics are steadily increasing life
expectancy, and it is estimated that roughly a third of woman's life will
be spent beyond the menopausal transition. CVD seems to reflect the
long-term consequences of aging and estrogen deficiency, causing a
relative impact on women’s welfare, morbidity, and mortality, in

addition to a significant economic impact on healthcare service.

1.1.1. Prevalence and incidence of CVD

CVD remains the leading cause of death globally, even though
the incidence of cardiovascular disease and death has declined markedly
in a high-income countries (HICs) over the last two decades, being
cancer responsible for twice as many deaths as CDV, according to a new
report from the Prospective Urban Rural Epidemiology (PURE) study
(1). Coronary heart disease (CHD), stroke, and venous thromboembolic
disease (VTD) are the principal clinical endpoints of CVD.
Approximately 45% of deaths are attributed to CVD in Europe, and 31%
in the United States. This rate has decreased by up to 15% over the last
ten years, but it is still the most common cause of mortality overall (2),
(3). According to the latest European Cardiovascular Disease Statistics
data, the group of circulatory system diseases remained the leading cause
of death for women in Spain, followed by tumors and respiratory
disorders. Including all its forms, CVD is responsible for approximately

115,000 deaths in Spain each year (3).
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A similarly strong gender pattern was found regarding both
prevalence and clinical presentation of CVD. The prevalence of CVD in
women of reproductive age is lower than in men, rising substantially
when women lose their reproductive capacity and ovarian hormonal
production on reaching menopause (Figure 1) (2). If we evaluate the
prevalence of CVD by age group, men under 60 years old show a higher
frequency of CV events, while after that numbers tend to equalize, and
women are typically around four years older than men at onset (<75

years compared with 71 years).
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Figure 1. Prevalence of cardiovascular disease in adults by age and gender
group. These include data on coronary heart disease, heart failure, stroke, and
hypertension taken from American National Health and Nutrition Examination
Survey: 2009-2012. Data taken from American National Health and Nutrition
Examination Survey: 2013-2016 (2).

Most often the problem lies not only with a lower perception of

CV risk in initially asymptomatic post-menopausal women, but also with
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delayed diagnosis and an oncoming acute CV event. The differences in
risk between men and women could be related to the possible influence
of sex hormones, as many observational studies have demonstrated a
protective effect for estrogens against CVD in premenopausal women.

To tackle this disease approaches are based around modification
of the especially modifiable risk factors, and early diagnosis through
advances in imaging techniques. Similarly, investigation into the
pathophysiology of CVD and a better understanding of how sexual
hormones act in this dysfunction opens up a promising field in terms of

early diagnosis and appropriate treatment.

1.1.2 Clinical aspects of menopause

Hormone levels changes occurring during the menopausal
transition, particularly the decline in quality of estrogens, can manifest
clinical symptoms, which are generally divided into short-term and long-
term consequences. Short-term symptoms are irregular bleeding,
vasomotor signs (hot flashes and night sweats), local symptoms (skin
changes, vulvovaginal atrophy), and even psychological symptoms
(depressed mood, anxiety, irritability, lack of energy, etc.).

Around 75% of postmenopausal women will suffer hot flashes
and night sweats, which constitute the most common and most frequent
symptoms of menopause, related both to endothelial dysfunction and
estrogen deprivation. Their frequency and duration are variable (from a

few seconds to an hour), more frequent during the night, and are often
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accompanied by palpitations and a sense of anxiety. They may appear a
few years before menopause and last up to about five years, although
their intensity decreases with time.

The genitourinary syndrome of menopause (GSM), consisting of
the combination of symptoms such as thinning of the epithelium,
urogenital atrophy, decreased vaginal and cervical secretions,
dyspareunia, itching, dryness, and burning, occurs at the urogenital level
as a result of estrogen deficiency. GSM is common, affecting around
50% of postmenopausal women. Its clinical manifestations can impact
negatively on the quality of women’s lives, including sexual
relationships and emotional well-being.

Long-term effects are characterized by two fundamental
problems, osteoporosis and CVD; the latter is the focus of our work.
Given that sex hormones contribute to bone homeostasis, their decrease
may lead to a loss of bone mass, at both cortical and trabecular bone
level. A high rate of bone remodeling occurs across menopause, leading
to an increase in the resorption mediated by the osteoclasts, which are
greater in number; the osteoblasts, although also in greater quantity, are
not able to compensate. This situation will lead to a higher risk of bone
fractures, basically vertebral and hip fractures, which have high
morbidity and mortality in elderly patients.

Due to the decrease during menopause in the circulating level of
estrogens, with a comparatively increased androgen concentration, body

fat distribution changes, with an increase in visceral adiposity. There are
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also alterations in lipid regulation with a marked pro-atherogenic profile,
hypertension and insulin resistance development (4). All these changes
represent independent risk factors for developing diseases such as
diabetes mellitus type 11, metabolic syndrome or CVD.

These changes are concurrent with an increase in
proinflammatory cytokines. Chronic inflammation is a significant factor

in atherosclerosis and atherothrombosis.

1.1.3 Predicting CV risk factors

Regardless of the origin of the atherogenesis-inducing factors, the
first structure affected is the endothelial cell layer, due to its privileged
position, with sensor and effector architecture. Impairment in endothelial
function can be due to multiple causes such as high blood pressure,
diabetes mellitus, genetic alterations, free radicals produced by tobacco
or even microorganisms such as Chlamydia pneumoniae or Herpes virus
(5). An extensive case-control study (INTERHEART) evaluating the
effect of modifiable risk factors associated with acute heart events in
both sexes in 52 countries worldwide, found that smoking was the
leading preventable risk factor, followed by hypertension, abnormal lipid
concentration, abdominal obesity, diabetes, excessive alcohol intake and
lack of regular physical activity, all together responsible for 90% of the
risk of an initial acute myocardial infarction (6). However, the traditional
Framingham risk score and other similar assessment models that take

into account major CV risk factors (cigarette smoking, hypertension,
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hypercholesterolemia, diabetes mellitus, and age) fail to predict nearly
50% of CV events in asymptomatic patients (7). Defining the origin and
the magnitude of particular points in the development of CVD is a
primary focus in preventing future clinical events.

There is increasing scientific evidence supporting the hypothesis
that vascular endothelial dysfunction is a pivotal promoter in the
atherosclerosis and thrombosis processes, and independently predicts
acute cardiovascular events in patients with and without established
CVD (8), (9). Asymptomatic women are more likely to have a higher
occurrence of microvascular lesions than men, especially during the
transitional period when sex hormone levels change dramatically (10).
Indeed, the main concern is that a significant proportion of post-
menopausal women with a silent form of atherosclerosis are classified
within low/medium CVD risk groups, allowing it to progress to
irreversible chronic disease. It is therefore crucial to develop strategies
addressed at improving diagnosis, prognosis, and treatment in these
women (11).

To date no specific biomarkers of endothelial damage have been
identified, owing to their tissue and vascular region variability, which
precludes reliable systematic screening. The invasive approach to
endothelial function using quantitative angiography and intravascular
ultrasound has the highest clinical value, but is severely limited by the
aggressiveness of the methods (12). During recent decades other non-

invasive techniques have been investigated, such as measuring flow-
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mediated dilation (FMD) in the brachial artery, to evaluate the health of
the pan arterial wall and add prognostic information on CV risk (7).

Another independent factor effecting CV risk is menopause, as
was revealed in the Framingham Heart Study, where a post-menopausal
woman had a two-fold higher incidence of CV events in comparison with
a pre-menopausal woman of the same age (13). Estrogen deficiency is
involved negatively not only in the cardiovascular system but also in a
decrease in serum androgen levels, which is associated with deleterious
effects on endothelial function and advanced stage of atherosclerosis
(14). Taking this into account, it is noteworthy that the availability of sex
steroids in women'’s blood could affect the particular of CVD profile,
meaning that women with either artificial or early menopause have a
notably higher risk of CVD (15).

Data from the large prospective and observational study SWAN
(Study of Women's Health Across the Nation) including women of
different ethnic groups during the first 12 months of post-menopausal
amenorrhea showed that the main change in CVD risk factors occurs at
the level of cholesterol metabolism, including total cholesterol, low-
density lipoprotein cholesterol (LDL) and apolipoprotein B, which
increase exponentially through this period. Note that these particles
change their conformation, becoming denser, smaller and atherogenic
(16). A smaller population of the SWAN was studied to determine how
different patterns of circulating estradiol (E2) and follicle-stimulating

hormone (FSH) during the years around the final menstrual period
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(FMP) influence the risk markers of atherosclerosis after menopause.
The group of women with low levels of E2 after menopause and lower
FSH rise after their FMP may be more protected from flourishing
atherosclerosis. However, women with high levels of E2 after
menopause and medium or high FSH rises were associated with greater
atherosclerotic risk (17). It is still unclear if these hormone pathway
findings reflect an endogenous response to atherosclerosis development
over time or a result from direct harmful actions of elevated levels of E2,
but they could change future views of the transitional period of

menopause based today mainly on clinical concepts.

1.2. Estrogens and cardiovascular disease

1.2.1 Biological mechanisms of estrogen action

Estrogens play an essential role in the regulation of normal
physiology, aging, and many disease states. Therefore, advancing
knowledge of estrogen signaling pathways is of great importance, both to
interpret their role at the level of different organs and tissues and to
understand the symptoms that cause their deficit, as occurs at
menopause.

Estrogens are steroid sex hormones produced in the adrenal
glands and ovaries, predominantly in women before menopause. Four
active forms can be highlighted: estrone (E1), estriol (E3), estetrol (E4)
(18), which is secreted only during pregnancy, and estradiol (E2) which
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is the most prevalent in the organism. It is well known that the cellular
response to estrogen is mediated by the existence of at least three types
of cellular receptors, also expressed in the cells of the CV system. The
“classical” nuclear estrogen receptors o (ERa) and B (ERp) reflect the
genomic pathway because of their ligand-activated transcription factor
action; the membrane-associated plasma receptors, located at the
caveolae level, are principally responsible for rapid estrogen effects due
to a non-genomic pathway (19).

Both classical isoforms of ER share a conventional structure,
which contains five different domains and six regions (Figure 2). They
perform their functions independently while simultaneously interacting
with each other:

+» The A/B Domain, located in the amino terminus, is
responsible for driving the activation function site 1, AF1,

and is the site of interaction of other transcription factors.
¢ The C Domain, DNA-binding domain, acting on specific
sequences in the target genes, known as estrogen-response
elements (ERE). The result of the binding between ER to
ERE affects gene expression by modulating

transcriptional events.

¢ The D Domain is a region that gives flexibility to the ER
for conformational changes and allows its movement

towards the nucleus after its synthesis.
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7

¢ The E Domain, the ligand-binding domain. The activating
function site 2, AF-2, which is considered essential for
specific ligand recognition because it allows the ER to be
transcriptionally active in a selective and explicit manner.
s The F Domain, located on the carboxy-terminus, is
dispensable in the transcription of estrogens, but it
modulates the antiestrogenic activity and the amount of

ligand bound to the receptor.

a).ER a
AF1 AF2
Transactivation Hinge Transactivation
region
1 180 362 533 595
DBD LBD
DNA binding Ligand binding
Dimerization Dimerization
b). ER 8
N I A . C D E F C
1 96% ¥ 309 b 58% 18%
1 96 195 530

Figure 2. The diagram represents estrogen receptors alpha and beta.

a) The corresponding structural domains of ERa are represented with their main
functions. The number of amino acids corresponding to the locations of some
domains is detailed below.

b) In addition to the number of amino acids of ERp, the percentage of
homology between molecules is shown for each domain.

DBD: DNA binding domain; LBD: ligand binding domain; AF-1: activation function 1;
AF-2: activation function 2.

Modified from MacGregor, JI et al (20).
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Although most tissues express both ER subtypes, their
distribution seems to be tissue-specific. ERa is predominant in the
female reproductive system and the mammary glands, although it is also
expressed in testicles, liver, and kidney. ERP is present in granulosa cells
of the ovary, bone, central nervous system, and prostatic tissue (21). The
presence of both types of receptors has been identified by different
techniques in the cardiovascular system, including endothelial cells,
smooth muscle cells, and fibroblasts, although their contribution in the
regulation of vascular effects remains the target of several lines of
research (22). On the one hand, an impaired vascular function has been
described as a consequence of the absence of ERa in a mice model;
therefore its presence is probably critical for the protective estrogenic
effect in the atherosclerotic process (23). On the other hand, ERp’s
broader distribution in the organism is well known, as it its increased
overexpression in areas of vascular damage, coronary calcification and
atherosclerosis in both women and men (24), (25). In conclusion, both
ERa and ERB may have different roles in the vascular wall, and both
their physiological and their pathological involvement in the
cardiovascular system is an issue under investigation (26).

The ‘classical” model of estrogen receptor signaling establishes
that ERa and ERP act as ligand-activated transcription factors. Each
ligand can induce a different conformation of the receptor, resulting in
multiple cell effects. After binding, estrogen receptors interact with ERE

in the promoter region of target genes. The corresponding genes are then
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activated, transcribed to mRNA and lead finally to the synthesis of
specific proteins. This process usually requires at least 1-2 hours after
starting hormone treatment (19).

Moreover, the ligand-receptor complex may interact with a set of
proteins called RIPs (Receptor Interacting Proteins), coactivators and
coreceptors, which act as intermediate markers between the ER and the
transcriptional machinery. RIPs have a broad function. On the one hand,
they are capable of directing the AF1 areas of the target, enabling
different degrees of access to the transcriptional machinery. On the other
hand, RIPs can establish a link with other co-regulatory proteins in such
a way that their differing concentration affects the final cellular response.

In contrast to the tardy actions of estrogens mediated by the
genomic pathway, estrogens can also produce effects in a few seconds or
minutes without requiring the intranuclear transcription process directly.
This is because estrogens may also bind to plasma membrane-associated
subpopulations of classic ERs or a distinct membrane-associated
receptor, thereby activating a variety of rapid intracellular signaling
cascades (27). Therefore, it should be noted that the final cellular
response is given by the complex interaction of transcriptional or
"genomic" and non-transcriptional effects. Some authors report that
activating signaling cascades could affect the transcription process, either
through co-activating elements, by phosphorylation of the receptor or
other transcription factors, influencing the final gene expression (28),

(29). "Non-genomic" is therefore an inappropriate term for a pathway
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where changes occur in transcription, so a new term, "membrane-
initiated steroid signaling” is proposed, based on the principle that these
actions are generated from second messengers and organized kinases,
mainly in the cell membrane.

This phenomenon was discovered and described for the first time
in 1942 by Dr. Hans Seyle after observing effects immediately after the
administration of certain steroids, in contrast to the impact of delayed
duration (hours or days) known at that time. Later on, in 1967 it was
observed that estrogen also caused the rapid release of cyclic AMP
(cAMP) and immediate changes in calcium concentration in endometrial
cells of the rat uterus (30), and specific binding sites for this hormone on
the surface of these cells were identified (31). They showed that
membrane ERs on the surface of these cells activate signal cascades,
which facilitates the permeability of compounds mediated by hormones
and the ability to transport E2 into endocytic vesicles to the nucleus
where they exert their function.

One of the best reported rapid actions of estrogen occurs in
endothelial cells where E2 can stimulate the production of cyclic
guanosine monophosphate (cGMP) and nitric oxide synthase (eNOS), in
addition to activating kinases involved in cell cycle regulation (19), (32),
(33), (34), (35). The arteries of the cardiovascular system respond to
rapid non-genotropic actions of the kinase family, causing the reduction
of ischemic damage mediated by NO-dependent vasodilation (36), (37).

E2 also inhibits Ca2+ channels in the vascular smooth muscle, which
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results in improved heart perfusion (38). There are many more examples
of this type of actions, that have been gaining increasing importance,
constituting the focus of around 1000 publications to date.

In certain cell types, ERs are located in the plasma membrane at
the level of invaginations called caveolae, associated with large protein
complexes promoting efficient signaling. The steroid actions initiated in
the membrane appear to trigger many intracellular signaling pathways,
including mitogen-activated protein kinase and phosphatidylinositol 3-
kinase/Akt (PI3K/Akt) activation of ion channel fluxes, generation of G
protein-coupled receptor-mediated second messengers and stimulation of
growth factor receptors (33).

More recent studies have revealed that membrane-bound estrogen
receptor or GRER (formerly known as GPR30) is an essential mediator
of the rapid cellular effects of estrogen throughout the body. This protein
G was later shown to be located in the rough endoplasmic reticulum,
therefore was termed as GRER, and to bind specifically to estrogen. As a
result of the discovery of selective synthetic ligands for GRER, both
agonists and antagonists, as well as the use of GRER knockout mice,
several facets of this pathway signaling are being investigated and
significant insights have been made into GRER functions at the cellular,
tissue and organism level (39), (40). Adenylate cyclase and c-Src are the
two effector pathways activated after the estrogen agonist binds with the

GRER. Both routes are involved in activating mitogen-activated protein

50



Impact of bazedoxifene on endothelial health markers

kinases (MAPK) and PI3K that can lead to the transactivation of genes,
even ones without EREs.

As mentioned before, a membrane receptor mediates these
actions, but its origin is still unresolved. It could be migration of the
nuclear receptors themselves or others linked to the hormones. Studies
carried out support the hypothesis that the activation of signaling
cascades against the same hormone depends on the receptors of different
cellular compartments and the specific cell environment (41).

Figure 3 provides a summary of estrogen receptor signaling

mechanisms.
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Figure 3. Diagram of the different signaling pathways through the estrogen
receptor.

1) The classic intracellular receptor pathway. When the E2 enters the cell
and binds to its ER, the complex formed translocates and migrates to
the nucleus. The heterodimer interacts with ERE, transcribing to
mRNA and leading finally to the synthesis of specific proteins that
influence cell behavior.

2) Estrogens can activate a subpopulation of ERs in the cell membrane
(ERm) which trigger signaling proteins such as c-Src, a critical point in
the activation of fast pathways through PI3K/Akt and MAPK.

3) E2 can also be incorporated into the GRER receptor bound to the G
protein that is located in the endoplasmic reticulum. GRER activates
effector molecules such as cAMP and c-Src. The last mentioned
molecule can stimulate MMPs and favor the release of Epidermal
Growth Factor (EGF) through EGFR. Some of the signaling cascades
are activated at the same time, such as the activation of PI3K/Akt and
MAPK and, consequently, the release of NO in the endothelial cell.

ER: estrogen receptor; ERE: elements of estrogen response; PLK/Akt:
phosphatidylinositol 3-kinase/Akt pathway; MAPK: mitogen-activated protein kinases
pathway; GRER: distinct membrane receptor; cAMP: cyclic adenosine monophosphate;
c-Src: tyrosine-protein kinase; MMPs: matrix metalloproteinases; EGF: epidermal
growth factor; EGFR: epidermal growth factor receptor; NO: nitric oxide.

Modified from Meyer, MR (42).
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1.2.2. Impact of estrogen effects on development of
atherosclerosis lesion.

In the pathogenesis of atherosclerosis different mechanisms
involved have shown estrogenic sensitivity. Under physiological
conditions, the endothelium regulates vascular tone by liberating
vasodilator substances such as nitric oxide (NO) and prostacyclin (PGI2),
avoiding adhesion and migration of cells from the blood into arterial
wall, expression of their receptors, and proliferation of smooth muscle,
thus keeping the composition of surrounding extracellular matrix intact
(12). The progression of atheromatous plaques may be favored both by
changes in lipid metabolism and by alterations in the capacity of the
endothelium to release biological mediators.

The direct effect of estrogen loss combined with other major CV
risk factors, together contribute to endothelial cell injury by inducing
impaired NO bioavailability and significant permeability. This mainly
leads lipoprotein deposits to oxidize into sub endothelial space or so-
called fatty streaks. When vascular wall damage becomes persistent, it
can lead to stable or unstable plaque formation, and become a major
trigger for many stages of CVD. Growing evidence has reported that the
effect of estrogens on the vascular vessels depends on how advanced the
atherosclerosis is. The effect of estrogens on early atherogenesis could be
neutral or even beneficial due to their capacity to promote NO release,
improve plasma lipids levels and maintain the integrity of intimal cells

(43).
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When atherosclerosis is advanced, the diseased cells of the
arterial wall lose the ability to express ER in number and function. As a
consequence, insufficient estrogen-induced vasodilatation is noted. The
detrimental action of estrogen on unstable plaques is due in part to
greater matrix metalloproteinase (MMP) expression and activation of
hemostatic parameters, particularly platelets, greatly favoring fibrous cap

instability, plaque rupture and onset of clinical events (Figure 4).
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Figure 4. Diagram of atheromatous lesion development showing different
protective effects of estrogens or estrogen-based therapies in early
atherogenesis and their harmful effects in established atherosclerosis.

VSMC: vascular smooth muscle cell; LDL: low-density lipoprotein; ER: estrogen
receptor; MMPs: matrix metalloproteinase.

Modified from Newson, L (43).
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1.2.3. Menopausal hormone therapy. Historical background.

The protective effect of hormones has long been emphasized, and
the role of estrogen therapy (ET) on the cardiovascular system has been
broadly studied. The wuse of estrogens to improve climacteric
symptomatology began in the early 1940s in the United States as a result
of obtaining conjugated estrogens from pregnant mares’ urine, and in
response to the book "Feminine forever" published by Robert A. Wilson
in 1968. A similar thing had happened in Europe with the synthesis of
the main circulating physiological hormone secreted by the female
gonad, 17 B-estradiol. The beneficial effects of estrogen therapy have
been proven not only in improving women's quality of life, vulvovaginal
atrophy and climacteric symptoms, but also in reports that estrogen
provides more significant benefits, among which are protection of the
cardiovascular system, memory and cognitive processes, bone safety,

skin, and even dental health.

Numerous observational studies in the late twentieth century have
reported that postmenopausal women who received long-term treatment
with ET and HRT with estrogens and progestogens showed a lower risk
for osteoporotic fractures, cardiovascular diseases and even Alzheimer’s
disease (44). The most extensive observational study, the Nurses’ Health
Study (NHS), strongly supported a protective cardiovascular benefit of
HRT after menopause. More specifically, the women in the study had

more than 40% risk reduction of CV events and a 30% decrease in
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mortality due to CV causes (45). However, the benefits suggested in the
observational studies were not supported by randomized, double-blind,
placebo-controlled clinical trials in either primary prevention, Women’s
Health  Initiative (WHI) or secondary prevention, Heart
Estrogen/Progestin Replacement Study (HERS), which instead raised
severe doubts about its safety (46), (47).

The WHI combined a set of randomized controlled trials and an
observational study initiated in 1991, all of which were postulated to
address strategies for preventing CVD, breast cancer, colorectal cancer
and osteoporotic fractures in postmenopausal women. The hormone
therapy trial had two arms and included asymptomatic women aged 50-
79 with an average age of 63 years.

A first arm recruited 16,608 women with an intact uterus, who
were randomized to receive conjugated equine estrogens (CEE) plus
synthetic medroxyprogesterone acetate (MPA) or placebo. After a
follow-up of just over five years, the study had to be terminated earlier
than planned due to early reports indicating a higher incidence of breast
cancer and an increased risk of cardiovascular events (coronary heart
disease, pulmonary embolism, and stroke) in this combined estrogen and
progesterone arm, specifically in women who had experienced more than
20 years of menopause at baseline (46).

The second arm of the study included 10,739 women with
hysterectomy who were randomized to CEE alone or placebo with an

almost 7-year mean follow-up (48). That trial showed no overall
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cardiovascular benefit, but in women with less than ten years since
baseline menopause, there was a relative tendency to coronary protection
even if this result wasn’t significant, due to insufficient participant

numbers (Figure 5).

WHI 2002 - CEE + MPA vs Placebo

Years since menopause Relative risk of coronary heart
disease (95% IC) Delayed onset
of HRT:
<10 0.88 (0.54-1.43) AN risk
10-19 1.23 (0.85-1.77)
>20 1.66 (1.14-2.41)

WHI 2004 - CEE alone vs Placebo

Early onset of

Years since menopause Relative risk of coronary heart HRT:
disease (95% IC) A\ protection
<10 0.48 (0.20-1.17)
10-19 0.96 (0.64-1.44)
>20 1.12 (0.86-1.46)

Figure 5. Coronary risk observed in three age groups since onset of menopause
in two study arms of the Women’s Health Initiative.

CEE: conjugated equine estrogens; MPA: medroxyprogesterone acetate; HRT: hormone
replacement therapy.

Modified from Rossouw, JE et al (46).

Despite these findings, the long-term follow-up data reported in
2013 by the same study group showed no significant increase in
cardiovascular events or mortality in ether intervention arms compared
with placebo, regardless of the women’s age or the timing of HRT

initiation (49).
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The negative message about HRT transmitted by early reports
from the WHI study precipitated confusion among practitioners about the
adverse effects and risks associated with the therapy. Notwithstanding,
certain limitations in the trial design cast doubt on the discrepancy
between animal/observational studies and randomized controlled trials.
These include the older age of women in the clinical trial (average age 63
years), the late timing of initiation (especially in postmenopausal women
with an average of ten years after menopause onset), and the high mean
body mass in these women compared with the observational studies. The
increased risk of CV events in these women could be due to the age of
the women included in the study, whose blood vessels had already been
exposed to an aging process, probably with underlying asymptomatic
atheromatous plaques.

In the HERS study, with a similar design to WHI, the 2,763
selected patients had a known CHD. After a mean of 4.1 years, there was
no significant difference in the number of cardiovascular events in the
HRT arm versus placebo, so it also ended earlier than expected (47).

Taking this data into account, there are three mechanisms by
which estrogens or estrogen-based therapies could be harmful to the
cardiovascular system: they can change lipid composition by increasing
triglyceride levels, can result in a prothrombotic effect on the coagulation
cascade and lastly, estrogens administered orally, but not those
administered transdermally, show proinflammatory effects including

increased synthesis of C-reactive protein (CRP) (50). The higher risk
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associated with oral compared with transdermal estradiol shows that the
different of drug administration routes follow diverse metabolic
pathways (transdermal, oral, or intravenous with or without
progesterone) as well as the dosage.

A new theory reported from the latest studies refers to a ‘window
of opportunity’ based on the ‘timing hypothesis’ of HRT in

cardiovascular disease.

1.2.4. Cardiovascular timing hypothesis

The "window of opportunity” refers to the period when estrogen
replacement therapy provides a favorable risk/benefit ratio for the CV
system. This phenomenon generally occurs when HRT treatment is
initiated before the age of 60 years or when it is taken within ten years of
onset of menopause. This definition is supported by data accumulated
from numerous studies reporting the time-dependent action of estrogens
on the atherosclerosis process. A large multicenter randomized study
called The Kronos Early Oestrogen Prevention Study (KEEPS) reported
a neutral impact on CV risk markers such as intima-media thickness and
coronary calcium score in women taking HRT in their early menopause
(51). Furthermore, the Danish Osteoporosis Prevention Study, which
included women with similar characteristics, revealed a significantly
reduced risk of mortality, heart failure, or myocardial infarction (52). An

even more recent study is the Early versus Late Intervention Trial with
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Estradiol performed in 643 postmenopausal women, who were
randomized to receive hormonal treatment, and stratified according to
time since menopause (53). The “early” or less than six years since
menopause group showed a significantly slower rate of atherosclerosis

progression.

These findings support that the timeframe of HRT initiation
influences the progression of cardiovascular disease, and is thus able to
play a crucial role in primary prevention therapy (Figure 6). Although
nowadays HRT is not prescribed to prevent cardiovascular events, the
European Menopause and Andropause Society (EMAS) recommends the
use of HRT (estrogen with or without progesterone) in women with
climacteric symptoms due to its efficiency/safety profile within the

"'window of opportunity” period (54).
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WHI
Average age

Pre-menopause
Menopause
Post-menopause

Figure 6. Hormone replacement therapy timing hypothesis. Use of HRT is
generally accepted in women close to menopause, without associated risk
factors. It is considered that in these women the benefits derived from therapy
including osteoporosis and coronary heart disease prevention outweigh the
risks. However, in women over 60 years old, HRT should be avoided unless the
menopause symptoms affects quality of life.

Modified from Bolton, JL et al (55).

1.3. Endothelium and cell cycle progression

As previously explained, endothelial cell dysfunction is the first
hallmark of predisposition to atherosclerosis and could be one of the
earliest triggers of CVD events. The phenomenon of atheroprotection is
the capacity of endothelial cells to keep a strict barrier with a variety of
pathophysiological roles to promote regrowth after external aggression
and denudation. To carry it out, the endothelium and the rest of the
mammalian cells grow, divide and produce two identical daughter cells
through a sequential, ordered and repetitive process over time called the

cell cycle. Progression through the cycle has been arbitrarily classified
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into five phases, of which replication of chromosomal material (S phase
or synthesis) and distribution of the genetic material (M phase or mitosis)
are the two essential stages. However, the cells need prior preparation to
face the S and M phases, the G1 phase (Gap 1) with proteins and RNA
synthesis, and the G2 phase (Gap 2) where the synthesized material is
duplicated. Finally, when a cell stops proliferating it leaves the cycle and

enters a period of rest or repose called GO (56).

To ensure the cycle develops correctly, equitable distribution and
genomic integrity over the following generations an essential role is
played by a group of cyclins and cyclin-dependent kinases (CDKs) that
participate in different phases of the cycle (Figure 7).
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Figure 7. Diagram of cell cycle progression and the proteins involved in this.
Stimulation by mitogens activates the sequence through different cell cycle
phases controlled by the activating specific CDK/cyclin complexes.

Modified from Fuster, J et al (57).

1.3.1 Role of CDKSs, cyclins and CKIs in cell cycle regulation

CDKs are a family of serine/threonine kinases that constitute the
nucleus of cell cycle control. The CDKs activation and oscillation of
depend on a complex machinery of enzymes and proteins, among which
the cyclins represent one of the more critical regulatory catalytic
subunits. The levels of the different cyclins, which fluctuate throughout
the cell cycle, are controlled transcriptionally and by the ubiquitin-
dependent proteolytic machinery. These particular oscillations in the

concentration of the cyclins manage to activate each of these key Cdk-
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cyclin heterodimeric complexes sequentially for systematized cycle

progression (56).

Mammalian G1 cyclins and their associated kinases D-type
cyclins D1/D2/D3 which bind to Cdk 4/Cdk 6, and E-type cyclins E1/E2
which link up with Cdk2, are initiators of protein synthesis and
RNA/DNA replication. These complexes are responsible for
incorporating outside information from mitogen signals and driving cells
through the G1 phase of the cycle (58). Both cyclin types (D and E) had
long been thought essential for their function of access and advancement
through G1 phase; nonetheless, recent work has challenged that view as
findings from gene inactivation studies in animal models encoding all G1
cyclins and their Cdks has shown normal animal development in their

absence (59).

Cyclins A and B, also called mitotic cyclins, join Cdks during the
S, G2 and early M phases, and are necessary to enter into mitosis.
Specifically, Cdk1 binds cyclins A and B, and Cdk2 binds cyclins A and
E. As we mentioned above, cyclin E is responsible for DNA replication
and centrosome duplication, whereas cyclin A supports both of these
actions and mitosis, and cyclin B guides mitosis alone (60). Due to cyclin
B’s inability to induce replication, and the resulting different biological
functions of cyclin A and B, they are located in different parts of the cell
and regulated separately, cyclin A being nuclear and cyclin B

cytoplasmic.
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CKIs (cyclin-dependent kinase inhibitors) are proteins that bind
to CDKs by negatively regulating their activity. Depending on their
structure and function, CKls are classified into two families: a) the INK
family (p15Ink4b, pl16Ink4a, p18Ink4c, and p19Ink4d), characterized by
multiple repetitions of ankyrin domains, and by explicitly inhibiting
CDK4 and CDK6 kinases; b) the CIP/KIP family (p21Cipl/WAFI,
p27Kipl and p57Kip2), characterized by having a broad spectrum of
inhibition, although they are more active against the CKD2 kinase than
against the CDK4 and CDKI1 kinases. They have a common amino-
terminal domain inhibitor of CDK/cyclin, and a structurally and
functionally different carboxy-terminal domain (61). P27%"! is a Cip/Kip
family member that plays a significant role in the control of cell
sequence in diverse pathophysiological contexts. p27XP! levels are
typically elevated during the GO/G1 phase and rapidly decrease via
mitogen action, allowing the cells to enter the S phase. Among the
mitogenic factors, certain hormones and growth factors are noteworthy.
On the other hand, there are substantial signals that cause cellular
quiescence by increasing the levels of p27%P! such as tumor growth
factor B (TGFp), low serum levels, interleukin-10, interferon-y, and

various cytostatic drugs.

P274P! also has atheroprotective functions, as has been shown in

studies with an animal models. ApoE-null mice with genetic inactivation
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of p27%P! exhibited accelerated development of atherogenesis. In
addition to modulating proliferation, p27%P! may contribute to other
cellular mechanisms involved in the atherogenesis, such as apoptosis,

migration, and autophagy (57).

Due to their relevance in the experiments conducted in this
Doctoral Thesis, the following table summarizes the roles of cyclin A, B,

D1, and the CKI p27%®! (Table 1).

Protein Established function

Cyclin B Control of M phase of cell cycle in
complex with Cdk1

P27Kipl Inhibition of Cdk/cyclin complexes

Table 1. Established functions of cyclins and CKI p27%i!,
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1.3.2 Effect of therapies on cell proliferation

Endothelial effects are clinically significant in cardiovascular
disease development. The effect of estradiol on the proliferation of
endothelial cells has been previously demonstrated, as has its ability to
exert a protective influence against apoptosis, in all stages of neo-
angiogenesis (62), (63), (64) . During the early atherosclerotic process,
damage and removal of luminal endothelium causes arterial lesions to
form, whose severity are proportional to the duration of endothelial
denudation (65). Cell proliferation is maximal in the initial stages of
intimal thickening; animal studies have thus shown cell proliferation and

atherosclerotic plaque size to be inversely related.

Although mature endothelial cells exhibit a meagre proliferation
rate, during the process of re-endothelization of the denuded arteries, the
endothelial cells can re-enter the cell cycle and undergo several
proliferation cycles. The balance between action of angiogenic

stimulators and inhibitors determines the dynamics of proliferation (66).

Detailed knowledge of the cell cycle is of particular interest.
Several studies have focused on raloxifene as a SERM capable of
protecting against cardiovascular disease. This conclusion is based on its
ability to regulate vital biochemical processes for cellular homeostasis.
Raloxifene stimulates eNOS and promotes endothelial health by reducing

ischemic damage in experimental conditions (67). Likewise, it supports
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non-genomic production of prostacyclin which, together with nitric
oxide, inhibits platelet aggregation dependent on vascular endothelium
(68). Prostanoids such as PGI2 and thromboxane (TXA2) play an
essential role in maintaining vascular homeostasis. In terms of cellular
mobility, raloxifene significantly inhibits vascular smooth muscle cell
migration (69). One line of research focused on studying whether
SERMs promote cell proliferation in the same way as estradiol (70).
Using cell cultures of endothelial cells (EC) from the vein of the
umbilical cord, the research group demonstrated that the proliferative
effect of raloxifene was similar to that induced by E2. This action is also

associated with increased expression of cyclins A and B1.

In contrast to the effects of estradiol and raloxifene on endothelial

regrowth, the proliferative effects of BZA have not been studied to date.

1.4 Selective estrogen receptor modulators (SERMs)
1.4.1 The SERM family

Interest in the cardiovascular potential of SERMs has emerged
out of the discordant behavior of estrogens in observational clinical
studies and randomized placebo-controlled trials. Research has identified
a wide new range of compounds with heterogeneous chemical structural
characteristics capable of binding to ER, and leading to transcriptional
activity in some tissues but not in others, depending on the ligand or the

target tissue (22), (71), (72). Approximately 70 molecules with a
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pharmacological profile of SERM type have been identified, many of
them from both in vitro cell models and in vivo experiments.

The triphenylethylene family represents the most classic
members of the SERMs, including compounds such as tamoxifen and
clomiphene citrate (first generation SERMSs). Tamoxifen, a drug
introduced more than 40 years ago for hormone-dependent breast cancer
treatment, has been considered an antiestrogen for decades due to its ER
blocking action in neoplastic breast cells (73). However, several
subsequent studies suggested functional tamoxifen agonist activity in
bone, serum lipids, and endometrium (74), (75). This, together with
recent insights into how this medicine can modify gene expression
according to a particular tissue, has led researchers to develop new
compounds with potentially improved safety profiles, such as toremifene,
ospemifene, miproxifene, droloxifene, idoxifen and other second and
third generation SERMs (76). Toremifene has a similar pharmacological
and clinical profile to tamoxifen. It also has antitumor activity in
mammary carcinoma, with an estrogenic effect on the uterus and bone. It
could probably be prescribed as a second-line agent in cases of resistance
to tamoxifen since it has shown cross-resistance with it in resistant
mammary tumors (77).

Soon after this initial finding, other antiestrogens were found to
exhibit similar mixed functional activities, although not necessarily
identical to each other. One example is raloxifene (previously called

keoxifene and LY 156758), the SERM that ranks second in accumulating
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most clinical information belonging to the benzothiophene family.
Raloxifene was initially developed to function as a breast cancer
treatment, but its clinical development was subsequently focused on
prevention and treatment of postmenopausal osteoporosis, becoming the
first SERM approved to prevent and treat this metabolic bone disorder
(78). Evidence has accumulated supporting an agonist role for raloxifene
in the vascular tree, and it has also been investigated for primary and
secondary prevention of cardiovascular disease in postmenopausal
women, and prevention of breast cancer in high-risk women, with similar
efficacy to tamoxifen (79), (80), (81).

Arzoxifene, a new and more potent raloxifene analog, effectively
suppresses the growth of breast cancer cells in vitro, with agonist effects
on the liver and bone, and antiestrogenic effects on the endometrium
(82). As with the other new SERMs, there is little experience of clinical
use and it is currently being studied as an anti-osteoporotic drug (83).

The naphthalene family includes lasofoxifene and trioxifene. The
first mentioned is of recent development and demonstrates excellent
SERM-like properties in animal models in vivo, showing a binding
affinity to ERa similar to estradiol, and approximately tenfold higher
than other SERMs, including tamoxifen and raloxifene (84). The
lasofoxifene molecule was investigated for prevention and treatment in
two significant areas of menopause, bone and breast, but was not
approved by the US Food and Drug Administration owing to a slight

increase in endometrial thickness observed (85).
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The SERMs belonging to the benzopyran group include several
compounds designed primarily as agents to treat hormone-dependent
breast cancer and endometrial cancer, some of which are in the early
stages of clinical development. The benzopyran ormeloxifene has long
been used in India as an oral contraceptive, while levormeloxifene is its
active enantiomer whose development has been discontinued due to its
association with increased uterine prolapse and urinary incontinence
(86).

Finally, pipendioxifene and bazedoxifene are indole derivatives
and their main representatives. Pipendioxifene is an interesting option
under investigation as an agent with the potential to control proliferation
in breast cancer tumor lines resistant to tamoxifen, without stimulating
the endometrium (87). Bazedoxifene is a new drug recently approved for
the treatment of postmenopausal osteoporosis (88). This new SERM will
be discussed in detail in the following sections.

Other SERMs are being developed to prevent and treat
osteoporosis, breast cancer and cardiovascular diseases, such as MDL
101,986, SR16234, tetrahydroisoquinoline derivatives, and 2-
phenylspiroinden. These new drugs in development should ideally
present a neutral profile regarding side effects such as hot flushes or
venous thromboembolic disease, the main side effects of raloxifene,
tamoxifen and bazedoxifene, also similar to those reported with use of
ET/HRT and oral contraceptives. The molecular mechanism that sustains

this pro-coagulant activity in the venous territory is still unknown,
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seeming to be an estrogen agonist effect which in the SERMs must be
minimized or eliminated in the development of new molecules (Figure
8). Finally, an important aspect on which this Doctoral Thesis is based is
to study the new therapeutic modalities such as SERM or TSEC, both
composed of the bazedoxifene molecule alone or in association with
estrogenic derivatives, used in clinical practice in postmenopausal
women in various treatments. Given the debate about its impact on

atherogenesis, these experiments have great clinical interest.

Elimination of hot flashes
Prevention of cerebrovascular events
Prevention of cognitive deterioration

Estrogen-agonist effects on the CNS

Positive effects on markers of
atherosclerosis

1* and 2* prevention of CVD

o 1*and 2" prevention of breast cancer
Improvement of lipid profile

W LDL {, TC AHDL

5 Elimination of uterine bleeding

/ “ Endometrial cancer risk

Prevention of vaginal atrophy

Anti-estrogen effects on i
venal thrombosis 1 s> |"and 2° prevention of osteoporosis

¢ DVT/pulmonary embolism risk

Estrogen-agonist effects on bone mass ==

Figure 8. Illustration of the ideal pharmacological profile of SERM as a single
drug.

CNS: central nervous system; LDL: low-density lipoproteins; TC: total cholesterol;
HDL: high-density lipoprotein; DVT: deep vein thrombosis; CVD: cardiovascular
disease.
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1.4.2 Molecular actions of SERMs

Estrogens and SERMs constitute a broad arsenal of structurally
diverse compounds, but they all share an affinity for estrogen receptors
(Figure 9). Several determining factors influence the specific final
actions of estrogens and SERMs, of which the chemical structure of the
molecule, the isoform of the estrogen receptor to which it binds, and the
characteristics of the activated promoter gene are noteworthy. On the
other hand, the discovery of protein interaction receptor and the balance
between coactivator ligands or corepressors modulates the final
transcriptional response, and biological activities could differ between

cells (22).
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Figure 9. Representation of a group of structurally diverse compounds, both
linked to estrogen receptors.
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The ability of SERMs to induce their effects reproduce the
molecular mechanisms of estradiol, and when they bind to intracellular
receptors, there is a recruitment of specific proteins functionally divided
into two opposed classes: coactivators, which activate transcriptional
events, and in contrast, corepressors which repress them. Several studies
have confirmed that the ER does not remain in a stable "on/off’
conformation inside the cell, but changes its structure depending on the
essence of the bound ligand, becoming a specific three-dimensional
conformation that determines a wide range of specific actions (89).

In summary, the estrogen receptor is a crucial point of
convergence of multiple signals. The unique characteristics of SERMs
are determined by their various synthesis methods and the relative

expression of coactivator and corepressor ligands (Figu