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1Neuroendocrine Changes 
of the Menopausal Transition

Andrea Giannini, Marta Caretto, and Tommaso Simoncini

The hypothalamic–pituitary reproductive axis undergoes considerable changes 
during the menopausal transition. These modifications are in part secondary to 
declining ovarian function, but several lines of evidence suggest that the brain 
undergoes independent functional modifications that are important for reproduc-
tive ageing [1]. According to this hypothesis, menopause may mirror puberty, a 
time at which a set of hypothalamic processes also influences the reproductive axis. 
Increases in pituitary- derived FSH can be identified in middle-aged women well 
before oestrogen declines or cycle irregularities are noticed. Similarly, changes in 
luteinizing hormone (LH) secretion patterns are found at this stage, with broader 
and less frequent pulses. Experimental work in rodents suggests that an age-related 
desynchronization of the neurochemical signals involved in activating GnRH neu-
rons takes place before changes in oestrous cyclicity. Several hypothalamic neuro-
peptides and neurochemical agents (e.g. glutamate, noradrenaline and vasoactive 
intestinal peptide) that drive the oestrogen-mediated surge of GnRH and LH seem 
to dampen with age or lack the precise temporal coordination that is required for a 
specific pattern of GnRH secretion [2]. Disruption of this hypothalamic biological 
clock would lead to progressive impairment in the timing of the preovulatory LH 
surge, which would add to the poor ovarian responsiveness that is encountered at 
this reproductive stage. Endocrine changes during the transition. As discussed 
above, the endocrine changes of the late reproductive years depend on the com-
bined dysfunction of the ovaries and the hypothalamus [3]. A shortened follicular 
phase and the associated increase in FSH levels are characteristic of early meno-
pausal transition. This accounts for the shorter cycle intervals that are experienced 
by many women in this period of life. Cohort studies have demonstrated that short-
ened follicular phases are associated with accelerated ovulation, which occurs at a 
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smaller follicle size. The prevailing explanation for this phenomenon is the loss of 
inhibin B production, which leads to increased FSH release and, therefore, to an 
‘overshoot’ of oestrogen production. This would facilitate (and accelerate) the 
achievement of the LH surge [4]. With time, the age-related hypothalamic modifi-
cations determine a decrease in oestrogen sensitivity and the LH surge becomes 
more erratic. Follicles also become less sensitive to gonadotropins, which leads to 
luteal phase defects and anovulatory cycles, and, accordingly, to the first menstrual 
irregularities. Hypothalamic insensitivity to oestrogens also explains why meno-
pausal symptoms—such as hot flushes and night sweats—commonly occur at this 
stage, when women have rather high levels of oestrogens, as well as why exoge-
nous oestrogens are effective in reducing the symptoms. In summary, natural 
menopause is the consequence of lost ovarian function. This is the final step in a 
long and irregular cascade of events taking place both in the brain and in the 
ovaries.

This changing hormonal environment produces a cascade of CNS-related and 
peripheral symptoms of variable severity for an unpredictable amount of time.

Therefore, menopause is ultimately defined by ovarian follicular exhaustion; 
several lines of scientific evidence in humans and animals now suggest that dys-
regulation of estradiol feedback mechanisms and hypothalamic–pituitary dysfunc-
tion contributes to the onset and progression of reproductive senescence, independent 
of ovarian failure [5].

In this view, decline of HPO axis has a key role in determining several symptoms 
afflicting different aspects of women life and in reducing quality of life [6].

Hypothalamic–pituitary–adrenal axis (HPA) hyperactivity has been demon-
strated in chronic diseases affecting nervous system disorders like depression [7]. 
The end products of HPA axis, glucocorticoids (GCs), regulate many physiological 
functions and play an important role in affective regulation and dysregulation. 
During menopausal transition, also androgen’s tone may be impaired resulting in 
lack of energy, sexual arousal and satisfaction and long-term development of cogni-
tive, metabolic and mood disorders. Despite DHEA’s levels which markedly 
decrease throughout adulthood, an increase in circulating cortisol with advanced 
age has been observed in human and nonhuman primates [8]. In addition, unlike 
DHEA’s concentrations that decline under conditions of chronic stress and medical 
illness, cortisol concentrations generally either rise or do not change, resulting in a 
decrease in DHEA-to-cortisol ratio. Therefore, it may be important to consider the 
ratio of both steroids in addition to their absolute concentrations. The resulting 
decrease in the DHEA/cortisol ratio may have drastic implications for many physi-
ological processes, including learning and memory, a view that is supported by the 
finding that lower DHEA/cortisol ratios area associated with greater cognitive 
impairment [9]. However, the relationship between steroidal concentrations and 
cognitive impairment is still debated.

Alterations in thermoregulation are the leading hypothesized mechanisms under-
lying vasomotor symptoms [10]. Menopause is associated with a reduction in the 
thermoneutral zone of the body, meaning that minor increases in core body 
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temperature can trigger an excessive thermoregulatory reaction and promote heat 
dissipation by peripheral vasodilation and sweating. The thermoregulatory circuit is 
composed of functional elements that are under catecholaminergic and/or seroto-
nergic control, and the hypothalamus is ascribed a key role in the integration of 
thermal information and in the control of thermoregulatory reactions [11]. During 
perimenopause, hormonal cycles desynchronize, leading to erratic levels of sex hor-
mones, which often peak and plummet. Thermoregulatory dysfunction might be a 
result of a maladaptation of the brain to this acyclicity, with alterations in the func-
tion of noradrenergic and serotoninergic pathways [12] that normally have a deci-
sive role in stabilizing the thermoneutral zone. Indeed, vasomotor phenomena are 
more common in periods of amenorrhoea, which are characterized by fluctuations 
in oestrogen levels. The slow progression, reduction and final disappearance of 
vasomotor symptoms during menopausal transition suggest a readjustment of the 
brain to the different concentrations of require a variable amount of time, depending 
on the individual.

Although initial studies reported that LH pulses occur during hot flashes in post-
menopausal women, a causative link was never found [13]. The emerging hypoth-
esis linking these two events temporally involves the discovery that kisspeptin, 
neurokinin B and dynorphin (KNDy) neurons, which project to the preoptic ther-
moregulatory area, also regulate the hypothalamic gonadotropin-releasing hormone 
(GnRH) pulse generator, most likely by mediating oestrogen-dependent negative 
feedback of LH secretion. At postmenopause, KNDy neurons undergo hypertrophy, 
and the expression of the genes encoding neurokinin B and kisspeptin increases as 
a result of oestrogen withdrawal, leading to increased signalling to heat dissipation 
effectors in the CNS and to GnRH neurons [14].

There is also evidence in the literature that severe vasomotor symptoms are asso-
ciated with activation of the hypothalamus–pituitary–adrenal axis, as increased uri-
nary cortisol secretion has been reported during the late menopausal transition stage 
in women with severe vasomotor symptoms compared with women who have mild 
complaints, and higher salivary cortisol levels have also been associated with more 
frequent, severe and bothersome daily self-reported hot flashes. Higher circulating 
concentrations of cortisol and noradrenaline were also reported in women at the 
menopausal transition or the early postmenopausal stages who experienced vaso-
motor symptoms [15]. Increased cortisol might activate a stress response with a 
consequent increase in catecholamines, adrenaline and noradrenaline, which, in 
turn, induce vasodilation [16].

The biological mechanisms underlying the sleep difficulties that develop during 
menopausal transition are still unclear. Lower levels of inhibin B, a marker of the 
early menopausal transition, have been found to strongly predict poor sleep quality 
in women at late menopausal transition and at postmenopause, whereas higher 
mean urinary FSH levels, the hallmark of ovarian failure, have been associated 
with poor sleep quality in premenopausal and perimenopausal women [17]. In 
addition, a faster rate of increase in FSH levels has been associated with longer 
sleep duration, indicative of less restful sleep and more non-REM sleep. 
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Postmenopausal women also show an advanced onset of melatonin release com-
pared with premenopausal women; therefore, advanced circadian phase might con-
tribute to early morning awakening, a common complaint in menopausal women 
[18]. Furthermore, obstructive sleep apnoea might exacerbate these sleep difficul-
ties in menopausal women. Reduced levels of progesterone, a respiratory stimu-
lant, in perimenopausal woman might be the underlying cause of this nocturnal 
breathing disorder.

Oestradiol is believed to have a major role in cognitive performance as anatomi-
cal studies have demonstrated that the hippocampus and prefrontal cortex, which 
mediate episodic and working memory, express high levels of oestrogen receptors 
(ERs). In these areas of the CNS, oestradiol-dependent activation of ERs can mod-
ulate the synthesis, release and metabolism of neurotransmitters (such as sero-
tonin, dopamine and acetylcholine) and neuropeptides [such as β-endorphin and 
neurosteroids, namely, allopregnanolone and dehydroepiandrosterone (DHEA)] 
and can also influence the electrical excitability, function and morphological fea-
tures of the synapses. Thus, unstable levels of oestrogen during perimenopause 
might cause the transient cognitive deficits that are observed clinically at this time 
[19]. However, the link between circulating levels of oestradiol and cognitive 
impairment is not well established, and clinical trials evaluating hormone therapy 
in women at midlife have not shown improvements in cognition. It has been shown 
that the concomitant rise in LH levels that occur with ovarian failure might drive 
both cognitive dysfunction and loss of spine density in an independent manner. 
Indeed, animal studies have shown that lowering the peripheral levels of LH using 
leuprolide acetate, a GnRH agonist, improved cognition and spatial memory and 
increased spine density [20]. Persistently high levels of FSH and LH have been 
linked to Alzheimer disease in postmenopausal women, and it is hypothesized that 
these hormones might be responsible for increased production of amyloid-β, a 
main constituent of senile plaques. Indeed, pharmacological suppression of LH 
and FSH using leuprolide acetate reduced plaque formation in animal models of 
Alzheimer disease.

According to the oestradiol withdrawal hypothesis, migraine in women is trig-
gered by the sudden decline in oestrogen levels that occur immediately before men-
ses, during the menopausal transition or in the early postmenopausal period. There 
is accumulating evidence that changes in oestradiol levels in the brain might pre-
cipitate a kind of neurogenic inflammation that is characterized by vasodilation, 
release of pro-inflammatory mediators and plasma extravasation [21], leading to the 
typically reported throbbing and pulsing pain.

The most accredited likely biological hypothesis underlying changes in mood is 
that fluctuations in levels of steroid hormones, more than their decline, might trigger 
perimenopausal depression. It seems that the longer the duration of the menopausal 
transition, and therefore the longer the exposure to fluctuating hormones, the greater 
the risk of perimenopausal depression. In the Penn Ovarian Ageing Study, it was 
found that a more rapid rise in FSH levels before the FMP was predictive of a lower 
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risk of depressive symptoms after the FMP, suggesting that a shorter menopausal 
transition protects against perimenopausal depression. A subset of perimenopausal 
women might have an increased sensitivity to changes in gonadal steroids, specifi-
cally oestrogens and progesterone, which in turn modulate neuroregulatory systems 
associated with mood and behaviour. In particular, fluctuating oestrogen levels 
might lead to dysregulation of serotonin and noradrenaline pathways in the CNS as 
oestrogen facilitates a number of actions of serotonin and noradrenaline, specifi-
cally by modulating receptor binding and the availability of these neurohormones at 
the synaptic level [22]. In an interesting theoretical model, fluctuations in progester-
one-derived neurosteroids, particularly allopregnanolone, caused by changes in oes-
tradiol and progesterone levels might underlie menopause-associated depressive 
symptoms. In particular, failure of the GABA-A receptor—the main target of 
neurosteroids—to adapt to changes in levels of allopregnanolone over the course of 
the menopausal transition might lead to depressive symptoms in vulnerable women, 
such as those with a history of premenstrual dysphoric disorder and/or postpartum 
depression [23]. The inability to maintain GABAergic homeostatic control might 
exacerbate the response of the hypothalamus–pituitary–adrenal axis to stress. 
Indeed, there is increasing evidence that dysregulation of the hypothalamus–pitu-
itary–adrenal axis, which is correlated with oestradiol fluctuation, might be impli-
cated in the pathophysiology of perimenopausal depression [24]. Moreover, very 
stressful life events seem to contribute greatly to the onset of depressive symptoms 
during the menopausal transition in the presence of oestradiol variability [25] 
(Fig. 1.1).

Natural transitional menopause is the consequence of gradual loss of ovarian 
function. This is the final step in a long and irregular cascade of events taking place 
both in the brain as well as in the ovaries. Genetic factors influence the timing of this 
process, but the key molecular pathways involved are yet unknown. Identifications 
of such factors would be invaluable to set new strategies to treat reproductive dys-
function and menopause-associated diseases.

Vasomotor symptoms and
sleep disruption

Mood and cognitive functions
neuroendocrine activity

↑ Noradrenaline ↓ GABA-ergic function

↓ Allopregnanolone

↓ DHEA
↓ DHEAS
↑= Cortisol
↑ Cortisoi/DHEA

↓ β-endorphin↓Dopamine
↓Serotonin
↓Androstenedione
↓Testosterone↓Inhibin B

↓Progesterone

↑FSH
↑LH ↑ Amyloid-β

↓E2

↓E2

↑ Noradrenaline
↓ Dopamine
↓ Serotonin
↑ Neurokin B
↑ Kisspeptin
↑ Dynorphin
↑ Cortisol

Fig. 1.1 Neuroendocrine changes across menopausal transition and biological basis of vasomotor 
and cognitive symptoms
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2The Neurological and Immunological 
Transitions of the Perimenopause: 
Implications for Postmenopausal 
Neurodegenerative Disease

Gerson D. Hernandez and Roberta Diaz Brinton

2.1  Introduction

Menopause is characterized by reproductive senescence and is the final stage of a 
midlife neuroendocrine transition state in the female known as perimenopause. 
About 900 million women are between the age of 40 and 60 years in the entire 
world [1]. The majority of women will transition through perimenopause and reach 
menopause at a median age range between 50 and 52 years in industrialized coun-
tries [2, 3]. Clinically, functional changes in the reproductive symptoms are charac-
terized by women typically noticing a lengthening of intermenstrual interval 
increasing from a normal interval of 25–35 days up to 40–50 days [4]. Although 
viewed as a reproductive transition, the symptoms of the perimenopause are largely 
a result of neurological and immunological transitions and are observed irrespective 
of cultures, races, and ethnicities [5–24].

Neurological symptoms that emerge during the perimenopause are indicative of 
disruption in multiple estrogen-regulated systems including thermoregulation, sleep 
and circadian rhythms, sensory processing, affect, and multiple domains of cogni-
tive function. Many of these symptoms are also associated with risk of Alzheimer’s 
disease (AD) [5]. The main symptoms that characterize the perimenopausal transi-
tion tend to cluster in occurrence and severity [25] and in many instances persist 
after menopause [13, 14]. The breadth of neurological symptoms during the peri-
menopausal transition include but are not limited to vasomotor symptoms (hot 
flushes and night sweats), depression, sleep disturbances, vaginal dryness, sexual 
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dysfunction, joint pain, and cognitive changes, all of which are indicative of a dis-
ruption in multiple systems regulated by estrogen [4]. Their concurrent emergence 
during this transition indicates they likely share common controlling factors 
(Table  2.1), which is also evidence that multiple requirements must be fulfilled 
beforehand.

2.2  The Perimenopausal Transition

The variability in physiological and neurological symptoms increases during the 
perimenopausal transition. The female reproductive system, controlled by the hypo-
thalamic–pituitary–ovarian–uterine axis, undergoes targeted accelerated changes 
relative to other systems that are otherwise healthy [26].

The Stages of Reproductive Aging Workshop (STRAW) criteria [4], an interna-
tional collaborative effort, along with the Study of Women Across the Nation 
(SWAN), based on an ethnically diverse US population [27], have contributed to 
both the classification of the perimenopausal transition while simultaneously iden-
tifying the complexity of symptoms and the ethnic diversity of perimenopausal phe-
notypes. These well-defined endocrine features of the perimenopause have enabled 
a classification system that describes the stages of reproductive aging across the 
perimenopause to postmenopause transition [4].

Endocrinologically, during perimenopause, changes in the hypothalamic–pitu-
itary–ovarian–uterine axis [28] result in fluctuations in the level of circulating hor-
mones and irregular menstrual cycles which causes ovulation to occur irregularly. 
Follicle-stimulating hormone (FSH), luteinizing hormone (LH), and 17β-estradiol 
levels are highly variable across the stages of the perimenopausal transition. Levels 
of FSH and LH may rise during some cycles but return to premenopausal levels in 
subsequent cycles [29]. Moreover, the determination of FSH is complicated by the 
pulsatile pattern of secretion, and only when perimenopause is complete do FSH 

Table 2.1 Brain regions and their corresponding estrogen-regulated functions affected during the 
perimenopausal transition

Brain regions Functions
Estrogen receptors 
affected

Prefrontal 
cortex

Executive function and working memory ER-β, ER-α

Basal forebrain Learning and memory ER-β, ER-α, GPER
Hypothalamus Thermoregulation, balance, sleep, energy, appetite ER-β, ER-α, GPER
Thalamus Sensory integration ER-β, GPER
Amygdala Emotion and motivation ER-β, ER-α
Hippocampus Information processing, and short-term memory ER-β, ER-α, GPER
Raphe nucleus Serotonergic system: affect and mood ER-β, ER-α
Locus coeruleus Adrenergic system: attention, anxiety, and arousal ER-β, ER-α
Posterior 
cingulate

Default mode network, working memory, task 
preparation

ER-β
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levels stabilize [4]. The concentrations of 17β-estradiol are also highly variable 
throughout perimenopause as levels can be both persistently low but can also be 
abnormally high [20]. 17β-estradiol stabilizes at a low level in late-stage perimeno-
pause when cycling has ceased and the menopausal transition has been completed. 
This high variability in estrogen is exemplified by the four distinct trajectories that 
have been described in regard to its levels during the perimenopausal transition: a 
slow gradual decline, a flat low level, a rise with slow decline, and a rise with steep 
decline [30]. Trajectories of hormonal change were highly correlated to race and 
BMI [30]. Remarkably, cyclicity of progesterone appears to remain generally intact, 
whereas the level of progesterone can vary between normal values and high spikes 
of progesterone to undetectable levels [29]. Variability in hormone levels creates 
difficulties in relying upon a single hormone level at a single time point to rule in or 
rule out perimenopause [31]. Despite the well-characterized trajectory of perimeno-
pausal stages, variability in stage duration, complexity of symptom profile, and 
symptomatic severity can differ dramatically across and within ethnic groups [32].

From the neuroendocrine perspective, insensitivity to estrogen is associated with 
reactive gliosis in the hypothalamus and ultimately cell death [33]. In vitro findings 
from rat primary hippocampal neurons showed that the concentration or the pattern 
of exposure to estrogen was the determining factor of neuronal viability: a low con-
centration of estrogen promoted neuronal survival and intracellular calcium homeo-
stasis, whereas a high concentration was ineffective and increased vulnerability to 
neurodegenerative insults [34]. Other studies examining ovarian versus neuroendo-
crine contributions to reproductive senescence revealed that both ovary and brain 
are determinants of reproductive life. Interestingly, it was neuroendocrine brain 
responses that limited reproductive system function, as the ovarian transplants 
remained viable [33, 35]. These data indicate that reproductive senescence is driven 
by both the ovaries and the brain and that persistent high levels of estrogen from the 
ovaries as occurs during the perimenopause are a likely candidate mediating the 
neural switch to reproductive senescence.

2.3  The Estrogen Receptor Network

Neural structures controlling neurological functions affected during the perimeno-
pausal transition are populated with multiple types of estrogen receptors [36–43]. 
To date there are three distinct estrogen receptors: estrogen receptors alpha and beta 
(ERα, ESR1, and ERβ, ESR2) and the G-protein-coupled estrogen receptor (GPER; 
aka GPR30). For estrogen to be a regulator of the neurological systems generating 
perimenopause-associated symptoms, the estrogen receptors should be found in the 
relevant brain regions. The abundance of estrogen receptors in the hypothalamic 
preoptic nucleus, which is the primary thermoregulatory center, is among the dens-
est in the brain [36, 44]. Likewise, the suprachiasmatic nucleus of the hypothalamus 
which plays a central role in regulation of sleep and circadian rhythms is rich in 
estrogen receptors [44]. In brain regions critical to learning and memory, estrogen 
receptors are present in the prefrontal cortex, each of the subfields of the 
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hippocampus, the amygdala, and the cingulate/retrosplenial cortex [36, 44]. The 
serotoninergic neurons of the raphe nucleus are positive for estrogen receptors [41, 
45] as are the adrenergic neurons of the locus coeruleus [36].

Oophorectomy prior to menopause induces the neurological symptoms of the 
perimenopausal transition, whereas replacement with estrogen prevents or reverses 
neurological symptoms [26, 38, 46–48]. Progesterone, also produced by the ovaries, 
does not appear to have the same impact and in many instances antagonizes the 
neural action of estrogen [49–51]. The ovarian and neural hormone estrogen regu-
lates multiple neurological systems and functions in brain through the estrogen 
receptor network. Its regulatory function across multiple functional domains ensures 
that the brain can effectively respond within a timeframe of seconds/minutes up to 
hours/days. Additionally, estrogen ensures that cells and networks can generate suf-
ficient energy to fuel neurological demand. Changes in either the availability of 
estrogen or its receptor network can impact both intracellular signaling and neural 
circuit function. While the intricacies of estrogen receptors and signaling cascades 
are well characterized, the coordination across the network of estrogen receptors 
necessary for neural circuit function awaits detailed investigation.

At the cellular level, the distribution of estrogen receptors creates a network 
poised to integrate actions at the membrane, endoplasmic reticular, mitochondrial, 
and nuclear compartments. These receptive elements allow for rapid, intermediate, 
and long-term responses at the cellular and neural system levels to generate an 
estrogenic cellular and neural system phenotype. Because of a hormonal and para-
crine delivery system, estrogen is able to simultaneously activate its network of 
receptors in different neural systems to thereby coordinate responses throughout the 
brain. The pattern of estrogen receptor location permits the sequential activation of 
estrogen receptors to initiate rapid response cascades followed by engagement of 
genomic networks for longer-term responses. Regardless of intracellular locale, all 
estrogen receptors are activated by the endogenous estrogen, 17β-estradiol.

At the mitochondria, ERβ can regulate mitochondrial function [52] and poten-
tially induce mitochondrial gene expression [53]. ERβ is also detected in the zone 
where the mitochondria interface and communicate with the endoplasmic reticu-
lum, a region termed mitochondria-associated membranes [54]. ERβ within mito-
chondria is uniquely positioned to regulate mitochondrial gene expression [55]. 
Placing ERβ within mitochondria, estrogen can regulate energy homeostasis 
throughout the cell. This is particularly relevant for neurons where ATP is critical 
for synaptic transmission. Seventy-five percent of all ATP generated in neurons is 
utilized to meet the energetic demand of the Na+/K+ pump which pumps both Na+ 
and K+ against their concentration gradient to reestablish the neuronal membrane 
potential necessary to respond to the next volley of action potentials. This function 
is particularly critical for high-frequency synaptic transmission associated with 
learning and memory function [38, 47].

In the nucleus, transcription of nuclear-encoded genes requires translocation of 
ERα and ERβ. Estrogen receptors will bind to its specific estrogen response element 
(ERE) sequence on the DNA or tether onto other transcription factors such as the 
activator protein 1 or specificity protein 1 to regulate gene expression [39]. A 
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one-dimensional view of estrogen receptor regulation of gene expression is that 
these transcription factors only promote gene expression. However, this is an over 
simplification, as exemplified in the case of estrogen regulation of the bioenergetic 
system of the brain. In this system, both ERα and ERβ promote expression of 
nuclear-encoded genes required for glucose transport, metabolism, and mitochon-
drial function while simultaneously suppressing genes required for ketone body 
metabolism, inflammation, and β-amyloid generation [50, 55].

The range of estrogen receptor complexity is extended through splice variants of 
both ERα (ESR1) and ERβ (ESR2) which typically generate differences in function 
[56]. In the brain, three splice variants of ERα have been detected [57] and one vari-
ant for ERβ [58]. Relevant to this discussion are splice variants generated during the 
perimenopausal transition. Splice variants of ERα were detected in both hypothala-
mus and hippocampus of the human female brain. A particular variant, MB1, 
appeared in perimenopausal aged women and increased throughout the transition 
with greatest expression in the postmenopausal brain [59]. MB1 variant is expressed 
in neurons, astrocytes, and endothelia where it is associated with nitric oxide pro-
duction required for vasodilation. ERβ splice variants are also expressed in select 
brain regions including hypothalamus, hippocampus, and cerebral cortex [60]. A 
well-characterized variant, ESR2, has 18 amino acids inserted into the ligand- 
binding domain which significantly reduces the binding affinity of 17β-oestradiol 
[56]. In animal studies, ERβ2 was induced following ovariectomy and was associ-
ated with reduced neurogenesis and behavioral indicators of depression. Expression 
of ERβ2 was reversible if estrogen was administered soon after removal of the ova-
ries whereupon which restored neurogenesis and reversed behavioral indicators of 
depression [61]. Delaying administration of estrogen was ineffective in reversing 
the expression of ERβ2 and the concomitant ovariectomy-induced decline in neuro-
genesis and increase in depressive behavior [61]. Expression of splice variants of 
ERα and ERβ with, in some cases, decline in binding affinity could partially account 
for the perimenopausal loss in sensitivity to estrogen [62]. In addition to splice vari-
ants, there are several ERα polymorphisms that increase the risk of AD specifically 
in women, particularly when associated with the APOE4 allele [63].

The estrogen receptor network forms the basis of the dynamic signaling that 
occurs in the brain during the perimenopausal transition and as such is a determin-
ing factor of future cognitive health. For many women, the brain can compensate for 
the change in estrogen and its receptors. For others, however, adaptive compensa-
tion is diminished or lacking or expressed in some but not all estrogen-regulated 
neural networks giving rise to the complex phenotype of neurological symptoms.

2.4  Estrogen Regulation of the Bioenergetic System

Estrogen, its receptor network, and the regulation of the brain bioenergetic sys-
tem are probable candidates to network the network [26, 38, 47, 63]. Estrogen 
utilizes a complex selection of receptors and signaling pathways to activate and 
regulate molecular and genomic responses required for neurological function [63]. 
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Regulating the bioenergetic capacity within and across neural circuits would simul-
taneously support the function of multiple circuits while concurrently creating an 
energetic connectome between and across neural circuits.

In the brain, estrogen promotes the entire bioenergetic system from glucose 
transport to glucose metabolism to mitochondrial respiration and ATP production 
[38, 47, 55, 64–66]. Within the bioenergetic system of the brain, there appears to be 
an estrogen-dedicated component as either loss of estrogen or reproductive aging 
result in a 15–25% decline across components of the system suggesting that the 
estrogen-regulated aspects are connected [65, 67]. Estrogenic control of the bioen-
ergetic system in the brain was established by the classic endocrine strategy of 
removing the ovaries and replacing estrogen or vehicle. Removal of the ovaries in 
premenopausal rodents resulted in bioenergetic deficits comparable to those that 
occurred during reproductive aging with one exception [67, 68]. Further, biochemi-
cal, genomic, and bioinformatic data indicate a synergistic interaction between the 
estrogen and insulin signaling pathways in the brain [69].

During the perimenopausal transition in the rodent, the bioenergetic system in 
brain undergoes profound changes resulting in a persistent decline in glucose metab-
olism in brain. Brain hypometabolism was first evident by a decline in glucose uptake 
as detected by FDG-microPET, in the neuron specific glucose transport (GLUT 3), 
and in hexokinase activity. These were accompanied by an inactivation of pyruvate 
dehydrogenase, and complex IV activity [64], thus resulting in impairment of the 
mitochondrial energy conservation systems. Lactate transport and utilization 
decreased in parallel to the decline in glucose transport indicating that lactate, which 
is generated from glucose in astrocytes, did not serve as an alternative fuel source.

During the normal perimenopause to postmenopausal transition, oxidative stress 
and free radical damage to mitochondrial lipid membranes do not appear until the 
animals have transitioned through perimenopause to reproductive senescence. In 
contrast, endocrine and aging programs were combined in the ovariectomized 
females with simultaneous induction of hypometabolism, mitochondrial dysfunc-
tion, and oxidative stress [67, 68]. Peripherally, dysregulation of the metabolic sys-
tem was evidenced by impaired glucose tolerance indicative of insulin resistance 
[68]. The adverse impact of ovarian hormone loss on the bioenergetic system was 
prevented by administration of 17β-estradiol at time of ovariectomy [55, 67, 68, 70].

In response to glucose deprivation, the perimenopausal brain shifts to an adap-
tive bioenergetic response indicative of long-term fasting: utilization of ketone bod-
ies as an alternative energy fuel [64, 65, 71–73] as evidenced by a rise in peripheral 
ketone bodies and their neuronal and astrocytic monocarboxylate transporters and 
an increase in mitochondrial succinyl-CoA:3-ketoacid CoA transferase (SCOT) 
necessary to metabolize ketone bodies [64, 65, 73]. In addition to the use of periph-
eral ketone bodies as an alternative fuel was the disconcerting rise in proteins neces-
sary to metabolize fatty acids in the brain. These proteins, CPT1 (carnitine 
palmitoyltransferase 1A) and HADHA (hydroxyacyl-CoA dehydrogenase/3- 
ketoacyl- CoA thiolase/enoyl-CoA hydratase), are respectively required for fatty 
acid transport into and metabolism by the mitochondria. The trifunctional enzyme 
HADHA converts long-chain fatty acids to acetyl-CoA, the primer for ketone body 
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synthesis. Because neither cholesterol nor fatty acids cross the blood–brain barrier, 
an increased fatty acid metabolism in the brain is predictive of catabolism of brain- 
derived lipids, which, in the long term, has dire consequences for cell membranes 
and lipid-rich reservoirs such as myelin in brain [72].

In women, a shift in metabolism during the perimenopause is also apparent and 
has been associated with dysregulation of glucose metabolism and insulin resis-
tance [27, 63]. Overall, the data from analyses in the brain indicate that the peri-
menopausal transition is an orderly and sequential process during which the brain 
undergoes an uncoupling of the estrogen receptor network from the bioenergetic 
system. The uncoupling of the estrogen receptor from the bioenergetic system in the 
brain is also associated with a release of suppression of enzymes required to metab-
olize ketone bodies in the brain. The loss of suppression allows for the emergence 
of an adaptive compensatory response in the brain necessary to utilize ketone bodies 
as an alternative fuel.

2.5  Perimenopause-Associated Neurological Conditions

Multiple studies of brain metabolism in women suggest an association between 
hypometabolism in the brain and neurological symptoms [51]. The data is predomi-
nantly derived from studies of postmenopausal women with few studies specifically 
targeting the perimenopausal transition. In the aggregate, these studies indicate that 
users of estrogen therapy have a different pattern of brain metabolism relative to 
nonusers. In women on estrogen therapy, glucose metabolism is preserved in brain 
regions promoting estrogen-dependent neurological functions. In nonusers, glucose 
metabolism declined in estrogen-dependent regions and increased in brain regions 
that are estrogen-independent. These findings illustrate again the adaptive capacity 
of the menopausal female brain and highlight the need for more detailed analyses of 
brain metabolism during the perimenopause in studies focused on genotypic and 
phenotypic characteristics.

Vasomotor symptoms—The most frequent and often defining feature of the peri-
menopausal transition is hot flushes which occur in 75–80% perimenopausal women 
and which can continue unabated for decades in ~5% of women [4, 74, 75]. Hot 
flushes can be the only symptom of the perimenopause experienced by women. 
However, in many women hot flushes are clustered with other neurological symp-
toms including memory impairment [13, 76], sleep disturbances, pain, and depres-
sion [25]. The clinical manifestations of a hot flush have been well documented and 
are characterized by the sudden onset of a disturbing and intrusive rise in body 
temperature intensively primarily experienced in upper body encompassing chest, 
neck, and head with visible flushing [75]. The hot flush is a transient event charac-
terized by a rapid onset and dissipation within seconds to minutes but can also be 
prolonged in duration lasting 60 min. Hot flushes range from mild to severe, can 
occur with a frequency of 2–50 per day, and occur throughout the day and night with 
particular severity and frequency during the sleep cycle which can disrupt sleep and 
daily activities causing severe stress and anxiety [77].

2 The Neurological and Immunological Transitions of the Perimenopause…



16

The hypothalamus controls thermoregulation and thus is thought to initiate the 
hot flush in response to a rise in core temperature [78]. The prevailing conceptual-
ization of the hot flush is a compression of the hypothalamic thermoneutral zone 
that leads to the episodic release of heat in response to a slight elevation in core 
body temperature [75]. While the hypothalamus is undoubtedly involved in the ther-
moregulatory response, functional MRI analyses indicate that the insula and ante-
rior cingulate cortex were activated during hot flushes and were coupled to superior 
frontal gyrus activation with sweating [78]. Insular cortex activation is associated 
with the sensation of “rush of heat.” These findings advance our understanding of 
the perimenopausal hot flush beyond the temperature regulatory zones of the hypo-
thalamus to include an expanded neural network that includes subcortical and corti-
cal structures.

Research in the field points toward an association of hot flushes with altered 
glucose metabolism [64, 79, 80]. Preclinical studies of bioenergetics in animal mod-
els of the perimenopausal and menopausal female brain indicate that a rise in skin 
temperature is coincident with onset of reproductive variability and senescence, 
decline in brain glucose metabolism, compromised glucose tolerance in the periph-
ery indicative of insulin resistance, and utilization of ketone bodies and fatty acid 
metabolism in the brain [64, 65, 73]. Consistent with preclinical findings, FDG-PET 
imaging analyses in the human female brain indicate a decline in brain glucose 
metabolism during late perimenopause that continues into postmenopause [81]. In 
the SWAN study, hot flushes or night sweats were significantly associated with 
dysregulation in glucose metabolism indicated by significantly higher fasting blood 
glucose and HOMA score [80]. The relationship between estrogen and insulin 
receptors is well established in the brain and provides yet another link whereby 
decline in estrogen may contribute to dysregulated glucose metabolism in the brain 
[69]. Further evidence for metabolic dysregulation and the hot flush is the associa-
tion between impaired adipokine profile and occurrence of hot flushes early in the 
perimenopausal transition [63, 82]. Lower adiponectin and higher leptin were asso-
ciated with higher odds of hot flushes early, but not later, in the menopause transi-
tion. This adipokine profile paralleled BMI in this population of women who 
exhibited a stage-dependent relationship with hot flashes such that higher BMI was 
associated with higher odds of hot flushes early, but not later in the transition. 
Higher serum level of the inflammatory monocyte chemoattractant protein 1 (MCP- 
1) was associated with higher odds of night sweats regardless of menopause stage 
[82]. Collectively, the data indicate a strong association of hot flushes with impaired 
glucose homeostasis that is evident in both brain and the periphery [63].

Sleep disturbances—Insomnia is a prevalent symptom of the perimenopausal 
transition and is frequently associated with hot flushes, night sweats, depression, 
and cognitive deficits [25, 83, 84]. Interestingly, in the suprachiasmatic nucleus, a 
key node for diurnal rhythm, ERβ exhibits a diurnal rhythm which is evident in 
young and middle age rodents but not in the old [85]. In the SWAN study, preva-
lence of sleep disturbance varied with ethnicity with the highest prevalence (40%) 
in Caucasian women; intermediate prevalence (31–38%) in Chinese, Hispanic, and 
African American women; and lowest in Japanese women (28%) [84]. The SWAN 
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data indicate that sleep difficulties are greatest during late perimenopause and per-
sist into postmenopause, irrespective of vasomotor symptoms [84]. Brain imaging 
in perimenopausal women with sleep disturbances has not been conducted; how-
ever, an emerging body of data indicate long-term adverse consequences of sleep 
deprivation for brain structure and function [86]. Multiple studies have indicated an 
association between insomnia and reduced brain volume in regions that include the 
hippocampus and orbitofrontal and parietal grey matter [86]. Further, most prospec-
tive studies show poor sleep quality is associated with an increased likelihood of 
cognitive impairment and in some studies an increased risk of dementia [86]. 
Further, sleep deprivation is now recognized to induce β-amyloid accumulation in 
the brain [87].

Cognition—Subjective and objective memory deficits are well documented dur-
ing the perimenopausal transition [14]. FDG-PET indicators of hypometabolism in 
brain regions required for learning and memory function have been reported for 
regional cerebral blood flow [88] and glucose metabolism [51, 81]. Hypometabolism 
was apparent in menopausal women over a 2-year period of observation in hippo-
campus, parahippocampal gyrus, temporal lobe [88], medial prefrontal cortex, and 
posterior cingulate cortex [51, 81]. Estrogen or hormone therapy prevented hypo-
metabolism in each of these brain regions [51, 88] and preserved memory function 
[88]. In the study of regional cerebral blood flow, women on estrogen replacement 
therapy increased resting state cerebral blood flow over time in brain regions now 
recognized as part of the default mode network whereas nonusers did not [88]. 
Nonusers, however, increased cerebral blood flow to brain regions required for 
motor and spatial function [88, 89]. In perimenopausal hormone therapy users, 
enhanced activation in the hippocampus combined with decreased parahippocam-
pal activation suggests that perimenopausal hormone therapy increased both state- 
dependent and recollective processes to promote verbal recognition performance 
[90]. Recent analyses of the default mode network in neurologically normal post-
menopausal women at risk for AD indicated that women with higher blood insulin 
levels had diminished network connectivity relative to women with low insulin 
levels [91]. Protective metabolic effects of hormone therapy were most evident in 
women with lower insulin resistance, whereas it was ineffective in women with 
greater insulin resistance [92]. Performance in working memory paralleled the 
metabolic response to hormone therapy [92]. It is now well established that brain 
metabolism is critical to neurological function and that hypometabolism in the 
brain is evident decades prior to diagnosis of neurodegenerative diseases such as 
AD [93–95].

Depression—Perimenopausal women have a higher risk of depression compared 
to premenopausal women [12, 14, 15]. Short-term estradiol treatment in perimeno-
pausal women that exhibited major or minor depression decreased their depression 
assessment scores [12]. Risk for major depression has been linked to variants of 
ERα: women homozygous for the ESR1 rs9340799 variant G had a 1.6-fold 
increased lifetime risk of major depressive disorder [96]. Timing of estrogen ther-
apy appears to be critical in the effectiveness of treatment since depression scores 
were not improved in women who received estrogen treatment 5–10  years post 
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perimenopause [10]. Brain metabolism in brain regions regulating depression and 
anxiety is complex with differing metabolic phenotypes in the pons (where the sero-
tonergic raphe nucleus and locus coeruleus adrenergic systems originate) and fron-
tal cortices [10, 97]. Relative to non-depressed women, depressed women exhibited 
hypometabolism in the pons and hypermetabolism in the middle and inferior frontal 
gyrus [97]. In non-depressed postmenopausal women in their late 60s, regional 
cerebral blood flow was increased in the left pons [88]. Although the long- term 
impact of perimenopausal depression remains to be determined, extensive epide-
miological analyses indicate that depression is a risk factor for AD [98, 99].

2.6  Sex Difference and Risk of AD

The greatest risk factors for AD are age [100], the ApoE4 allele [101], and female 
sex [100]. Postmenopausal women constitute >60% of the affected AD population 
and are those who will bear the greatest burden of the disease [47, 102–104]. Farrer 
and colleagues two decades ago indicated that women with a single copy of the 
ApoE4 allele was sufficient to increase disease risk associated with two copies of 
the ApoE4 gene in men, suggesting a sex difference in the lifetime risk of AD in 
women [105]. This finding was confirmed later by Payami and colleagues who 
found that ApoE4 heterozygote men had lower risk than ApoE4 homozygotes [106]; 
there was not significant difference between epsilon4 heterozygote males and those 
without epsilon4. In contrast, epsilon4 heterozygote women had the same signifi-
cant twofold increased risk as homozygote men [106]. Barnes et al. found an even 
greater sex difference in the impact of pathology and risk of AD [107]. Each addi-
tional unit of AD pathology was associated with a nearly three-fold increase in the 
odds of clinical AD in men compared with a more than 22-fold increase in the odds 
of clinical AD in women [107].

The earliest etiological factors that ultimately lead to late-onset AD, when pre-
vention is still possible, remain unresolved for the primary casualties of the disease, 
postmenopausal women [5, 38]. While AD is not unique to the female, women 
constitute the majority of persons with the disease [108]. Discovery of high-risk AD 
phenotypes in women and their underlying mechanisms could potentially lead to 
the early identification of those at greatest risk of developing AD and interventions 
to prevent the disease.

2.7  Metabolic-Inflammatory Axis

Oxidation-reduction regulation connects the brain metabolism and neuroinflamma-
tion. Aging and neurodegenerative brains are found to be associated with chronic 
neuroinflammation primarily due to a dysregulation of the innate immunity, mainly 
driven by senescent microglia. Deficits in metabolic and mitochondrial function 
lead to the impairment of redox homeostasis, which is one of the major stimulators 
of the neuroinflammatory responses in aging and AD. The peripheral metabolism 
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also plays an important role in the progression of neurodegeneration and is evi-
denced by the reciprocity between brain functioning and the systemic environment. 
The role of obesity and systemic inflammation in AD pathogenesis is well described, 
especially in women who have a twofold increased risk compared to men [109]. 
Increased central adiposity and elevated inflammation are linked to estrogen deple-
tion during perimenopause and menopause elevating women’s vulnerability to 
develop AD [109].

2.8  Implications of the Perimenopausal Transition 
for Later Life

The perimenopausal transition initiates a targeted, sequential, and orderly disassem-
bly of the reproductive system and the neural substrates that control its function. As 
a transition state, the perimenopause for women appears to be comparable in its 
vulnerability as puberty is for both males and females. In this regard, the perimeno-
pause fulfills criteria for a “critical period” in the neuro-adaptive landscape of aging 
in the female brain. Most women transition through this critical period without 
complications and are likely to remain relatively healthy without long-term adverse 
effects. In contrast, a significant proportion of women are vulnerable to the neuro-
logical shifts that occur during this transition and emerge from the perimenopause 
at risk for continued neurological decline. For some, this critical transition period 
can be a tipping point for the emergence of neurological disease later in life.

It is becoming increasingly clear that complex systems have critical thresholds, 
often referred to as tipping points, when a system shifts from one state to the other 
[110]. Analyses of transition state dynamics predict three health states, healthy, pre- 
disease, and disease [110]. The pre-disease transition state is typically defined as the 
limit of the normal state that precedes the tipping point into disease. Importantly, the 
pre-disease state is unstable and is thus potentially reversible. However, the duration 
of reversibility is limited. The bifurcation point between pre-disease and disease is 
characterized by a critical slowing of the system, in which it becomes increasingly 
slow to recover from small perturbations to equilibrium [110]. Transition states are 
inherently unstable, and in the case of neurological transition states, indicators of 
dysfunction at the limits of normal can be signals of instability and tipping points. 
The presence, variability, intensity, and duration of perimenopausal symptoms pro-
vide potential advance warning signs of impending risk of later health risks, particu-
larly neurodegenerative diseases. Multiple conditions that emerge during the 
perimenopause, such as insomnia, depression, subjective memory complaints, and 
cognitive decline, are associated with increased risk of neurodegenerative diseases 
later in life such as AD. In the same manner, multiple neurodegenerative diseases 
are characterized by long prodromal periods during which the disease progresses to 
clinically diagnosed dysfunction. It remains to be determined whether or not the 
neurological vulnerabilities that can emerge during the perimenopause increase risk 
for later-life neurological diseases. However, the emergence of hypometabolism 
during the perimenopause that persists in later years suggests that for some women 
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vulnerability for later-life neurodegenerative disease may have been established. 
The ability to detect both peripheral and neurological indicators of metabolic dys-
function provides a window of opportunity to prevent late-life neurological disease 
by sustaining neurological bioenergetic capacity during aging.

2.9  Conclusions

Symptoms of perimenopause are largely neurological and immunological in 
nature. The experience of this transition can be highly variable, but the outcome, 
menopause, is inevitable and denotes a transformed neurological system. 
Determining the best strategy to sustain neurological bioenergetic capacity in 
women during this critical period in life is crucial to sustain brain function. 
Identifying women with metabolic or inflammatory at-risk phenotypes for late-
onset AD might translate into a target population that is likely to respond to estro-
gen replacement therapy and adjuvant therapies that serve as metabolic regulators. 
Transitions of female aging involve a set of sequential, system-level adaptations. 
Precision hormone therapy during the perimenopausal transition to aid the neuro-
adaptations of the aging brain might be the answer to prevent the potential transi-
tion into early AD.
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3.1  Introduction

Hormones are molecules that participate in the communication of different organs 
to maintain body homeostasis. According to this role, hormones are involved in the 
maintenance of an adequate physiological function of different body systems, 
including the peripheral (PNS) and central (CNS) nervous system. Therefore, sev-
eral hormones exert neuroprotective actions, maintaining the homeostatic function 
of neurons and glial cells. One of such hormones is estradiol. Estradiol is not only 
involved in the central control of reproduction but also acts as a protective factor in 
the brain. Under physiological conditions estradiol regulates synaptic activity, syn-
aptic plasticity, neuroglia communication, and brain metabolism [1–4]. Under path-
ological conditions, estradiol promotes neuron survival, reducing brain inflammation 
and facilitating the repair of the damaged neural tissue. Estradiol neuroprotective 
effects have been described in different animal experimental models of multiple 
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sclerosis, stroke, Parkinson’s disease, Alzheimer’s disease, cognitive decline, affec-
tive disorders, and traumatic CNS and PNS injuries [5, 6].

Aging and brain pathology are associated with increased neuroinflammation [6, 
7]. Acute neuroinflammation is a physiological response aimed to reduce neural tis-
sue damage. However, under chronic neurodegenerative conditions and with aging, 
neuroinflammation is a chronic situation that may contribute to increase neural 
damage [8–11]. Two main cell types are involved in the control of brain inflamma-
tion: astrocytes and microglia. Astrocytes exert numerous actions to maintain proper 
neuronal function. These include the regulation of neuronal metabolism, synaptic 
function, and neuronal communication. In addition, astrocytes maintain brain tissue 
homeostasis by the control of neuroinflammation [12]. Microglia are the macro-
phages of the brain and are the main regulators of the brain immune response. These 
cells participate in the phagocytosis of neuronal debris and the plastic remodeling of 
neuronal processes and synapses [13]. Under pathological conditions, both astro-
cytes and microglia become activated, changing their transcriptomic activity and 
their phenotype, a phenomenon known as reactive gliosis [14]. One of the charac-
teristics of reactive glial cells is the activation of nuclear factor kappa-light-chain 
enhancer of activated B cells (NF-κB), which promotes the synthesis and release of 
pro-inflammatory molecules by astrocytes and microglia [15].

It has been described that in the aged brain, microglia cells present a senescent 
phenotype and are unable to properly respond with an adequate homeostatic 
response to tissue damage [7]. Thus, their phagocytic and migratory activity, their 
activation of NF-κB, and their inflammatory response are dysregulated, contributing 
to further increase the inflammatory response of other cell types, including astro-
cytes and neurons. Thus, senescent microglia not only are unable to decrease tissue 
damage but even contribute to amplify neurodegeneration [16]. A similar situation 
occurs in chronic neurodegenerative conditions, such as Alzheimer’s and Parkinson’s 
diseases [17, 18].

Uncontrolled neuroinflammation not only contributes to neuronal death but also 
affects the normal functioning and metabolism of surviving neurons and glial cells, 
altering the processing of information in the brain [19]. Evidence is accumulating 
on the implication of neuroinflammation in cognitive dysfunction and depression. 
Clinical studies have revealed that elevated levels of peripheral cytokines correlate 
with deficits in cognitive performance [20–24]. Changes in peripheral cytokine lev-
els are also associated with depressive disorders in humans [25–30]. Experimental 
studies in animals have also revealed an association of peripheral inflammation and 
neuroinflammation with cognitive deficits [31–37] and depressive-like behaviors 
[38]. The effects of cytokines on cognition [39–44] and depression [45–47] are 
probably mediated by alterations in the mechanisms of synaptic plasticity and syn-
aptic function (Fig. 3.1) and may involve decreased brain levels of brain-derived 
neurotrophic factor (BDNF) and other protective molecules [45, 48]. As we will see 
in the next sections of this chapter, the pro-cognitive effects of estradiol are not only 
a consequence of direct actions of the hormone on neurons (for instance, regulating 
synaptic function and plasticity and promoting neuronal survival) but are also medi-
ated by actions on glial cells, regulating reactive gliosis and neuroinflammation.
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3.2  Role of Estrogen Receptors in Neuroinflammation 
and Neuroprotection

Estradiol protects the nervous system by decreasing inflammation and reducing 
apoptosis [49]. In addition, the hormone promotes tissue repair by enhancing den-
dritic and axonal regeneration, decreasing gliosis and increasing myelination and 
neurogenesis. These actions of estradiol are exerted directly or indirectly on neu-
rons, astrocytes, microglia, oligodendrocytes, blood vessels, stem cells, and pro-
genitors [5, 50]. All these cells are direct targets for the hormone and are also 
responsive to signals released by other estradiol target cells. Thus, direct actions of 
estradiol on glial cells or brain endothelial cells affect the neurons, and direct actions 
of estradiol on neurons have an impact on the other cell types of the brain. Acting 
on brain blood vessels, estradiol regulates blood flow, vascular unit metabolism, 
endothelial cell survival, leukocyte adhesion, and blood-brain barrier function [51, 
52]. In neurons, estradiol regulates synaptic transmission and plasticity, neuritogen-
esis, and cell survival [3, 53, 54]. Acting on astrocytes and microglia, estradiol regu-
lates local inflammation, gliosis, and the release of trophic factors for neurons [55, 
56]. Estradiol also regulates cell survival, myelination, and re-myelination, acting 
on oligodendrocytes, and modulates developmental and adult neurogenesis, acting 
on stem cells and progenitors [5].

As in other tissues, estradiol acts in brain cells by binding to a variety of estrogen 
receptors (ERs). The best characterized are ERα, ERβ, and G-protein-coupled ER 1 
(GPER) [57–59] (Fig.  3.2). ERα and ERβ are nuclear transcription factors that, 
among other protein domains, have a binding domain for estradiol (ligand binding 
domain, LBD) and a DNA binding domain (DBD). Through the DBD, ERα and ERβ 

Brain aging

Improper synaptic plasticity & function

Cognitive
decline

Mood
alterations

Increased neuroinflammation
& reactive gliosis

Fig. 3.1 Brain aging is 
associated with increased 
neuroinflammation and 
gliosis. Inflammation and 
glial dysfunction impair 
synaptic plasticity and 
synaptic function, which 
contributes to the 
development of cognitive 
decline and mood disorders
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bind to estrogen-responsive elements (EREs) in target genes to regulate their tran-
scription. In addition, ERα and ERβ have a hinge region domain, located between the 
LBD and the DBD, which participates in the subcellular distribution of the receptors. 
Indeed, ERα and ERβ are not only located in the cell nucleus, to act as transcription 
factors, but are also localized in the cytoplasm and the plasma membrane, where they 
interact with the signaling pathways of other factors and regulate the activity of dif-
ferent kinases, such as phosphoinositide 3-kinase (PI3K), c-Jun N-terminal kinase 
(JNK), and extracellular signal-regulated kinases (ERKs) [60]. Furthermore, GPER, 
a G-protein-coupled receptor that is located in the plasma membrane or in the 

a b

c

Fig. 3.2 Estradiol (E2) roles in the prevention of cognitive decline and mood disorders. E2 or 
estrogenic compound binding to (a) estrogen receptor alpha (ERα), (b) G-protein-coupled estro-
gen receptor 1 (GPER), and/or (c) estrogen receptor beta (ERβ) induces the expression of mole-
cules that promote neuronal survival and represses the expression of molecules that promote 
neuronal cell death and neuroinflammation. In addition, E2 signaling interacts with the signaling 
of other neuroprotective factors, such as insulin-like growth factor 1 (IGF-1), brain-derived neuro-
trophic factor (BDNF), and neuroglobin (Ngb). PI3K-Akt phosphoinositide 3-kinase-Akt signaling 
pathway, ERK1-ERK2 extracellular signal-regulated kinases signaling pathway, JAK-STAT Janus 
kinases-signal transducers and activators of transcription signaling pathway, EREs estrogen- 
responsive elements, JNK c-Jun-N-terminal kinase, GSK3β glycogen synthase kinase-3β, IGF1R 
insulin-like growth factor 1 receptor, TrkB tyrosine receptor kinase B
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endoplasmic reticulum, also regulates the activity of these kinases [60]. The regula-
tion of kinases by ERs results in modifications in the transcriptional activity of dif-
ferent genes mediated by kinase-activated transcription factors. The direct regulation 
of transcriptional activity by ERα and ERβ and the indirect regulation of transcrip-
tional activity by ERα, ERβ, and GPER, mediated by kinase-activated transcription 
factors, result in the upregulation of anti-apoptotic and neuroprotective genes and the 
downregulation of pro-apoptotic and pro- inflammatory molecules. Thus, estradiol, 
through ERα, ERβ, and GPER, increases the expression of molecules that promote 
neuronal survival and represses the expression of molecules that promote neuronal 
cell death and neuroinflammation [60].

3.3  Interaction of Estrogen Receptor Signaling in the Brain 
with the Signaling of Other Neuroprotective 
and Anti- inflammatory Factors

The neuroprotective and anti-inflammatory molecular mechanisms of estradiol 
include the interaction with the signaling of other neuroprotective and anti- 
inflammatory factors. Recent studies have shown that estradiol, via ERβ (Fig. 3.2c), 
upregulates the expression of neuroglobin, a member of the globin family of pro-
teins, which also include hemoglobin and myoglobin, among others [61–63]. 
Neuroglobin is a neuroprotective factor that reduces apoptosis in neurons and glial 
cells and decreases the inflammatory response of astrocytes [61–63]. Neuroglobin 
signaling involves the activation of Akt, the downregulation of the pro-apoptotic 
protein Bax, and the upregulation of the anti-apoptotic protein Bcl-2. The associa-
tion of neuroglobin with huntingtin is necessary for the neuroprotective action of 
this protein. Estradiol requires huntingtin to upregulate neuroglobin levels. In addi-
tion, huntingtin facilitates the translocation of neuroglobin to the mitochondria, and 
mutated forms of huntingtin, characteristic of Huntington disease, prevent the neu-
roprotective actions of estradiol mediated by the upregulation of neuroglobin [64].

Another molecule that upregulates neuroglobin expression in neural cells is 
BDNF (Fig. 3.2c). As it has been observed for estradiol, BDNF also requires hun-
tingtin to upregulate neuroglobin expression [64]. In turn, BDNF is upregulated by 
estradiol in the brain [65]. This neurotrophic factor activates the PI3K signaling 
pathway acting on the neurotrophin receptor tyrosine receptor kinase B (TrkB). The 
BDNF/TrkB/PI3K signaling pathway promotes neuritogenesis, synaptic plasticity, 
neuron survival, and neurogenesis, reduces neuroinflammation, is involved in mem-
ory processes, and reduces depressive symptoms [2, 53, 66–68]. BDNF is therefore 
implicated in the affective and cognitive effects of estradiol in the brain. It is impor-
tant to note that brain BDNF levels increase with physical exercise [69], pointing to 
the possibility that lifestyle in postmenopausal women may affect the outcome of 
estrogen therapy for cognition and depression.

Acting on GPER (Fig. 3.2b), estradiol also activates PI3K, which inhibits Notch 
signaling, causing an increase in neuritogenesis. Acting on membrane-associated 
ERα (Fig. 3.2a), estradiol inhibits JNK. JNK induces the expression of dickkopf 
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(DKK1), a negative regulator of the Wnt signaling pathway. Thus, by inhibiting 
JNK, estradiol increases Wnt signaling, causing the inhibition of glycogen synthase 
kinase-3β (GSK3β) [60]. Inhibition of GSK3β promotes synaptic plasticity and 
neuron survival, reduces inflammation, and has pro-cognitive effects [70–73]. 
Furthermore, GSK3β activation may be associated with depressive disorders [73], 
and GSK3β inhibition with lithium is a classical intervention for the treatment of 
depression and other mental disorders.

Estradiol also interacts with insulin-like growth factor-1 (IGF-1) signaling [74–
76] (Fig. 3.2a, c). Acting on nuclear ERs, estradiol promotes IGF-1 synthesis in the 
brain. In turn, IGF-1 exerts a ligand-independent activation of ERα in the brain [77]. 
IGF-1 acts on IGF-1 receptor, a tyrosine kinase receptor that activates ERK and 
PI3K. PI3K inhibits GSK3β, which, as mentioned before, promotes neural function 
and cognition. In addition, estradiol induces the interaction of ERα with the PI3K/
GSK3β signaling pathway. Indeed, estradiol and IGF-1 exert a synergic activation 
of this neuroprotective and anti-inflammatory signaling pathway in the brain, and 
the neuroprotective actions of each of these two factors depend on the presence of 
the other. Thus estradiol neuroprotective actions are lost when IGF-1 receptor is 
inhibited in the brain, and IGF-1 neuroprotective actions are lost when ERs are 
inhibited in the brain [74–76, 78]. Since IGF-1 plasma levels decrease with aging in 
humans and in other species, the interdependence of estradiol and IGF-1 signaling 
for neuroprotection is highly relevant to understand the actions of estrogen therapy 
in the brain of postmenopausal women. Thus, it has been shown that estradiol neu-
roprotective effects in a stroke model are lost in older female mice, in which IGF-1 
levels are decreased. However, estradiol recovers its protective action after IGF-1 
administration [76]. This suggests that the effect of estradiol in older women may 
be different, depending on the available levels of IGF-1 in the brain or on the brain 
expression of IGF-1 receptor. As mentioned before for BDNF, physical exercise 
also increases brain IGF-1 levels [79], suggesting that it may benefit the actions of 
estrogen therapy on brain function.

3.4  Neuroprotective and Anti-inflammatory Actions 
of Synthetic Estrogenic Compounds

In addition to estradiol, the neuroprotective and anti-inflammatory actions of syn-
thetic estrogenic compounds used in clinical practice have been tested in animal 
models. These studies have shown that some selective estrogen receptor modulators 
(SERMs), used for the treatment of osteoporosis or climacteric symptoms or for the 
treatment of ER positive cancers, also exert neuroprotective and anti-inflammatory 
actions in different experimental models of neurodegenerative, cognitive, and affec-
tive disorders. SERMs, such as tamoxifen, raloxifene, ospemifene, and bazedoxi-
fene, reduce excitotoxic neuronal damage, decrease the expression of 
neuroinflammatory molecules, and reduce the activation of astrocytes and microglia 
[80–88]. Tamoxifen has been also shown to promote neuronal regeneration after 
spinal cord lesions [89]. In addition, in ovariectomized rats, tamoxifen and 
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raloxifene increase the number of dendritic spines in cognitive brain regions, such 
as the hippocampus and the medial prefrontal cortex, and promote memory perfor-
mance [90–92]. Furthermore, tamoxifen and raloxifene exert anxiolytic and antide-
pressive actions in ovariectomized mice subjected to chronic stress [93].

Tibolone is another synthetic steroid used in numerous countries for the treat-
ment of menopause-associated symptoms. The actions of tibolone are mediated by 
its metabolites, which have estrogenic, progestagenic, and androgenic activity. 
Tibolone is considered to be a selective tissue estrogenic activity regulator (STEAR). 
Local differences in tibolone metabolism and in the expression of steroid receptors 
confer selective tissue actions to this drug. Pro-cognitive effects of tibolone treat-
ment and positive effects on mood and well-being have been reported in postmeno-
pausal women [94–96]. Experimental studies in vitro and in animal models indicate 
that tibolone reduces reactive gliosis and protects glial cells from different meta-
bolic insults, preserving mitochondrial function and reducing oxidative stress [97, 
98]. The protective actions of tibolone on glial cells are mediated, at least in part, by 
the upregulation of neuroglobin [98]. In addition, tibolone increases β-endorphin 
levels in the brain of ovariectomized rats [99] and in the plasma of postmenopausal 
women [100]. Pro-cognitive actions of tibolone could also be mediated by promot-
ing cholinergic activity [101]. Furthermore, tibolone increases the number of den-
dritic spines in brain cognitive regions, such as the hippocampus [102].

3.5  Interactions Between Brain Estradiol Synthesis, 
Neuroinflammation, and Neuroprotection

The nervous system is not only a target of estradiol but also a source of this steroid. 
The enzyme aromatase, which converts testosterone in estradiol, is expressed by 
different neuronal populations in the human brain, including those in cognitive 
regions such as the hippocampus and the cerebral cortex [103, 104]. Aromatase has 
been localized in the presynaptic terminals. In addition, ERs have been localized in 
the pre- and postsynaptic terminals, suggesting that estradiol may act as a neuro-
modulator, being released by presynaptic terminals, where aromatase is located, and 
acting on ERs in the pre- and postsynaptic terminals [105–107]. Neuronal-derived 
estradiol also participates in the regulation of the synthesis of synaptic proteins and 
in the structural and functional plasticity of synapses [108–113]. These actions of 
brain endogenous estradiol may affect behavior, mood, and cognition [114]. In 
addition, it has been described that brain injury in different animal models induces 
the expression of aromatase and ERs by astrocytes. Furthermore, the inhibition of 
brain aromatase after brain injury increases neurodegeneration and gliosis, indicat-
ing that brain estradiol production exerts neuroprotective actions [60]. Therefore, 
estradiol not only acts in the brain as a hormone but also as a local paracrine or 
autocrine factor to regulate the function of neurons and glial cells under physiologi-
cal and pathological conditions.

The local production of estradiol by the nervous system may explain cognitive 
and depressive effects of aromatase inhibitors observed in animal studies. For 
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instance, in ovariectomized rodents, the aromatase inhibitor letrozole increases anx-
iety and depressive behaviors and impairs cognition. Since animals were ovariecto-
mized, these effects are evidently mediated by extragonadal aromatase inhibition 
and may be mediated by the inhibition of brain estradiol synthesis [115–117]. 
Aromatase-deficient female mice also exhibit depressive behaviors [118]. The 
effects of aromatase inhibition on cognition in female mice is associated with a 
decrease in Wnt signaling in the hippocampus [117]. Some studies in breast cancer 
patients treated with aromatase inhibitors also suggest effects of the inhibition of 
estradiol synthesis on cognition and depression, although numerous confounding 
factors do not allow to attain definitive conclusions [119–121]. In addition, an 
increased risk for Alzheimer’s disease has been associated with some polymor-
phisms of the CYP19A1 gene, which encodes for the enzyme aromatase 
[122–128].

The production of estradiol by brain cells raises the question on the possible 
interactions between systemic estradiol and intracerebral estradiol. Interestingly, it 
has been described that brain-derived estradiol mediates the effect of systemic estra-
diol on cognition in rats [129]. In addition, brain-derived estradiol may determine 
the neuroprotective actions of exogenous estradiol, as it has been observed in a 
mouse model of Alzheimer’s disease [130]. On the other hand, systemic estradiol 
enhances the synthesis of brain-derived estradiol by acting on gonadotropin- 
releasing hormone receptors in the hippocampus [129, 131]. Then, brain-derived 
estradiol may reach high local concentration levels necessary for the activation on 
membrane-associated neuroprotective and anti-inflammatory signaling pathways. 
Further research is needed to fully understand the significance and implications of 
brain estradiol synthesis in postmenopausal women.

3.6  Concluding Remarks

As we have seen in this chapter, estradiol, either from ovarian or central origin, and 
some estrogenic compounds, such as some SERMs and tibolone, exert neuroprotec-
tive and anti-inflammatory actions in the brain. These actions of estradiol and estro-
genic compounds have implications for cognition and depression. Estrogens prevent 
cognitive decline and mood disorders by maintaining neuronal homeostasis, pre-
venting neuronal damage, and preserving a proper synaptic processing of informa-
tion in the brain. One of the brain regions where estrogen actions on neurons and 
synapses have been studied with more detail is the hippocampus, which is involved 
in both cognition and mood [132]. Synaptic actions of estrogens in other brain 
regions, such as the cerebral cortex, may also prevent cognitive decline and depres-
sion. Furthermore, glial cells are also involved in information processing in the 
brain, and alteration of these cells by neuroinflammation may compromise neuronal 
and synaptic function. Therefore, actions of estrogens in the regulation of neuroin-
flammation may also contribute to prevent mood disorders and cognitive decline.

In addition to the effects of estrogens on neurons and glial cells, other estrogenic 
actions in the brain may contribute to maintain cognition and mood. For instance, 
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inflammation and aging alter the function of blood-brain barrier, which may cause 
affective and cognitive problems. Estradiol may contribute to preserve brain func-
tion conserving blood-brain barrier integrity [76, 133] and promoting the transport 
of peripheral neuroprotective molecules, such as IGF-1 [134], into the brain paren-
chyma. The role of blood-brain barrier preservation in the neuroprotective, cogni-
tive, and affective actions of estrogens merits therefore to be addressed in future 
studies.
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4Estetrol and Its Effects on the Damaged 
Brain

Ekaterine Tskitishvili and Jean Michel Foidart

4.1  Development of the Nervous System

Development of the nervous system in humans during pregnancy is passing through 
critical and complex periods of morphological and functional differentiation. 
During ontogenesis newly developed structures of the nervous system, which differ 
by function and localization, are unified in one complete functional system.

Main steps in human organogenesis are taking place before the eighth week of 
fertilization. Development of the brain by itself includes several major stages and 
lasts during the whole pregnancy. Major events in human brain development include 
primary neurulation, prosencephalic development, neuronal proliferation and 
migration, organization, and myelination [1]. The neuronal tube formation is already 
finished by the 20th day of fertilization [2], and the formation of the cortical plate 
takes place between 7 and 16 weeks of gestation though the cortex increases in 
thickness until neurogenesis is completed after midgestation. The total number of 
neurons in the central nervous system (CNS) reaches a maximum in the first 
20–24 weeks of the antenatal period and remains relatively constant up to adult-
hood, only slightly decreasing in early postnatal period.

By the 9th week of gestation, ERα is detected in the proliferating zones and the 
cortical plate [2, 3]. In contrast to the expression patterns of ERα, ERβ is detected at 
15 weeks of gestation in proliferating zones and at 16–17 weeks of gestation in the 
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cortical plate. From the same period of time, both receptors are expressed in different 
subregions of the hippocampus [3]. In the rat pups, ERs are present in the developing 
as well as adult hippocampus [4, 5] with a peak in binding at postnatal day 4 declining 
to adult levels already by postnatal day 15 [6, 7]. Thus, ERα plays a role in early devel-
opmental processes, whereas ERβ might be more important for later events of cortico-
genesis [8]. Two pairs of internal carotid and vertebral arteries, connected by the circle 
of Willis, supply the brain with blood [2]. The internal carotid arteries develop quite 
early, by the 4th week of gestation, whereas by the 5th week of gestation, most of arter-
ies are developed by forming a specific pattern [2]. At 16 weeks of gestation, the ante-
rior, middle, and posterior cerebral arteries are already well established. In premature 
newborns between 22 and 30 weeks of gestation, the blood vessels of the germinal and 
periventricular zone and the perforating ventriculopetal vessels are particularly vulner-
able to perinatal asphyxia [2], whereas between 30 and 34 weeks of gestation, the fetal 
white matter is vulnerable to hypoxic ischemic injury, and the injury leads to the forma-
tion of focal hemorrhagic lesions and periventricular leukomalacia (PVL) [often result-
ing in infarction (necrosis) and cavitation], respectively [2].

Myelination in the CNS is performed by oligodendrocytes and is a slow process 
which is a significative mark of the maturity of the CNS. Notably, in the brain stem, 
myelination starts at the 8th week of gestation though not completed until after birth, 
and the rate of myelin deposition is greatest during the first 2 postnatal years [9].

4.2  Estrogens, Estrogen Receptors (ERs), and the Brain

4.2.1  Estrogens

Successful maintenance of pregnancy requires the coordinated secretion of hor-
mones. Indeed, placenta, feto-placental unit, and fetus become the main sources of 
estrogens: estrone (E1), estradiol (E2), estriol (E3), and estetrol (E4). Appearance of 
each estrogen in maternal plasma after 9 weeks of gestation coincides with main 
events of the brain development, pointing out the importance of estrogens in forma-
tion of brain morphology and its functionality. For example, we can easily follow 
the manifestation of unconjugated estradiol (E2) in maternal plasma by the 9th 
week of gestation and the detection of ERα in the proliferating zones and the corti-
cal plate [2, 3], like that showing the importance of E2  in early corticogenesis. 
Plasma concentrations of E1, E2, E3, and E4 increase as human pregnancy pro-
gresses [10, 11] implicating importance of estrogens in fetal development during 
pregnancy in general as well as in parturition.

Some recent studies already have shown role of estrogens in (1) fetal neurogen-
esis, (2) prevention of neuronal cell death, (3) axonal sprouting, and (4) synaptic 
transmission [12, 13]. Others implicated estrogens as major players for fetal cere-
bral angiogenesis and cerebral blood flow maintenance due to (1) neurovascular 
sharing of major signaling pathways and the development of blood-brain barrier, (2) 
interaction between neurons and vessels mediated by Ca2+ ions released from astro-
cytes, (3) direct effects of estrogens on cerebral vessels [14–18], (4) decrease in 
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water permeability of the blood-brain barrier (BBB) [19], and (5) upregulation of 
vascular endothelial growth factor (VEGF) expression from neuronal cells [20].

VEGF is an angiogenic protein with neurotrophic and neuroprotective effects 
which stimulate neurogenesis in vitro and in vivo in the subventricular zone (SVZ) 
and the subgranular zone (SGZ) of the hippocampal dentate gyrus (DG) [21] and 
promotes proliferation of cortical neuron precursors by regulating E2F expression 
(the family of transcription factors, a key regulator of the cell cycle machinery) [22]. 
Usually neuronal VEGF expression correlates with angiogenesis in postnatal develop-
ing rat brain and might be upregulated by hypoxia [23], but it has importance in the 
developing brain as well. As it was already evidenced, loss of VEGF expression by 
CNS neurons impairs vascularization, curbs neuronal expansion, and results in neuro-
nal apoptosis in the developing brain, pointing out that VEGF-induced blood vessel 
growth is essential for nervous tissue growth during embryonic development [24, 25].

According to different studies, general impact of estrogens on the CNS includes 
(1) neuromodulatory effect by affecting neuron excitability, synaptic plasticity, and 
neurotransmitter system; (2) neurotrophic effect by influencing glial morphology 
and functions, neurite outgrowth and sprouting, and cell viability; and (3) neuropro-
tective effect by exerting proneurogenic, antiexcitatory, antioxidative, antiapoptotic, 
and anti-inflammatory profile [26, 27].

Estrogen administration in animal models and clinical studies of Parkinson’s 
and Alzheimer’s diseases, ischemic stroke, spinal cord injury, and multiple scle-
rosis has already demonstrated neuroprotective effect [12, 28–32], suggesting 
the early protective effect of estrogens administered particularly in younger 
patients (50–62 years) [33] or in women soon after menopause [34]. Even short-
term estrogen treatment increases dopamine transporters in the caudate putamen 
[35] and amyloid beta-protein (Aβ) uptake by microglia. It also prevents Aβ pep-
tide formation by neurons [36, 37] and protects against loss of DA neurons [38, 
39]. According to the “healthy cell bias of estrogen action hypothesis,” if estro-
gens are administered too late in the disease, they are not protective [40, 41].

At cellular and molecular levels, estrogens might have different important 
actions: (1) increase of astrocyte ability to uptake glutamate and like that preventing 
neuronal loss due to glutamate toxicity [42, 43], (2) direct neuroprotective effect on 
mitochondria [44–48], (3) induction of expression of genes regulating cytoskeleton 
of neuron cells (e.g., neurofilaments, microtubule-associated proteins), and (4) 
increase of aerobic glycolysis, respiratory efficiency, ATP generation, and Ca2+ load 
tolerance leading to antioxidant defense [49].

4.2.2  Estrogen Receptors (ERs)

Estrogen actions are realized through specific estrogen receptors (ERs).
GPER is a membrane-bound receptor, though some research groups found it in 

the Golgi complex [50] or at the endoplasmic reticulum [51] or even intracellularly 
in some transfection experiments [52]. Estrogens may affect serotonin signaling in 
the hypothalamus [53] and dopamine efflux in PC-12 cells [54] or mechanical 
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hyperalgesia in nociceptive neurons of rat dorsal root ganglia [55] and control the 
energy homeostasis in the hypothalamus [56] by employing GPER.

ERs have specific regions, activation function 1 and 2 (AF1 and AF2), which are 
responsible for formation of initial transcriptional complexes. AF1 and AF2 are 
situated in the amino-terminal and carboxyl-terminal domains of the receptors, 
respectively [57]. These functions characterize most of nuclear receptors and cor-
respond to two active domains which are responsible for recruitment of specific 
co-regulator proteins, and these proteins in turn might modulate transcriptional 
activity of ERα. The level of AF1 activity does not depend on the presence of ligand, 
whereas the activity of AF2 is ligand-dependent [57]. Inactive receptors are linked 
to the heat shock proteins, and binding of ligand to the ERs leads to dissociation of 
heat shock proteins from ERs followed by dimerization of ERs. ERs are forming 
homo- and heterodimers [58]. Zinc (Zn2+) fingers of ligand-ERs complex bind to 
DNA at specific ERs elements (EREs) which are located in the regulatory regions 
of target genes and where they act as a hub for a large transcriptional complex 
including coactivators and corepressors resulting in gene transcription. EREs can 
alter transcription indirectly by interacting with other transcription factors (AP1, C/
EBPβ, and SP1) [57, 58].

According to different studies, estrogen receptors (ERs), ERα, ERβ, and G 
protein- coupled estrogen receptor 1 (GPER, also known as G protein-coupled 
receptor 30 (GPR30)), may coexist in many brain areas, although their expression 
levels and distribution patterns are different and sometimes gender specific [59–63]. 
Like that in adult human brain, ERα, ERβ, and GPER coexist in the basal forebrain, 
hypothalamus, and hippocampus; ERα and ERβ are expressed in the prefrontal cor-
tex, amygdala, locus coeruleus, and raphe nucleus; ERβ and GPER coexist in the 
thalamus, whereas only ERβ is expressed in the posterior cingulate [63]. During 
development ERα and ERβ display distinct chronology and distribution patterns 
that undergo dynamic changes in the course of corticogenesis as already discussed 
above.

In terms of subcellular localization, there is a difference between ER localization 
during development and in adults. During development ERα and ERβ are located in 
the cell nuclei, whereas in the adult human brain, the ERα staining is localized in 
both cell compartments (cytoplasm and nucleus), and ERβ has exclusively cytoplas-
mic localization [64, 65]. The ERα staining is clearly cytoplasmic in the pyramidal 
cells of Ammon’s horn (CA) and in layer II of the entorhinal cortex, whereas it is 
more nuclear in the dentate gyrus (DG) and in layer V of the entorhinal cortex and 
temporal cortex [59, 64, 65]. Some recent investigations already have shown local-
ization patterns of ERα, ERβ, and GPER in different neuronal cells pointing out 
involvement of these receptors in neurogenesis and myelination. In astrocytes and 
microglia, expression of ERα and ERβ is observed in the nuclei, whereas ERβ is 
expressed in the cytoplasm; nuclei of the axonal bodies express ERα and ERβ, 
whereas ERα, ERβ, and GPER are manifested in the cytoplasm; basal dendrites, 
axonal (initial) segments, and myelin sheaths are rich with ERβ [63]. Another ques-
tion that became the main direction of research is subcellular localization of ERs in 
the dentate gyrus (DG) region of the hippocampus which is important for 
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neurogenesis and synaptic remodeling as well as neuroprotection and realization of 
cognitive function. In DG, a subset of GABAergic interneurons contains nuclear 
ERα, whereas granule cells, newly born cells, and some GABAergic interneurons 
contain cytosolic and plasma membrane-associated ERβ [64]. Dendritic spines, 
mostly originating from granule cells, contain ERα and ERβ. A few dendritic spines 
in the hilus of DG, originating from mossy cells, contain ERα and ERβ. Interestingly, 
some ERα-containing axon terminals are cholinergic, whereas some ERβ-containing 
terminals are monoaminergic. Astrocytes, mostly in the molecular layer, also con-
tain ERα and ERβ [64].

In general, expression of ERα mRNA in the neonatal cortex, olfactory bulb 
and cerebellum suggests its role in the regulation of early postnatal differentia-
tion and development of these brain areas by estrogens, since ERα is supposed 
closely related to cellular differentiation and sexual differentiation of developing 
brain [6].

Different studies already have demonstrated the presence of ERs in rat pial arter-
ies and intracerebral blood vessels [65] and also proved expression of ERα in nuclei, 
membranes, and mitochondria of endothelial and vascular smooth muscles of cere-
bral arteries [19, 65]. Although ERβ was detected in immunoblots of cerebral artery 
lysates, the definitive role of ERβ is not fully understood [65], though ERα and ERβ 
may modulate each other’s activity [66].

According to some studies, ER activation might offer neuroprotection, in part, 
through transcriptional mechanisms affecting the apoptotic cascade including BCl2, 
caspases, and Apaf-1 like that limiting cell death [67–70]. ERs can also directly 
activate signal transduction pathways involving MAP kinase resulting in neuropro-
tection that is receptor-mediated [71]. As it was shown in Parkinson’s disease ani-
mal model of 6-hydroxydopamine (6-OHDA), estradiol can also act indirectly by 
activating the insulin-like growth factor-1 (IGF-1) receptor to protect against 
6-OHDA-induced neuronal loss [72].

If the abovementioned effects of estrogens and ERs in the CNS were prominent 
mainly for E2, information on how E4 affects the CNS became available only few 
years ago based on studies performed by our research group.

4.2.3  Estetrol

Estetrol (E4) is a steroid hormone, discovered in 1965 by Egon Diczfalusy and 
co- workers [73]. Structurally, estetrol is an estrogenic steroid with four hydroxyl 
groups, explaining the acronym E4. Estetrol is produced in nature by the human 
fetal liver, since its synthesis requires two hydroxylases (15α- and 16α-hydroxylase) 
only expressed by the fetal liver during pregnancy. Substrates for E4 are estradiol 
(E2), requiring both 15- and 16-hydroxylation, and estriol (E3), requiring 
15- hydroxylation only. Estetrol is an end product of steroid metabolism. There is 
no metabolism backward to E3, E2, or E1, and there are no active metabolites 
[74]. The chemical name of estetrol is estra-1,3,5(10)-trien-3,15a,16a,17b-tetrol, 
and it is known under CAS No. 15183-37-6. The molecular formula of E4 is 
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C18H24O4, and it has a molecular weight of 304.38. Its physical appearance is that 
of a white to off-white solid. Estetrol has a melting point in the range of 240–
245 °C [73]. Experience so far indicates that E4 is very stable, even under nonop-
timal storage conditions. E4 might be slightly hygroscopic. Storage conditions of 
E4 should therefore be optimized to prevent moisture and water uptake. Both in 
pure water and in phosphate buffers, E4 is highly soluble. In water, the solubility 
amounted to 1.0 mg/ml. The octanol-water partition coefficient (Pow) is a mea-
sure of the lipophilic or hydrophilic properties of a compound and is expressed as 
the logarithm of Pow. The lipophilic and hydrophilic properties largely determine 
the passive gastrointestinal absorption, the distribution through the body, and the 
passive passage of the blood-brain barrier. In two sets of experiments, using dif-
ferent methods to determine the partition coefficient of E4, the observed log Pow 
values were 1.470 and 1.695 [73, 74]. This means that concentrations in the octa-
nol phase were about 30–50 times higher compared to those in the water phase. A 
log Pow of about 2.0 is considered optimal to allow passage through the blood-
brain barrier [74].

E4 is found in maternal urine as early as 9 weeks of gestation, increasing sub-
stantially as pregnancy progresses [74, 75]. Estetrol produces a number of biologi-
cal changes in the rodent uterus, such as weight increase, progesterone receptor 
stimulation, enzyme induction, and histological and ultrastructural changes. From a 
teleological viewpoint, it seems likely that an estrogenic steroid produced in such 
significant quantities by the male and female human fetal liver during pregnancy is 
safe and has physiological significance. As it was concluded, genomic clinical 
effects of E4 will most likely occur through the estrogen receptors. E4 has a moder-
ate affinity for human ERα and ERβ, with Ki values of 4.9  +  0.567  nmol/l and 
19 + 1 nmol/l, respectively, demonstrating a four- to fivefold preference for the ERα 
(lower Ki value) [76]. Estetrol has high selectivity for the estrogen receptors. 
Binding to the glucocorticoid, progesterone, and testosterone receptors was only 
11–15% at a concentration of 10 mmol/l, and further profiling of E4 in a set of 124 
receptors and enzymes demonstrated inactivity toward 123 molecular targets. The 
single target showing interaction with E4 was the adrenergic α1β receptor (weak 
binding) [76]. It is concluded that genomic clinical effects of E4 will most likely 
occur through the estrogen receptors. The high selectivity of E4 suggests a low risk 
of unexpected side effects [77, 78]. E4 could be a safe and efficacious candidate for 
the treatment of early brain damage in newborn. The use of E2 unlike the use of E4 
might have diverse effects on inflammation and immune responses [79], cardiovas-
cular complications, venous thrombosis, and stroke [80–82], even the initiation/
progression of several endocrine-related cancers (e.g., breast, prostate, ovarian, and 
endometrial cancer) [83].

Main properties of E4 are as follows: (1) slow metabolism and the long half-life; 
(2) strong antioxidant properties; (3) no binding to sex hormone-binding globulins 
(SHBG), suggesting that E4 may not influence the plasma levels of SHBG; and (4) 
log Pow index about 1.470–1.695 which is enough for any compound to pass the 
blood-brain barrier [75–77]. These properties of E4 might be important to assume 
the possible neuroprotective actions of E4.
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4.3  Neonatal Hypoxic-Ischemic Encephalopathy

Neonatal encephalopathy (NE) is a clinically defined syndrome of disturbed neuro-
logic function in the earliest days of life in an infant born at or beyond 35 weeks of 
gestation, manifested by a subnormal level of consciousness or seizures and often 
accompanied by difficulty with initiating and maintaining respiration and depres-
sion of tone and reflexes [84]. Neonatal hypoxic-ischemic encephalopathy is associ-
ated with increased lethality and long-term morbidity. Mortality and the 
neurodevelopmental outcomes in infants with moderate and severe HIE are as fol-
lows: 23–27% of infants die prior to discharge from the neonatal IC unit (NICU), 
whereas 37–38% die at follow-up 18–22 months later. The neurodevelopmental out-
come at 18  months includes mental and psychomotor development retardation, 
cerebral palsy, epilepsy, blindness, and hearing impairment [85, 86]. Usually neo-
nates with HIE have different complications manifested with the different degree of 
severity as follows: mental development index (MDI) <70 (39%), psychomotor 
development index (PDI) <70 (35–41%), disabling cerebral palsy (30%), epilepsy 
(16%), blindness (14–17%), and severe hearing impairment (6%) [85, 86], and HIE 
is the fifth largest cause of death of children before age 5 [87–89].

Perinatal asphyxia or birth asphyxia, more appropriately known as neonatal 
hypoxic-ischemic encephalopathy (HIE) or hypoxic and ischemic brain injury in 
the newborn, is characterized by clinical and laboratory evidence of acute or sub-
acute brain injury (encephalopathy) due to intrapartum or late antepartum brain 
hypoxia and ischemia [90, 91]. A common but crucial problem is the inability to 
time the onset, duration, magnitude, and single or repetitive nature of the exact 
insult that causes brain injury resulting in neonatal encephalopathy. The uncertain 
timing and etiology of brain injury in most cases of neonatal encephalopathy also 
fuel birth injury malpractice litigation. It is usually unknown whether the ultimate 
brain injury is caused by the events only around delivery or by cumulative insults 
throughout pregnancy [84].

Health factors that influence the risk of neonatal encephalopathy include mater-
nal diseases, multiple pregnancy, gestational age at delivery, malformations within 
or outside the nervous system, intrauterine growth restriction, congenital infections, 
intrapartum hypoxic-ischemic events, metabolic problems, and stroke [84–86]. 
Type and timing of contributing factors that are consistent with an acute peripartum 
or intrapartum events include sentinel hypoxic or ischemic event occurring immedi-
ately before or during labor and delivery (a ruptured uterus, severe abruption pla-
centae, umbilical cord prolapsed, amniotic fluid embolus with coincident severe and 
prolonged maternal hypotension and hypoxemia, maternal cardiovascular collapse, 
fetal exsanguinations from either vasa previa or massive feto-maternal hemorrhage) 
[84]. More precisely, there are several risk factors associated with the development 
of perinatal HIE: preconceptual (e.g., diabetes mellitus type 1, thyroid disease, fer-
tility treatment, nulliparity, advanced maternal age), antepartum (severe preeclamp-
sia, placental abruption, multiple pregnancy, antepartum hemorrhage, fetal growth 
restriction), and intrapartum (e.g., breech and malpresentation, cord prolapse, cae-
sarean section, maternal pyrexia, induction) [84, 91, 92]. Given the history of the 
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understanding of NE and HIE, it’s not surprising that HIE has been most commonly 
studied in vitro and in vivo. Consequently we will focus on the understanding of the 
cellular mechanisms of HIE because this is the pathway to NE that has been best 
studied [84].

The principal pathogenetic mechanism underlying most of the neuropathological 
conditions leading to hypoxia-ischemia is a failure of compensatory mechanisms 
and impaired cerebral blood flow (CBF). At the cellular level, hypoxia-ischemia 
initially causes energy failure, reperfusion and oxidative and nitrosative stress 
(immediate phase), and then the loss of mitochondrial function and caspase activa-
tion (delayed phase) [88, 93]. Step by step, the primary energy failure is accompa-
nied by glutamate-mediated excitotoxicity. Excitotoxic cellular injury occurs via 
excess activation of glutamate receptors, which leads to necrotic cell death within 
6 h after insult and is more prominent within 1.5 h after insult. There are four recep-
tor types for glutamate, but the N-methyl-d-aspartate (NMDA) receptors are the 
most avid and physiologically active. The channels activated by NMDA receptors 
are voltage-dependent and calcium-permeable. Their activation causes neuron 
depolarization. Repeated depolarization of a neuron by unregulated glutamate 
release results in accumulation of intracellular calcium. Consequently, an increase 
of intracellular calcium sets off additional pathologic cascades [88, 93] including 
oxidative stress and interaction with nitric oxide pathway to produce reactive nitro-
gen species—peroxynitrites leading to peroxynitrite-induced neurotoxicity, lipid 
peroxidation, mitochondrial damage and remodeling, depletion of antioxidant 
reserve, and DNA damage [94]. Between 6 and 72 h after insult, development of 
mitochondrial dysfunction leads to caspase activation and to the apoptotic cell death 
which is more prominent during the first 6–8 h after insult [88]. This is the point of 
“no return.” Inflammatory mediators (cytokines and chemokines) have been impli-
cated in the pathogenesis of hypoxic-ischemic encephalopathy and may represent a 
final common pathway of brain injury. As it was shown, NF-kB activation in neu-
rons could provide survival, whereas activation in glial cells enhances neuronal cell 
death [95].

Assuming that hypoxic-ischemic encephalopathy represents the clinical condi-
tion affecting mostly the brain, brain lesions have been reported in many studies. 
Pial arteriolar vasodilatation is a constant finding in the brain of asphyxiated new-
borns. It is simply evidenced at panoramic view, and it is mainly related to the loss 
of microvascular reactivity in cerebral vessels [95, 96]. Endothelial damage repre-
sents probably the most important change in the brain of asphyxiated newborns. 
All the endothelial lesions previously reported may be encountered at the histo-
logical examination of brain samples [97]. Endothelial swelling represents a pecu-
liar feature in the small intracerebral vessels. Given the narrow lumen of the 
intravascular capillaries, endothelial swelling may lead to the occlusion of the vas-
cular lumen, leading to the block of the intracerebral circulation, aggravating brain 
hypoxia. The endothelial damage is followed by the dysfunction of the neurovas-
cular unit that contributes to subsequent neuronal cell death [97, 98]. Neuronal cell 
death represents a major pathological finding in the interpretation of the severity of 
the hypoxic encephalopathy. Apoptosis is the most frequent type of cell death 
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occurring in the brain of asphyxiated newborns. At histology, affected neurons 
show shrinkage, increased eosinophilia of the cytoplasm, nuclear pyknosis, and 
karyorrhexis, ending with the formation of roundish eosinophilic globules that 
appear intermingled with preserved neurons [97]. Neuronal apoptosis may be 
encountered, in the clinical setting of asphyxia, in all the cerebral regions. In our 
experience, neurons of the brain stem, basal nuclei, and cerebellum appear as the 
most frequently affected by apoptosis, often in association with apoptosis of the 
cerebral cortical neurons. Recently, the increased expression of pro-apoptotic pro-
teins—including BAX, cytoplasmic cytochrome C and caspase-3—has been 
reported in the cortex and thalamus of the brain of mice affected by birth hypoxia 
[97, 99], suggesting the use of these antibodies in cases in which histology could 
not clearly evidence the typical features of neuronal cell death. The hippocampus 
should be always sampled for histological studies, given the frequent functional 
compromise of this brain region in newborns affected by asphyxia, particularly in 
female infants [96, 100]. In a recent study, all 16 full-term asphyxiated infants 
displayed neuronal cell damage and glial reactivity in the hippocampus [96, 101]. 
If we are talking about the patterns of neonatal HIE at term, there are five patterns 
of brain injury identified by imaging studies in neonates with this pathological 
condition: pattern I, basal ganglia and thalami lesions associated with severe white 
matter damage; pattern II, basal ganglia and thalami lesions with mild or moderate 
white matter changes; pattern III, isolated thalamic injury; pattern IV, moderate 
white matter damage only; and pattern V, mild white matter changes or normal 
findings. Usually infants with patterns III and IV had developmental delay and 
diplegic cerebral palsy, respectively, and pattern V is associated with normal out-
comes [102]. Thus, the basal ganglia and thalami lesions are the imaging signature 
in term neonates exposed to hypoxic-ischemic sentinel events, and in general, pat-
terns of central gray matter and secondary white matter injury are associated with 
higher risks of severe morbidity and death [102].

Clinical manifestation of neonatal encephalopathy varies depending on encepha-
lopathy severity.

Neonates with suspected encephalopathy are classified according to the Sarnat 
staging system, which evaluates the level of consciousness, muscle tone, tendon 
reflexes, complex reflexes, and autonomic function and classifies HIE into the fol-
lowing three categories: stage I (mild), stage II (moderate), and stage III (severe) 
[103, 104].

Stage I: Mild EncephalopathyMuscle tone may be slightly increased, and deep 
tendon reflexes may be brisk during the first few days. Transient behavioral abnor-
malities, such as poor feeding, irritability, or excessive crying or sleepiness (typi-
cally in an alternating pattern), may be observed [88, 103, 104].

Stage II: Moderate EncephalopathyThe infant is lethargic, with significant hypo-
tonia and diminished deep tendon reflexes. The grasping, Moro, and sucking reflexes 
may be sluggish or absent. The infant may experience occasional periods of apnea. 
Seizures typically occur early within the first 24 h after birth [103]. Full recovery 
within 1–2 weeks is possible and is associated with a better long-term outcome. An 
initial period of well-being of mild encephalopathy may be followed by sudden 
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deterioration, suggesting ongoing brain cell dysfunction, injury, and death; during 
this period, seizure intensity might increase [88, 103, 104].

Stage III: Severe EncephalopathyStupor or coma is typical. The infant may not 
respond to any physical stimulus. Breathing may be irregular, and the infant often 
requires ventilatory support. Generalized hypotonia and depressed deep tendon reflexes 
are common. Neonatal reflexes (e.g., sucking, swallowing, grasping, Moro) are absent 
[88, 103, 104]. Disturbances of ocular motion, such as a skewed deviation of the eyes, 
nystagmus, bobbing, and loss of “doll’s eye” (i.e., conjugate) movements may be 
revealed by cranial nerve examination [88]. Pupils may be dilated, fixed, or poorly 
reactive to light. Seizures are delayed, can be severe, and may be initially resistant to 
conventional treatments. The seizures are usually generalized, and their frequency may 
increase during the 24–48 h after onset, correlating with the phase of reperfusion injury. 
As the injury progresses, seizures subside, and the EEG becomes isoelectric or shows 
a burst suppression pattern. At that time, wakefulness may deteriorate further, and the 
fontanelle may bulge, suggesting increasing cerebral edema [88].

Irregularities of heart rate and blood pressure (BP) are common during the period of 
reperfusion injury, as is death from cardiorespiratory failure. Multiple organ dysfunc-
tion also presents [88]. Multi-organ systems involvement is a hallmark of NE associ-
ated with perinatal asphyxia [88]. Organs involved following a hypoxic-ischemic 
events include the heart (43–78%) with reduced myocardial contractility, severe hypo-
tension, passive cardiac dilatation, and tricuspid regurgitation; lungs (71–86%) with 
severe pulmonary hypertension requiring assisted ventilation; kidneys (46–72%) with 
renal failure presenting as oliguria and, during recovery, as high-output tubular failure, 
leading to significant water and electrolyte imbalances; liver (80–85%) with elevated 
liver function test results, hyperammonemia, and coagulopathy; and gastrointestinal 
system with poor peristalsis and delayed gastric emptying, and necrotizing enterocoli-
tis is rare, and intestinal injuries may not be apparent in the first few days of life or until 
feeds are initiated; hematologic disturbances (32–54%) include increased nucleated 
red blood cells (RBCs), neutropenia or neutrophilia, thrombocytopenia, and coagu-
lopathy [88]. Severely depressed respiratory and cardiac functions and signs of brain 
stem compression suggest a life-threatening rupture of the vein of Galen (i.e., great 
cerebral vein) with a hematoma in the posterior cranial fossa.

NE is often reported to be the most frequent cause of neonatal seizures [88]. 
Large, unilateral infarcts occur with neonatal seizures in as many as 80% of patients. 
Infants with multiple or diffuse lesions and cerebral venous infarcts often have mul-
tifocal or migratory seizures observed even during physical examination [88].

A single valuable test for the diagnosis of HIE does not exist. It is important to 
assess the neonate at birth for detection of signs consistent with an acute peripartum 
or intrapartum event and the designation of perinatal asphyxia severe enough to 
result in acute neurologic injury [84]. The following parameters should be taken into 
consideration: (1) Apgar score of less than 5 at 5 and 10 min after birth; (2) umbilical 
artery pH less than 7.0, or base deficit greater than or equal to 12 mmol/l, or both; (3) 
neonatal neurologic sequelae (e.g., seizures, coma, hypotonia); and (4) multiple 
organ involvement (e.g., renal injury, hepatic injury, hematologic abnormalities, car-
diac dysfunction, metabolic derangements, and gastrointestinal injury, or a 
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combination of them) [84, 88]. Although the presence of organ dysfunction increases 
the risk of HIE in the setting of neonatal encephalopathy, the severity of brain injury 
seen on neuroimaging does not always correlate with the degree of injury to other 
organ systems [84]. Nowadays, magnetic resonance imaging (MRI) and magnetic 
resonance spectroscopy (MRS), as the most sensitive neuroimaging modalities, are 
extensively used for the monitoring and evaluation of neonates with NE [84]. Distinct 
patterns of neuroimaging abnormalities, including deep nuclear gray matter or water-
shed cortical injury, are recognized in hypoxic-ischemic cerebral injury and have 
prognostic value for predicting later neurodevelopmental impairments. Early MRI 
obtained between 24 and 96 h of life may be more sensitive for the delineation of the 
timing of perinatal cerebral injury, whereas an MRI undertaken optimally at 10 days 
of life (with an acceptable window between 7 and 21 days of life) will best delineate 
the full extent of cerebral injury [84]. Use of electroencephalography (EEG) might 
have some limitations due to hypothermia: it may depress the amplitude- integrated 
EEG (aEEG) and thus limit the early predictive ability of aEEG. Improvement in 
aEEG tracings may be delayed until the patient undergoes rewarming and is no lon-
ger sedated [105]. Some recent investigations showed that S100B protein is a good 
indicator of brain damage [106]. Furthermore, the serum GFAP levels during the first 
week of life were increased in neonates with HIE and were predictive of brain injury 
on MRI. Biomarkers such as S100B and glial fibrillary acidic protein (GFAP) could 
help triage neonates with HIE to treatment, measure treatment efficacy, and provide 
prognostic information [106, 107].

According to the contemporary treatment strategy for HIE, initial resuscitation 
and stabilization are followed by the following steps: (1) neuroprotective strategy, 
(2) support of adequate ventilation and perfusion, (3) careful fluid management, (4) 
avoidance of hypo- and hyperglycemia, (5) avoidance of hypotension [a mean blood 
pressure (BP) above 35–40 mmHg is necessary to avoid decreased cerebral perfu-
sion], and (6) treatment of seizures [108, 109].

At present, hypothermia therapy (HT) is considered as the best neuroprotective 
strategy for mild to moderate HIE. Mild hypothermia in the range of 33.5–35.0 °C is 
used. The two types of treatment are used: whole-body hypothermia and selective head 
cooling. Some basic studies showed far greater histological and electrophysiological 
protection if hypothermia was initiated within 1.5 h than if it was started 5.5 h after the 
cerebral insult [110]. According to recent trials, neonates undergoing earlier cooling 
therapy (within 180 min of birth) had better outcomes compared with those who under-
went the therapy later (180–360 min after birth) [111]. The rate of death or severe dis-
ability in infants with HIE is decreased from 60% to 46% after cooling [112].

Although cooling is safe, it results in some adverse effects which include a 
slightly lower baseline heart rate, a marginally significant increase in the need for 
blood pressure support, and a platelet count below 150 × 109/l [113]. In general, 
lowering the core temperature can impact hemodynamic status, respiratory physiol-
ogy, fluid and electrolyte balance, and hematologic factors. In addition, pharmaco-
kinetics and pharmacodynamics of a number of drugs commonly used in asphyxiated 
neonates are affected by hypothermia. Careful attention to physiologic parameters, 
laboratory tests, and drug dosing is essential to assure optimum outcomes for 
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neonates undergoing hypothermia therapy [114]. There are some risks associated 
with return from hypothermia to normothermia as follows: (1) apnea, (2) the risk for 
seizures (increases due to rewarming leading to peripheral vasodilatation and the 
intravascular blood volume increase) [115], (3) hypotension (may occur if the vas-
cular bed is underfilled), and (4) alteration in the cardiac function (as a result of the 
initial hypoxic event may play a contributing role) [110].

Importance of searching for new safe neuroprotective strategy alone or in com-
bination with hypothermia therapy became crucial. We paid our attention to already 
described specific properties of E4 which were important to come up with the 
hypothesis that E4 might have neuroprotective effect.

4.4  Estetrol as a New Drug to Treat Neonatal HIE

4.4.1  Estetrol Attenuates Neonatal HIE

Our primary goal was to define effects of E4 in primary hippocampal cell cul-
tures. In vitro experiments with primary hippocampal neuronal cell cultures 
showed impressive antioxidative and cell survival effects of different doses of E4 
(notably, 650 μl, 3.25 mM, and 6.5 mM) used before or after induction of oxida-
tive stress (Fig. 4.1a, b, c, and d, respectively) [116]. More precisely, E4 at a dose 
of 3.25 and 6.5 mM significantly downregulated the LDH activity in both sets of 
experiments (Fig.  4.2a, c), showing the dose-dependent differences at higher 

Fig. 4.1 Effect of E4 on LDH activity and the cell viability in primary hippocampal neuronal 
cultures subjected to the H2O2-induced oxidative stress. (a, b) E4 pretreatment. Primary hippocam-
pal cell cultures were treated either with vehicle or with 650 μM, 3.25 mM, and 6.5 mM of E4 (1 h) 
before induction of oxidative stress by 100 μM of H2O2 (30 min). (a) LDH activity in untreated, 
H2O2-treated, and E4-pretreated cell cultures; (b) cell viability in untreated, H2O2-treated, and 
E4-pretreated groups; (c, d) E4 treatment. Primary hippocampal cell cultures were treated with 
650 μM, 3.25 mM, and 6.5 mM of E4 (1 h) after induction of oxidative stress by 100 μM of H2O2 
(30 min). (c) LDH activity in untreated, treated by H2O2, and E4-treated cell cultures; (d) cell 
viability in untreated cells as well as cells treated by H2O2 and different concentrations of E4. All 
measurements are expressed as mean ± SEM. *p < 0.05. Reproduced from Experimental Neurology 
(Tskitishvili et al., 2014, 261:298–307)
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doses of E4 (3.25 and 6.5 mM) after induction of oxidative stress (Fig. 4.2c), 
whereas the same doses of E4 demonstrated significant upregulation of cell pro-
liferation (Fig. 4.2b, d) [116].

Also our aim was to study the effect of E4 on brain damage in vivo. In vivo studies 
of hypoxic-ischemic brain injury were performed according to two protocols in new-
born rat pups. A preventive model was tested with different doses of E4 injected to the 
rat pups before ischemic injury. E4 was administered intraperitoneally from postnatal 
day 4 (P4) to postnatal day 7 (P7). Subsequently, the left common carotid artery was 
ligated and cut. After recovery, the pups were exposed to low oxygen tension (8%) for 
30 minutes, in a closed chamber. The therapeutic model consisted, first in the ligation 
at P7, of the common carotid artery and exposure to 8% oxygen for 30 minutes, to 
induce an hypoxic-ischemic insult (HI). The various doses of E4 were injected upon 
retrieval of the rat pups from the hypoxia chamber. All manipulations were performed 
at 37 °C. The sham group was also operated, but the carotid artery was neither ligated 
nor cut and the pups were not exposed to hypoxia. Rat pups recovered with their dams 
and reared normally until being sacrificed at P14 [116–118].

E4 did affect neither body weight nor brain weight or body temperature of the rat 
pups in both sets of experiments when E4 was applied before or after induction of 
HI events [116]. Histochemical studies of brain coronal sections revealed massive 
damage of the hippocampus and the cortex at the left (damaged) side of the brain 
(Fig. 4.2a2, b2) along with dilation of the central and the lateral ventricles in the 
vehicle-pretreated/treated groups [116].

Usually a good predictor of the neuroprotective activity of the compound is the 
counting of intact neuronal cells per visual field. Obviously, among E4-pretreated/
treated groups, the hippocampus and the cortex were more preserved in sham, 5, 10, 
and 50  mg/kg/day E4 groups compared to the vehicle group in each region 
(Fig. 4.2a(1, 4–6), b(1, 4–6)). Intact cell counting was significantly different between 
the groups pretreated by E4 before induction of experimental hypoxic-ischemic 
brain injury, in the hippocampal and the cortical regions: vehicle and 5 mg/kg/day 
E4 groups (DG); vehicle and 5 and 10 mg/kg/day groups or sham and 1 and 50 mg/
kg/day E4 groups (SGZ); sham and 1 and 10 mg/kg/day E4 groups (CA1); vehicle 
and sham, 50  mg/kg/day, or sham and 1  mg/kg/day E4 groups; whereas in the 
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cortex, the intact cell counting was significantly higher in 50 mg/kg/day E4-pretreated 
group (Table 4.1) like that proving impressive neuroprotective effect of E4 in the 
brain [116].

E4 treatment after induction of hypoxic-ischemic brain injury in newborn rat 
pups resulted in significant difference of intact cell counting in the hippocampal and 
the cortical regions between the groups as follows: vehicle and 1 mg/kg/day, sham 
and 5, 10, and 50 mg/kg/day E4 groups (CA1); vehicle and 10 mg/kg/day or sham 
and 1, 5, 10 mg/kg/day, and 50 mg/kg/day E4 groups (CA2/CA3); whereas in the 
cortex, the intact cell counting was significantly different between the vehicle and 
1 mg/kg/day or sham and 5, 10, and 50 mg/kg/day E4 groups (Table 4.1) like that 
proving the importance of therapeutic effect of E4 [116].

Contemporary basic and translational research studies in the field of neurology 
frequently employ different technics and methodologies from proof of concept to 
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fully operational status. Among different issues studies of the gray and white matter 
and neuro- and cerebro-angiogenesis by using specific markers have paramount 
importance.

As it was already demonstrated earlier, microtubule-associated protein 2 (MAP- 
2), as a cytoskeleton protein, has its value in the growth, differentiation, and plastic-
ity of neurons, playing key roles in neuronal responses to growth factors, 
neurotransmitters, synaptic activity, and neurotoxins [119]. It is frequently used as 
a marker of early gray matter loss in immunohistochemistry studies.

As shown in Fig.  4.3A, B in both models of in  vivo hypoxic-ischemic brain 
injury in the vehicle groups, MAP-2 staining was negative in the hippocampus of 
the left hemisphere extended to the cortex (Fig. 4.3A(b), B(b)). Further calculations 
demonstrated that the ratio of the MAP-2-positive area was significantly higher not 
only in the sham-operated animals (Fig. 4.3A(a), B(a)) but in animals pretreated/
treated by different concentrations of E4 (Fig. 4.3A(c)–(f), B(c)–(f)) compared to 
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the vehicle groups in both models (Fig. 4.4a(g), b(g)). Thus, E4 can preserve the 
early gray matter loss when administered before or after induction of experimental 
hypoxic-ischemic brain injury [116].

Definitely, for us, it was important to show the possible promyelinating activity 
of E4. Myelin basic protein (MBP), as a marker of white matter damage/demyelin-
ation, is frequently used in studies connected to brain damage [120].

There was a loss of MBP staining at the damaged left side (Figs. 4.4a and 
4.5a) which was more prominent in main white matter regions [the subcortical 
region and the cingulum (Figs. 4.4b and 4.5b)]. Promyelinating effect of E4 was 
significantly upregulated in groups treated by 5 and 50  mg/kg/day E4 before 
induction of hypoxia-ischemia (Fig. 4.4c), whereas all the groups treated by dif-
ferent doses of E4 after induction of experimental brain injury had significantly 
higher MBP- positive area OD ratio along with the sham group (Fig. 4.5c) [118]. 
Significant positive correlation was observed between the myelination and the 
brain weights (r = 0.707, p = 0.0198) in the vehicle group of the neuroprotective 
in vivo model [118].
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Next step in studies of E4 and its neurological effects in brain was connected to 
the possible neurogenic- and cerebro-angiogenic effects of E4. Doublecortin 
(DCX), as a marker of neurogenesis, and VEGF as a marker for angiogenesis were 
used (Fig. 4.6). Obviously, pretreatment/treatment with different doses of E4 upreg-
ulated expression of the abovementioned markers in different regions of the brain 
and in different manner in all the study groups, showing co-localization of both 
markers in the cortical region of the 10 mg/kg/day E4-treated group (Fig. 4.4) [116]. 
In general, E4 pretreatment caused a significant upregulation of neurogenesis and 
cerebro-angiogenesis in the DG region, with 10 mg/kg for doublecortin and with all 
doses of E4 for VEGF (Table 4.2); in the CA1 region, in 5 mg/kg/day, 10 mg/kg/
day, and 10 mg/kg/day E4 groups, respectively (Table 4.2); in the CA2/CA3 region, 
in 5 and 10 mg/kg/day E4 groups, respectively (Table 4.2); and in the cortex, in 10 
mg/kg/day E4 (Fig. 4.4). Treatment by E4 after hypoxic-ischemic insult (Table 4.2) 
showed significant upregulation of neuro- and cerebro-angiogenesis in the CA1 
region—in 10 and 50  mg/kg/day and in 5, 10, and 50  mg/kg/day E4 groups, 
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respectively; in the CA2/CA3 region, neurogenesis was significantly upregulated in 
the 10 mg/kg/day E4 group alone, whereas in the cortex, upregulation of neuro- and 
cerebro-angiogenesis were more prominent in 5, 10, and 50 mg/kg/day and 10 mg/
kg/day E4 groups, respectively (Table 4.2) [116] (Fig. 4.6).

Another issue was connected to the question whether pretreatment/treatment by 
E4 can affect the expression of brain damage markers in blood. Pretreatment by 
E4 in neuroprotective model resulted in significant downregulation of brain damage 
markers (S100B and GFAP) at a concentration of 50 mg/kg/day E4, whereas treat-
ment by E4 after induction of experimental hypoxic-ischemic insult led to significant 
decrease of S100B and GFAP expression in all E4-treated groups (Table 4.3) [116].

4.4.2  Can We Use Estetrol in Combination with Other Steroids 
for Attenuation of HIE?

Dynamic changes in neurological field proposed new treatment strategies employ-
ing different compounds/steroids for attenuation of some neurological diseases. 

C
or

te
x

C
A

2/
C

A
3

C
A

1
D

G
Sham Neuroprotective effect Therapeutic effect

5 m
g/kg

50 m
g/kg

5 m
g/kg

10m
g/kg

Fig. 4.6 Representative views of double-labeled immunofluorescence in the hippocampus and 
cortex of the rat pups pretreated or treated with E4. Double immunofluorescent staining was per-
formed to determine the localization and expression of doublecortin (DCX) and vascular endothe-
lial growth factor (VEGF) in different regions of hippocampus (dentate gyrus (DG), cornu 
ammonis 1 (CA1), cornu ammonis 2/3 (CA2/CA3), and cortex. Arrows denote DCX positively 
stained cells (red). Arrowheads denote VEGF positively stained cells (green). Asterisks indicate 
co-localization of DCX and VEGF positively stained cells. Scale bar: 200 μm. Reproduced from 
Experimental Neurology (Tskitishvili et al., 2014, 261:298–307)
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Like that several investigations already have demonstrated the neuroprotective 
efficacy of estradiol (E2) and progesterone (pregn-4-ene-3,20-dione) (P4) alone 
or in combination in different experimental models and clinical studies of neuro-
logical diseases: Parkinson’s and Alzheimer’s diseases, ischemic stroke, spinal 
cord injury, traumatic brain injury (TBI), and multiple sclerosis [12, 28, 29, 31, 
32, 34, 37, 121–125]. P4-dependent neuroprotection is partly realized through 
attenuation of oxidative stress resulting from glutamate and glucose deprivation-
induced toxicity [126–129]. Besides, in vitro, in primary hippocampal cell cul-
tures, P4 might have protective effect against FeSO4 and amyloid β-peptide-induced 
toxicity [130, 131]. Clinical studies in extremely preterm infants demonstrated 
reduction of the risk for cerebral palsy, spasticity, and ametropia at 5 years neuro-
developmental follow-up due to postnatal E2 and P4 combined replacement ther-
apy [132]. Results of some studies employing combination of E2 and P4 are still 
controversial: though some studies have suggested that P4 does not affect the 
positive effects of E2 [128, 133, 134], others still argue that P4 might antagonize 
the positive effects of E2 [135–140].

As we know, the rat forebrain expresses high levels of progesterone receptors 
(PR) as early as E17–E18 in regions with important cognitive, motor, and visual 
functions; thus, the hippocampus has importance in establishment of early cortical 
circuitry. P4 neuroprotective effects are based on activation of inflammatory and 
oxidative mechanisms and the repair processes that usually follow the injury. As it 
was shown recently, the upregulation of nitric oxide synthase 2 (NOS-2), involved 
in production of nitric oxide free radicals, and pro-inflammatory IL-1β after isch-
emic events caused by MCAO is inhibited by progesterone treatment [141]. In 
adults after traumatic brain injury, P4 has an ability to reduce the proliferation of 
reactive astrocytes and inflammatory prostaglandin synthesis further leading to the 
reduction of edema and the blood-brain barrier leakage [122, 142]. P4 may induce 
a neuroprotective effect by upregulating expression of brain-derived neurotrophic 
factor (BDNF) or promoting increase of myelin basic protein expression (MBP) 

Table 4.3 S100B and glial fibrillary acidic protein (GFAP) expression in blood serum of the rat 
pups pretreated/treated with E4

E4 pretreatment E4 treatment
S100B (pg/ml) GFAP (pg/ml) S100B (pg/ml) GFAP (pg/ml)

Sham 344.6 ± 50.3a 407.0 ± 49.2 344.6 ± 50.3 407.6 ± 49.3
Vehicle 698.9 ± 57.3b 1003.9 ± 288.3d 1191.4 ± 211.2e 1762.3 ± 364.2f

1 mg/kg/day 560.2 ± 107.2 545.6 ± 85.4 665.7 ± 52.9 334.9 ± 23.9
5 mg/kg/day 395.0 ± 73.1 313.9 ± 36.8 628.3 ± 54.9 621.5 ± 90.7
10 mg/kg/day 715.7 ± 47.5c 630.4 ± 117.2 647.5 ± 41.3 479.1 ± 69.7
50 mg/kg/day 361.0 ± 32.9 300.4 ± 31.2 581.1 ± 73.5 460.0 ± 73.5

Significant differences were observed:
In E4-pretreated groups, S100B: asham vs. vehicle and 10 mg/kg/day E4, bvehicle vs. 50 mg/kg/
day E4, c10 mg/kg/day vs. 5 and 50 mg/kg/day E4. GFAP: dvehicle vs. sham and 50 mg/kg/day
In E4-treated groups, S100B: evehicle vs. sham, 1, 5, 10, and 50 mg/kg/day E4. GFAP: fvehicle vs. 
sham, 1, 5, 10, and 50 mg/kg/day E4
Reproduced from Experimental Neurology (Tskitishvili et al., 2014, 261:298–307)
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[143], upregulating the inhibitory transmitter GABAa, and reducing the apoptosis 
by downregulation of NFκB [144–146]. Taken together, P4 along with E2 plays a 
critical role in neuronal developmental processes not only in prenatal period but in 
adulthood as well [147, 148].

Before starting a new stage of our studies with E4 and other steroids, it was 
important to define the working concentrations of P4 and E2. First, primary hippo-
campal neuronal cell cultures were treated after induction of the oxidative stress by 
P4 and E2 solely at doses starting from 1 nM until up to 1 mM. A significant down-
regulation of the LDH activity was observed at P4 concentration of 1 mM and E2 
concentration of 100 nM (data not shown). Next we have performed treatment of 
primary hippocampal cell cultures after induction of oxidative stress with previ-
ously defined successful concentrations of E4 [116] which showed tremendous anti-
oxidative and cell proliferative effects (650 μM, 3.25 mM, and 6.5 mM) alone or in 
combination with 1 mM PROG and/or E2 100 nM [117]. LDH activity as a marker 
of oxidative stress was significantly downregulated in all cultures exposed to ste-
roids, especially in cultures exposed to different concentrations of E4 with E2 and 
P4 (Fig. 4.7a, b). Similar pattern of LDH activity was observed in cultures treated 
either by 6.5 mM E4 with E2 (Fig. 4.7a) or by different concentrations of E4 with 
P4 (Fig. 4.7b) compared to cultures treated by E4 alone [117]. The cell survival rate 
was significantly increased in cultures treated either by 6.5 mM E4 with/without E2 
(Fig. 4.7c) or by 6.5 mM E4 with/without P4 (Fig. 4.7d) or by high doses of E4 with 
E2 and P4 (Fig. 4.7c, d). Furthermore, cells exposed to 6.5 mM E4 with/without E2 
had significantly higher cell survival rate than the cultures treated by 650 μM E4 
with/without E2 (Fig. 4.7c), though the dose-dependent pattern was more promi-
nent when different concentrations of E4 were used with/without P4 (Fig. 4.7d). 
Cells treated by 6.5 mM E4 and P4 or treated by 6.5 mM E4 with E2 and P4 had 
significantly higher survival rate than the cells treated only by E4 (Fig.  4.7d) or 
those cells treated by 6.5 mM E4 with/without E2 (Fig. 4.7c) and by the lower doses 
of E4 combined with E2 and P4, respectively (Fig. 4.7c, d) [117].

Interesting observations were monitored in vivo. In neuroprotective model, when 
steroids were used before induction of brain injury, rectal temperature immediately 
after hypoxic-ischemic (HI) insult (at 0 h time point) was significantly increased only 
in animals from the vehicle group, whereas 2 h later the rectal temperature was sig-
nificantly decreased in groups pretreated by combination of 5 mg/kg/day E4 and 
1.6 mg/kg/day P4 with/without 136 ng/kg/day E2 (Fig. 4.8a) [117]. In therapeutic 
model, 2 h after HI insult, groups treated by combination of any dose of E4 with 
16 mg/kg/day P4 plus 136 ng/kg/day E2 had significantly decreased rectal tempera-
ture than the vehicle group or the groups treated by the same doses of E4 with 1.6 mg/
kg/day P4 and E2. Combination of 10 mg/kg/day E4 with 16 mg/kg/day P4 with or 
without 136 ng/kg/day E2 also 10 mg/kg/day E4 alone or combined with 1.6 mg/kg/
day P4 significantly downregulated the rectal temperature (Fig. 4.8b) [117]. At 4 h 
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Fig. 4.7 Effect of E4 alone or in combination with P4 and/or E2 on LDH activity and cell viability 
in primary hippocampal cell cultures subjected to the H2O2-induced oxidative stress. (a–d) Primary 
hippocampal neuronal cells were treated with 650 μM, 3.25 mM, and 6.5 mM of estetrol alone or 
in combination with 100 nM E2 and/or 1 mM P4 for 1 h after induction of oxidative stress by 
100 μM of H2O2 for 30 min. (a, b). LDH activity was significantly downregulated in all the study 
groups compared to the H2O2-treated group. The LDH activity level was significantly lower in 
cultures treated either with 6.5 mM E4 or 100 nM E2 (a) or in cultures treated by any dose of E4 
along with 1 mM P4 than in cultures treated by E4 alone (b) as well as in cultures combinedly 
treated by any dose of E4 along with 1 mM P4 and 100 nM E2 than in cultures treated by E4 alone 
(a, b). (c) Cell survival was significantly upregulated in cultures treated by 6.5 mM E4 with/with-
out 1 mM P4 or by 3.25 mM and 6.5 mM E4 with 100 nM E2 and 1 mM P4 in comparison with 
H2O2-treated cultures. Cells exposed to 6.5  mM E4 with/without 100  nM E2 had significantly 
higher cell survival rate than the cultures treated by 650 μM E4 with/without 100 nM E2. Cells 
combinedly treated by 6.5 mM E4 with 100 nM E2 and 1 mM P4 had significantly higher survival 
level than the cells treated by 6.5 mM E4 with/without 100 nM E2. (d) Cell survival was signifi-
cantly upregulated in cultures treated by 6.5 mM E4 with/without 1 mM P4 or by 3.25 mM and 
6.5 mM E4 with 100 nM E2 and 1 mM P4 than in H2O2-treated cultures. The dose-dependent pat-
tern was observed when 650 μM, 3.25 mM, and 6.5 mM E4 were used with/without 1 mM P4. (c, 
d) Cell cultures combinedly treated by 6.5 mM E4 with 100 nM E2 and 1 mM P4 had significantly 
higher survival level than the cells treated by 650 μM and 3.25 mM E4 in combination with 100 nM 
E2 and 1 mM P4. All measurements are expressed as mean ± SEM. *p ≤ 0.05. Reproduced from 
Oncotarget (Tskitishvili et al., 2016, 7(23):33722–43)

H 2
O 2

65
0 
µM

 E
4

65
0 
µM

 E
4+

10
0 

nM
 E

2

65
0 
µM

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

3.
25

 m
M

 E
4

3.
25

 m
M

 E
4+

10
0 

nM
 E

2

3.
25

 m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

P4
6.

5 
m

M
 E

4

6.
5 

m
M

 E
4+

10
0 

nM
 E

2

6.
5 

m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

0
0.5LD

H
 a

ct
iv

ity
 (

m
U

/m
l)

1
1.5

2
2.5

3
3.5

4
∗

∗ ∗ ∗ ∗

a

H 2
O 2

65
0 
µM

 E
4

65
0 
µM

 E
4+

1m
M

 P
4

65
0 
µM

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

3.
25

 m
M

 E
4

3.
25

 m
M

 E
4+

1 
m

M
 P

4

3.
25

 m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

P4
6.

5 
m

M
 E

4

6.
5 

m
M

 E
4+

1 
m

M
 P

4

6.
5 

m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

LD
H

 a
ct

iv
ity

 (
m

U
/m

l) ∗

∗ ∗ ∗ ∗ ∗ ∗

0
0.5

1
1.5

2
2.5

3
3.5

4

b
H 2

O 2
65

0 
µM

 E
4

65
0 
µM

 E
4+

10
0 

nM
 E

2

65
0 
µM

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

3.
25

 m
M

 E
4

3.
25

 m
M

 E
4+

10
0 

nM
 E

2

3.
25

 m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

P4
6.

5 
m

M
 E

4

6.
5 

m
M

 E
4+

10
0 

nM
 E

2

6.
5 

m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

A
rb

itr
ar

y 
un

its

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 ∗

∗
∗∗

c

H 2
O 2

65
0 
µM

 E
4

65
0 
µM

 E
4+

1 
m

M
 P

4

65
0 
µM

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

3.
25

 m
M

 E
4

3.
25

 m
M

 E
4+

1 
m

M
 P

4

3.
25

 m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

P4
6.

5 
m

M
 E

4

6.
5 

m
M

 E
4+

1 
m

M
 P

4

6.
5 

m
M

 E
4+

10
0 

nM
 E

2+
1 

m
M

 P
4

A
rb

itr
ar

y 
un

its

∗∗
∗

∗∗

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

d

4 Estetrol and Its Effects on the Damaged Brain

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tskitishvili E[Author]&cauthor=true&cauthor_uid=25079370


66

Fig. 4.8 Postoperative rectal temperature and body weight of rat pups. (a). In neuroprotective 
model, immediately after hypoxic-ischemic (HI) insult (at 0 h), the rectal temperature was signifi-
cantly increased only in the vehicle group than in the sham group, whereas 2 h later the rectal 
temperature was significantly decreased in pretreated by 5 mg/kg/day E4 and 1.6 mg/kg/day P4 
with/without 136 ng/kg/day E2 groups compared to the sham group. Four hours later no significant 
difference was observed among the study groups. (b) In therapeutic model, between the study 
groups immediately after HI insult, no significant differences were detected, whereas 2 h later 
groups treated by combination of 5 mg/kg/day or 10 mg/kg/day E4 with 16 mg/kg/day P4 plus 
136 ng/kg/day E2 had significantly decreased rectal temperature than the vehicle group or the 
groups treated by the same doses of E4 with 1.6 mg/kg/day P4 and E2. Moreover, combination of 
10 mg/kg/day E4 with 16 mg/kg/day P4 and 136 ng/kg/day E2 significantly downregulated the 
rectal temperature compared to the sham group or the group treated by 10  mg/kg/day E4 and 
16 mg/kg/day P4 (Fig. 4.2b). Also, the groups treated by 10 mg/kg/day E4 alone or combined with 
1.6 mg/kg/day P4 had significantly decreased rectal temperature compared to the group treated by 
10 mg/kg/day E4 with 1.6 mg/kg/day P4 and 136 ng/kg/day E2. At 4 h after HI event, animals 
treated by 5 mg/kg/day or 10 mg/kg/day E4 and 136 ng/kg/day E2 with/without 16 mg/kg/day P4 
had significantly decreased rectal temperature along with the sham group compared to animals 
treated by single doses of E4 (Fig. 4.2b). The same pattern was observed between groups treated 
by 10 mg/kg/day E4 with 1.6 mg/kg/day P4 and 136 ng/kg/day E2 and the group treated by E4 
alone. Treatment by 5 mg/kg/day E4 with 16 mg/kg/day P4 and 136 ng/kg/day E2 significantly 
decreased the rectal temperature than the treatment by the same combination of compounds with 
1.6  mg/kg/day P4 (Fig.  4.2b). All measurements are expressed as mean  ±  SEM. *p ≤  0.05. 
Reproduced from Oncotarget (Tskitishvili et al., 2016, 7(23):33722–43)
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after HI insult, animals treated by E4 and E2 with/without 1.6 mg/kg/day/16 mg/kg/
day P4 had significantly decreased rectal temperature compared to animals treated 
by single doses of E4 (Fig. 4.8b). Treatment by 5 mg/kg/day E4 with 16 mg/kg/day 
P4 and E2 significantly decreased the rectal temperature than the treatment by the 
same combination of compounds with 1.6 mg/kg/day P4 (Fig. 4.8b) [117].

As it is shown in Table 4.4, animals pretreated by a combination of 5 mg/kg/day 
E4 and 16 mg/kg/day P4 before experimental brain injury had significantly higher 
body weight than animals from the vehicle, sham, and combinedly pretreated by 
5 mg/kg/day E4 and E2 groups, and the brain-body weight ratio was significantly 
higher in groups pretreated by 5 mg/kg/day E4 and 136 ng/kg/day E2 in combina-
tion either with 1.6 or 16 mg/kg/day P4. In groups treated by steroids after experi-
mental brain damage, only animals from 10 mg/kg/day E4 group had significantly 
higher brain weight compared to the vehicles (Table  4.4) without affecting the 
brain-body weight ratio [117].

Histochemical studies of coronal sections from rat pups’ brains pretreated/treated by 
the vehicle showed obvious injury of the hippocampus at the left carotid artery occlusion 
(damaged) side which was extended to the cortex at the same side (Figs. 4.9 and 4.10A(b), 
B(b)). It was also interesting to observe the damage of the cortex of the left hemisphere 
in animals that were pretreated/treated by combination of E4 and E2 (Fig. 4.9) [117].
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Table 4.4 Body and brain weights of rat pups from study groups

Groups
Body weight (g)

Brain weight (g) pP7 P14
Pretreatment
Sham 12.04 ± 0.52 26.96 ± 0.73 1.20 ± 0.01
Vehicle 12.52 ± 0.41 27.86 ± 0.65 1.15 ± 0.01
5 mg/kg E4 15.03 ± 0.68 24.61 ± 1.19 1.18 ± 0.03
5 mg/kg E4 + 1.6 mg/kg P4 12.89 ± 0.46 26.63 ± 1.30 1.21 ± 0.03
5 mg/kg E4 + 1.6 mg/kg P4 + 136 ng/kg 
E2

11.93 ± 0.36 22.04 ± 0.66 1.19 ± 0.03

5 mg/kg E4 + 16 mg/kg P4 15.94 ± 0.29 25.58 ± 1.47 1.17 ± 0.02 a

5 mg/kg E4 + 16 mg/kg P4 + 136 ng/kg E2 14.27 ± 0.70 21.55 ± 0.68 1.16 ± 0.03
5 mg/kg E4 + 136 ng/kg E2 11.94 ± 0.59 23.91 ± 1.34 1.12 ± 0.03
10 mg/kg E4 13.35 ± 0.47 27.10 ± 0.83 1.19 ± 0.02
10 mg/kg E4 + 1.6 mg/kg P4 12.83 ± 0.66 25.57 ± 0.99 1.25 ± 0.01
10 mg/kg E4 + 1.6 mg/kg P4 + 136 ng/kg 
E2

13.59 ± 0.50 27.91 ± 1.18 1.23 ± 0.02

10 mg/kg E4 + 16 mg/kg P4 13.55 ± 0.34 26.46 ± 1.20 1.23 ± 0.03
10 mg/kg E4 + 16 mg/kg P4 + 136 ng/kg 
E2

13.15 ± 0.25 27.99 ± 1.03 1.24 ± 0.01

10 mg/kg E4 + 136 ng/kg E2 12.47 ± 0.52 25.69 ± 0.93 1.21 ± 0.03
Treatment
Sham 12.04 ± 0.52 26.96 ± 0.73 1.20 ± 0.01
Vehicle 13.43 ± 0.35 26.63 ± 0.71 1.17 ± 0.02
5 mg/kg E4 14.14 ± 0.62 28.21 ± 1.23 1.28 ± 0.01
5 mg/kg E4 + 1.6 mg/kg P4 14.08 ± 0.65 27.16 ± 0.66 1.23 ± 0.02
5 mg/kg E4 + 1.6 mg/kg P4 + 136 ng/kg 
E2

13.66 ± 0.43 25.67 ± 0.88 1.29 ± 0.01

5 mg/kg E4 + 16 mg/kg P4 13.51 ± 0.41 27.11 ± 1.18 1.26 ± 0.03
5 mg/kg E4 + 16 mg/kg P4 + 136 ng/kg E2 15.03 ± 0.49 28.13 ± 1.37 1.22 ± 0.03
5 mg/kg E4 + 136 ng/kg E2 13.93 ± 0.37 24.43 ± 2.07 1.15 ± 0.05
10 mg/kg E4 14.25 ± 0.59 30.82 ± 0.54 1.34 ± 0.01 b

10 mg/kg E4 + 1.6 mg/kg P4 13.83 ± 0.66 24.97 ± 0.89 1.20 ± 0.02
10 mg/kg E4 + 1.6 mg/kg P4 + 136 ng/kg 
E2

13.44 ± 0.47 25.48 ± 1.22 1.25 ± 0.02

10 mg/kg E4 + 16 mg/kg P4 13.93 ± 0.39 25.98 ± 0.74 1.32 ± 0.01
10 mg/kg E4 + 16 mg/kg P4 + 136 ng/kg 
E2

14.17 ± 0.51 32.41 ± 0.96 1.26 ± 0.02

10 mg/kg E4 + 136 ng/kg E2 15.04 ± 0.42 28.64 ± 2.76 1.22 ± 0.04

Significant differences were observed: abody weight at P7, 5 mg/kg/day E4 + 16 mg/kg/day P4 
group vs. sham, vehicle, and 5 mg/kg/day E4 + 136 ng/kg/day E2  in pretreated groups; bbrain 
weight, 10 mg/kg/day E4 vs. vehicle in treated groups
Reproduced from Oncotarget (Tskitishvili et al., 2016, 7(23):33722–43)
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Cell counting per visual field in pretreated groups showed (Table 4.5) that in the 
DG region there were significant differences between the study groups as follows: 
sham and the vehicle groups or groups pretreated by 5 mg/kg/day E4 and E2 with/
without 16 mg/kg/day P4 (Fig. 4.9a and 4.10A(c), (d), respectively) or by 10 mg/kg/
day E4 with E2 and 16 mg/kg/day P4 (Fig. 4.9a). In the same region of the hippo-
campus, significantly higher number of intact cells was observed in animals pre-
treated by 5 mg/kg/day E4 (Fig. 4.10A(c)) and 10 mg/kg/day E4 (Fig. 4.10A(f)) 
alone or in combination with 1.6 mg/kg/day P4 and/or E2, also in animals pretreated 
with 10 mg/kg/day E4 and 16 mg/kg/day P4 (Table 4.5), as well as between animals 
pretreated by 10  mg/kg/day E4 alone or in combination with E2 and/or any 

Sham

Hippocampusa bCortex Hippocampus Cortex

Vehicle

5 mg/kg/day E4

10 mg/kg/day E4

5 mg/kgE4+1.6 mg/kgP4

10 mg/kgE4+1.6 mg/kgP4

10 mg/kgE4+16 mg/kgP4

5 mg/kgE4+1.6 mg/kgP4+136 ng/kg E2

10 mg/kgE4+1.6 mg/kgP4+136 ng/kg E2

10 mg/kgE4+16 mg/kgP4+136 ng/kg E2

10 mg/kgE4+136 ng/kg E2

5 mg/kgE4+16 mg/kgP4+136 ng/kg E2

5 mg/kgE4+16 mg/kgP4

5 mg/kgE4+136 mg/kg E2

Fig. 4.9 Representative views of hematoxylin-eosin-stained brain coronal sections from rat pups 
pretreated/treated by E4 alone or in combination with P4 and/or E2. Paraffin-embedded brain 
samples were sliced into 5-μm-thick coronal sections at the hippocampus level. Sections were 
deparaffinized and rehydrated, and hematoxylin and eosin staining was performed. Brain coronal 
sections (scale bar, 2 mm) with hippocampus region (scale bar, 500 μm) and the cortex (scale bar, 
100  μm) from pretreated (a) and treated (b) study groups are presented. Reproduced from 
Oncotarget (Tskitishvili et al., 2016, 7(23):33722–43)
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concentration of P4, and the sham group (Table 4.5) [117]. In the SGZ the sham 
group had significantly higher intact cell counting than animals pretreated by 5 mg/
kg/day E4 with E2 (Figs. 4.9a and 4.10A(h)), whereas the number of intact cells 
was significantly upregulated in the groups pretreated by different doses of E4 alone 
or combined with 16 mg/kg/day P4. The same pattern of significant difference was 
observed in animals pretreated by 5 mg/kg/day E4 in combination with 16 mg/kg/
day P4 plus E2 and the vehicle group (Table 4.5) [117].

In treated groups (Figs. 4.9b and 4.10B), in the DG region, the number of intact 
cells was significantly different between the groups: vehicle and sham, also groups 
treated by combination of different doses of E4 either with any dose of P4 or E2. 
Intact cell number was significantly downregulated in animals combinedly treated 
by 10 mg/kg/day E4 and E2 (Fig. 4.10B(h)) compared to the sham group (Table 4.5). 
In the SGZ region, significant differences were observed between the vehicle group 
and the animals treated by different doses of E4 with 1.6 mg/kg/day P4 or E2, also 
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Fig. 4.10 Hematoxylin-eosin staining of the brain coronal sections from rat pups pretreated/
treated by E4 alone or in combination with P4 and/or E2. Brain coronal sections (scale bar, 2 mm) 
with hippocampus region (scale bar, 500 μm) and cortex (scale bar, 100 μm) from pretreated A and 
treated B study groups are shown: sham (a), vehicle (b), 5  mg/kg/dayE4 (c), 5  mg/kg/day 
E4 + 16 mg/kg/day P4 + 136 ng/kg/day E2 (d), 5 mg/kg/day E4 + 136 ng/kg/day E2 (e), 10 mg/kg/
day E4 (f), 10 mg/kg/day E4 + 16 mg/kg/day P4 (g), 10 mg/kg/day E4 + 136 ng/kg/day E2 (h). 
Reproduced from Oncotarget (Tskitishvili et al., Use of estetrol with other steroids for attenuation 
of neonatal hypoxic-ischemic brain injury: to combine or not to combine? Oncotarget. 2016, 
7(23):33722–43)
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the animals treated by 10 mg/kg/day E4 with E2 and different doses of P4 (Fig. 4.9b 
and Table 4.5). In the CA2/CA3 region, significant differences were observed only 
among animals from sham and the vehicle groups, whereas in the cortex, signifi-
cantly higher number of intact cells was detected except for the sham group in 
groups treated either by different doses of E4 in combination with 16 mg/kg/day P4 
or 10 mg/kg/day E4 alone (Fig. 4.10B) and the vehicle group (Table 4.5) [117].

By using the MAP staining, we have evaluated the gray matter loss in study 
groups. MAP-2 negatively stained areas corresponded to the damaged areas in the 
left hemisphere (the hippocampus and the cortex) (Fig. 4.9a, b) [117]. MAP-2 posi-
tively stained area ratio was significantly upregulated in animals pretreated by 
10  mg/kg/day E4 alone along with animals from sham group (Figs.  4.11a and 
4.12a), whereas after treatment with different combinations of steroids, MAP-2 
positive area ratio was significantly higher in groups treated by E4 alone or in com-
bination with 16  mg/kg/day P4 compared to the vehicle group (Figs.  4.11b and 
4.12b). The similar pattern showed animals combinedly treated by 5 mg/kg/day E4 
with 1.6 mg/kg/day P4 and E2. Treatment with 5 mg/kg/day E4 alone or either with 
1.6 mg/kg/P4 and E2 or 16 mg/kg/day P4 restored the MAP-2 positive area ratio 
almost to the sham level (Figs. 4.11b and 4.12b) [117].
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Fig. 4.11 Representative views of MAP-2-stained coronal brain sections from groups pretreated 
or treated with E4 alone or in combination with P4 and/or E2. From left to right are presented 
MAP-2-stained sections from pretreated (a) and treated (b) groups. In sections from the vehicle- 
pretreated/treated animals was observed an existence of MAP-2 negatively stained areas in the 
hippocampus and the cortex at the left, damaged side. Scale bar: 2  mm. Reproduced from 
Oncotarget (Tskitishvili et al., 2016, 7(23):33722–43)
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We have also studied the possible effect of combined use of E4 with other ste-
roids on neuro- and cerebro-angiogenesis by using specific markers DCX and 
VEGF, respectively, as previously (Fig. 4.13) [117]. In groups pretreated by differ-
ent combinations of steroids before experimental HI insult in the DG region, neuro-
genesis and angiogenesis were significantly upregulated in 5  mg/kg/day E4 and 
10 mg/kg/day E4 along with 1.6 mg/kg/day P4 and E2, respectively (Table 4.6); in 
the CA1 region, significant differences in DCX expression were observed between 
the sham and the vehicle groups, though VEGF expression was significantly 
increased in animals combinedly pretreated by 5 mg/kg/day E4 and 16 mg/kg/day 
P4 (Table 4.6); in the CA2/CA3 region, expressions of DCX and VEGF were sig-
nificantly different only between the sham and the vehicle groups, whereas in the 
cortex between the sham and 5  mg/kg/day E4 plus 16  mg/kg/day P4 groups 
(Table 4.6) [117]. Notably, pretreatment by combination of E4 and E2 did not show 
any positive result for neuro- and angiogenesis (Fig. 4.13) [117].

Treatment of animals after HI insult with different combinations of steroids 
resulted in significant upregulation of neurogenesis in the hippocampus in animals 

Fig. 4.12 MAP-2 staining of brain coronal sections from rat pups pretreated/treated by E4 alone 
or in combination with P4 and/or E2. For evaluation of gray matter loss, MAP-2 staining was 
performed. (a) Among pretreated groups the MAP-2 positively stained area ratio was significantly 
upregulated in animals pretreated by 10 mg/kg/day E4 alone than in the vehicles as well as in 
animals from sham group. (b) After treatment with different combinations of steroids, MAP-2- 
positive area ratio was significantly higher along with the sham group in groups treated by 5 or 
10 mg/kg/day E4 alone or in combination with 16 mg/kg/day P4 compared to the vehicle group. 
The similar pattern was observed in animals combinedly treated by 5 mg/kg/day E4 with 1.6 mg/
kg/day P4 and 136 ng/kg/day E2. Ten samples from each group were analyzed. The ratio of the 
MAP-2-positive area in sham-operated animals was considered as 1.0 by default. All measure-
ments are expressed as mean ± SEM. *p ≤ 0.05. Reproduced from Oncotarget (Tskitishvili et al., 
2016, 7(23):33722–43)
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treated by 5 mg/kg/day E4 alone or with 16 mg/kg/day P4 (Fig. 4.13). Also, sham 
group showed significantly higher number of DCX positively stained cells than the 
groups combinedly treated either by 5 mg/kg/day with 1.6 mg/kg/day P4 or 10 mg/
kg/day E4 with 16 mg/kg/day P4 and E2 as well as groups treated by E4 in combi-
nation with 1.6 mg/kg/day P4 and E2 (Table 4.6) [117]. In the same region, angio-
genesis was significantly upregulated in the sham-operated animals and in groups 
treated by 5 mg/kg/day E4 alone or in combination with 16 mg/kg/day P4; in the 
CA1 region, neurogenesis was significantly upregulated along with the sham group 
in animals treated by 5 mg/kg/day E4 along with E2 than in the vehicles, whereas 
angiogenesis was significantly upregulated in sham group and in animals treated by 
10 mg/kg/day E4 with 1.6 mg/kg/day P4 (Table 4.6) [117]; In the CA2/CA3 region 
expressions of DCX and VEGF were significantly different between sham and the 
vehicle groups. In the CA2/CA3 region significant differences in DCX expression 
was detected between sham group, the animals treated by 10mg/kg/d E4 with 
1.6mg/kg/d P4 and the vehicles as well as between sham group, the animals treated 
by 5mg/kg/d E4 with 16mg/kg/d P4 and the group treated by 5mg/kg/d E4 alone 
(Table 4.6); in the same region, VEGF was significantly more expressed in sham 
group than in the vehicles; in the cortex neuro- and angiogenesis were significantly 
more upregulated only in sham group compared to the vehicle group (Table 4.6); in 
general, combination of E4 with E2 resulted in low DCX and VEGF expression 
levels in the cortex (Fig. 4.13) [117].

The next step was evaluation of brain damage marker (GFAP) as it was discussed 
previously [117]. Combined pretreatment by 5  mg/kg/day E4 with P4 and E2 
resulted in significant downregulation of GFAP expression compared to the vehicle 
group (Table 4.7). Different patterns of GFAP expression were observed in different 
groups. Significant downregulation of GFAP concentration was also observed in 
animals pretreated either by 5 mg/kg/day E4 alone or in combination with different 
doses of P4 and E2 or combined with 16 mg/kg/day P4 and in sham group than in 
animals pretreated by 5  mg/kg/day E4 and E2 (Table  4.7), also between groups 
pretreated by 10 mg/kg/day E4 alone or in combination with different doses of P4 
and E2 or with 16 mg/kg/day P4 than in animals pretreated by 10 mg/kg/day E4 and 
E2 (Table 4.7) [117]. Treatment by E4 with P4 and/or E2 resulted in significant 
decrease of GFAP protein concentration in 10 mg/kg/day E4 along with the sham 
groups compared to animals treated by combination of 10 mg/kg/day E4 and E2 
(Table  4.7). In vivo, in pretreated/treated groups, the combination of E4 and E2 
showed significantly higher levels of GFAP, suggesting a negative cooperativity of 
these steroids upon cell survival (Table 4.7) [118].

After taking into account all the observations and experimental results, we have 
defined that combined use of E4 with other steroids has no benefit over the single 
use of E4 [117].
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4.4.3  How E4 Is Realizing Its Neuroprotective Effects?

Recent studies in different cells and tissues showed that E4 acts as a selective estro-
gen receptor modulator (SERM) by activating the nuclear ERα, inhibiting its mem-
brane form and blocking the membrane initiated steroid signaling by E2 [149]. E4 
may have a synergistic role with E2 (through activation of nuclear ERα) or an 

Table 4.7 Glial fibrillary acidic protein (GFAP) expression in blood serum (pg/ml) of the com-
binedly pretreated/treated rat pups

Group

Combined pretreatment Combined treatment

pg/ml
N of 
samples pg/ml

N of 
samples

Sham 2393.40 ± 1454.429a 8 2393.40 ± 1454.43e 8
Vehicle 23,915.91 ± 3158.84b 10 28,901.155 ± 4480.30 11
5 mg/kg E4 6220.49 ± 1763.17 11 6380.10 ± 4062.591 10
5 mg/kg E4 + 1.6 mg/
kg P4

12,548.31 ± 2280.50 10 8146.34 ± 3596.07 10

5 mg/kg E4 + 1.6 mg/
kg P4 + 136 ng/kg E2

1011.42 ± 55.32 13 19,226.69 ± 2559.70 10

5 mg/kg E4 + 16 mg/
kg P4

5113.67 ± 1733.57 10 25,919.72 ± 4487.50 10

5 mg/kg E4 + 16 mg/
kg P4 + 136 ng/kg E2

737.01 ± 69.82 11 17,476.73 ± 2643.53 10

5 mg/kg E4 + 136 ng/
kg E2

28,442.46 ± 3457.11c 11 32,354.42 ± 5946.66 10

10 mg/kg E4 12,413.45 ± 2243.05 12 10,806.52 ± 1915.19f 10
10 mg/kg 
E4 + 1.6 mg/kg P4

27,225.88 ± 8442.88 7 18,796.20 ± 4279.45 10

10 mg/kg 
E4 + 1.6 mg/kg 
P4 + 136 ng/kg E2

9672.46 ± 2461.11 12 20,470.58 ± 1468.47 14

10 mg/kg E4 + 16 mg/
kg P4

12,037.18 ± 3726.66 12 15,974.26 ± 2111.42 11

10 mg/kg E4 + 16 mg/
kg P4 + 136 ng/kg E2

11,202.39 ± 2765.16 11 22,202.18 ± 2624.61 11

10 mg/kg 
E4 + 136 ng/kg E2

32,898.22 ± 3437.25d 11 26,660.81 ± 4870.81 10

Significant differences were observed:
In pretreated groups: asham vs. vehicle, 10  mg/kg/day E4  +  136  ng/kg/day E2, 10  mg/kg/day 
E4 + 1.6 mg/kg/day P4; bvehicle vs. 5 mg/kg/day E4 + 1.6 mg/kg/day P4 + 136 ng/kg/day E2, 
5 mg/kg/day E4 + 16 mg/kg/day P4 + 136 ng/kg/day E2; c5 mg/kg/day E4 + 136 ng/kg/day E2 vs. 
sham, 5 mg/kg/day E4, 5 mg/kg/day E4 + 1.6 mg/kg/day P4 + 136 ng/kg/day E2, 5 mg/kg/day 
E4 + 16 mg/kg/day P4, 5 mg/kg/day E4 + 16 mg/kg/day P4 + 136 ng/kg/day E2; d10 mg/kg/day 
E4 + 136 ng/kg/day vs. sham, 10 mg/kg/day E4, 10 mg/kg/day E4 + 1.6 mg/kg/day P4 + 136 ng/
kg/day E2, 10 mg/kg/day E4 + 16 mg/kg/day P4, 10 mg/kg/day E4 + 16 mg/kg/day P4 + 136 ng/
kg/day E2
In treated groups: esham vs. vehicle, 5  mg/kg/day E4  +  136  ng/kg/day E2, 10  mg/kg/day 
E4 + 136 ng/kg/day E2; f10 mg/kg/day E4 vs. 10 mg/kg/day E4 + 136 ng/kg/day E2
Reproduced from Oncotarget (Tskitishvili et al., 2016, 7(23):33722–43)
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antiestrogenic effect by blocking membrane ERα and its activation by E2 depend-
ing on the respective role of nuclear and membrane forms of ERα in target organs. 
Thus, E4 has biological activities distinct from E2, depending on the tissues and 
cells and the selective binding to the nuclear/membrane form of ERα [149]. In 
general, palmitoylation regulates 17β-estradiol-induced ERα degradation and tran-
scriptional activity [150] and may explain the ability of ERα to associate to plasma 
membrane making possible E2-dependent rapid functions [151], and the same 
might be plausible for E4-dependent rapid functions. Recent studies also have 
shown that ERβ expression in oligodendrocytes is important for the attenuation of 
clinical disease by an ERβ ligand, like that pointing an importance of this receptor 
in myelination [152].

As far we were going in our research as meticulously, we were trying to identify 
the exact mechanism of E4-dependent neuroprotective actions. Recent studies 
showed that, in general, the neuroprotective actions of estrogens among other fac-
tors also depend on their strong antioxidant properties. All estrogens have a pheno-
lic moiety in their structure, the free phenolic OH group, which has been considered 
the quintessential feature in conferring protection against oxidative stress [153]. E4 
has the highest number (four) of free phenolic hydroxyl groups in its structure, thus 
pointing out the possibility to have stronger antioxidant properties than other estro-
gens. Thus, one more explanation for E4 neuroprotective effect might be attributed 
to its strong antioxidant effect as well, which is demonstrated by our previous stud-
ies [116, 117], but it is not enough to explain the full spectrum of impressive results 
of action of E4 in the CNS.

For in vitro studies, we have used one of the most successful concentrations of 
E4 (3.25 mM) already defined from our previous research [116] alone or in combi-
nation with different estrogen receptor inhibitors and/or palmitoylation inhibitor 
after induction of oxidative stress in primary hippocampal neuronal cell cultures. 
The antioxidative activity of E4 and the expression of LDH were completely blocked 
only by concomitant treatment of cells with E4, MPP (inhibitor of ERα), and 
PHTTP (inhibitor of ERβ) (Fig. 4.14a, b) [118]. Inhibition of palmitoylation alone 
with 2-BR or in combination with MPP significantly decreased LDH activity, sug-
gesting that the combined blockage of ERα and palmitoylation is not sufficient to 
inhibit the E4-dependent effects (Fig.  4.14c), whereas combination of E4 with 
2-BR, MPP, and PHTTP completely blocked the antioxidative effects of E4 once 
again suggesting the role of both receptors, ERα and ERβ (Fig. 4.14c). Inhibition of 
GPR30 receptor did not block the E4 actions (Fig. 4.14d) [118].

Cell survival rate was significantly downregulated only by inhibition of ERβ alone 
(Fig. 4.15b). All cells treated either by E4 alone or in combination with different com-
binations of 2-BR, MPP, and PHTTP had significantly higher cell survival rate, and 
inhibition of palmitoylation along with inhibition of ERα activity resulted in a signifi-
cantly higher cell survival rate suggesting that ERα (probably membrane form of the 
receptor) does not affect the E4-dependent cell survival/proliferation actions 
(Fig. 4.15c). Inhibition of GPER did not affect the cell survival rate (Fig. 4.15d) [118].

As we have already discussed earlier, the expression of ERα and ERβ displays 
different spatial-temporal patterns during human cortical and hippocampal 
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Fig. 4.14 Effect of E4 in combination with different receptor inhibitors on LDH activity in primary 
hippocampal neuronal cultures subjected to the H2O2-induced oxidative stress. Primary hippocam-
pal cell cultures were exposed to 3.25 mM E4 alone or in combination with MPP, PHTTP, G15, and/
or 2-BR after induction of oxidative stress. (a) LDH activity was significantly decreased by treat-
ment with E4 alone or in combination with ERα inhibitor MPP compared to the H2O2- treated cell 
cultures or cultures combinedly treated by E4 + MPP + PHTTP. Combined use of MPP and PHTTP 
significantly increased the LDH activity compared to the cells treated by E4 alone or in combination 
with MPP. (b) LDH activity was significantly decreased by treatment with E4 alone or in combina-
tion with ERβ inhibitor PHTTP compared to the H2O2-treated cell cultures or cultures combinedly 
treated by E4 + MPP + PHTTP. Combined use of MPP and PHTTP significantly increased the LDH 
compared to the cell cultures treated by E4 alone or in combination with PHTTP. (c) Inhibition of 
palmitoylation alone or in combination with MPP significantly downregulated LDH activity com-
pared to the H2O2-treated cells or to those treated by E4 alone. Combination of E4 with 2-BR, MPP, 
and PHTTP significantly upregulated LDH activity compared to the cell cultures treated by E4 or 
2-BR alone or in combination with MPP. (d) Cell cultures treated by E4 alone or in combination 
with GPR30 inhibitor G15 had significantly lower LDH activity compared to the cultures treated by 
H2O2 alone. No significant difference was observed between the cells treated by E4 alone or in 
combination with G15. Reproduced from J Endocrinol (Tskitishvili et al., 2017, 232(1):85–95)
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development, and knowledge of the region-specific expression of each ER subtype 
is critical to better understand the actions of estrogens on the human brain [3]. Even 
though, the genomic effects of ERs are mostly studied, we have to pay attention to 
the rapid cellular signaling (non-genomic) effects that are thought to be mediated 
primarily by membrane-associated forms of these receptors [154]. These 
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Fig. 4.15 Effect of E4 in combination with different receptor inhibitors on cell survival in primary 
hippocampal neuronal cultures subjected to the H2O2-induced oxidative stress. Primary hippocam-
pal cell cultures were exposed to 3.25 mM E4 alone or in combination with MPP, PHTTP, G15, 
and/or 2-BR after induction of oxidative stress. (a) Cell survival rate was significantly upregulated 
in cells treated by E4 alone or in combination either with MPP or MPP + PHTTP compared to cells 
solely treated by H2O2. (b) Cultures treated either by E4 alone or with PHTTP with/without MPP 
had significantly upregulated cell survival rate compared to cells treated by H2O2 alone. Cells 
combinedly treated by E4 with PHTTP had significantly lower cell survival rate than the cell cul-
tures treated by E4 alone. (c) Cells treated either by E4 alone or in combination with 2-BR, MPP, 
and/or PHTTP had significantly higher cell survival rate compared to the cells solely treated by 
H2O2. Treatment of cultures by E4 and 2-BR along with MPP resulted in significant upregulation 
of cell survival compared to the cultures treated by 2-BR alone or in combination with MPP and 
PHTTP. No significant difference was observed between the cells treated by E4 alone or those 
treated by different combinations of E4, 2-BR, MPP, and/or PHTTP. (d) Treatment of cell cultures 
by E4 alone or in combination with G15 significantly upregulated the cell survival rate compared 
to cell cultures treated by H2O2. No significant difference was observed between cells treated by 
E4 alone or in combination with G15. Reproduced from J Endocrinol (Tskitishvili et al., 2017, 
232(1):85–95)
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non- genomic signaling events are dependent to the estrogen-binding sites on intra-
cellular membranes, whereas some reports suggest that palmitoylation or phosphor-
ylation [150] may target classical ERs to the cytoplasmic side of the plasma 
membrane. In general, palmitoylation is necessary for ERα transcriptional activity, 
and inhibition of ERα palmitoylation constitutively addresses ERα to the nuclear 
matrix resulting in the basal degradation of the neo-synthesized ERα [155], though 
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we did not observe any significant effect of palmitoylation inhibition on cell sur-
vival/proliferation [118].

It was already defined that the potential role of ERβ expression in cells of oligo-
dendrocyte (OL) lineage in ERβ ligand-mediated neuroprotection is important, and 
it results in the upregulation of myelination [152]. Also, neuroprotection might be 
mediated through ERα in astrocytes exclusively [156]. Our studies prove that the 
E4-mediated activities in the CNS are realized through ERα and ERβ, like that 
enlightening the important role of E4 as a selective estrogen receptor modulator 
(SERM) with neurosteroid actions.

4.5  Conclusion

Summarizing our findings we can admit that for the first time we proved impressive 
antioxidative, neuroprotective, promyelinating, and neuro-, and angiogenesis effects 
of estetrol in the CNS by employing in vitro and in vivo studies. We believe that our 
investigation will open new horizons for the development of new perinatal treatment 
strategies not only for HIE but for periventricular leukomalacia (PVL) as well. Our 
research could also contribute to a better understanding of the pathophysiology and 
treatment of other neurological diseases such as Alzheimer’s and Parkinson’s dis-
eases, traumatic brain injury, and multiple sclerosis.
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5Adrenal Androgens Impact 
on Neurosteroids

Marta Caretto, Andrea Giannini, Tommaso Simoncini, 
and Andrea R. Genazzani

5.1  Androgens and Aging

The human adrenal produces a variety of 19 carbon (C19) steroids, such as dehydro-
epiandrosterone (DHEA), DHEA sulfate (DHEAS), androstenedione (A4), andro-
stenediol, and 11β-hydroxyandrostenedione (11OHA). These steroids have an 
androgenic activity, but they provide a pool of circulating precursor for peripheral 
conversion to more potent androgens (e.g., testosterone, T) and estrogens (e.g., 
estradiol). The adrenal gland contributes ~1% to the total circulating T in males and 
up to 30–50% in females, and roughly half of circulating A4 is of adrenal origin; 
conversely, DHEA and DHEAS derive predominantly from the adrenal. In addition, 
synthesis of 11OHA and 11β-hydroxytestosterone (11OHT) requires the adrenal 
specific enzyme 11β-hydroxylase (CYP11B1). Thus, because these steroids are 
mainly derived from the adrenal, DHEA, DHEAS, 11OHA, and 11OHT are com-
monly referred to as “adrenal androgens” [1].

Protective steroid hormones such as DHEA decrease with aging. DHEA, and 
particularly its sulfated derivative, DHEAS, are the most abundant circulating 
steroid hormones. The plasma concentrations of DHEA and DHEAS progres-
sively decline with age, suggesting that they may be implicated in the aging pro-
cess and perhaps in cardiovascular aging and in the development of a series of 
diseases associated with aging. Several epidemiological studies have shown an 
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inverse correlation between DHEA/DHEAS plasma concentrations and mortality, 
particularly mortality due to cardiovascular disease. The adrenal gland is the sec-
ond endocrine system whose function declines and that demonstrates an age-
related change. Some evidence suggests that DHEAS has a neuromodulatory 
effect, which might serve to protect certain parts of the prepubertal brain that are 
more active metabolically [2]. Another theory is that adrenarche supports an evo-
lutionary role of “juvenility,” which might have helped human ancestors adapt 
their body composition to environmental factors during the transition to adult-
hood. After reaching the intraindividual maximum levels during the third decade 
of life, DHEAS steadily decline down to 10–20% of its maximum level by around 
the age of 70 years [3]. This decline has been termed adrenopause, in spite of the 
fact that cortisol secretion does not significantly change with age. There is a clear 
sex difference in DHEAS levels with lower concentrations in women compared 
with men [4]. Adrenopause is independent of menopause and occurs in both sexes 
as a gradual process at similar age.

5.2  Dehydroepiandrosterone: A Neuroactive Steroid

In the early 1980s, Baulieu’ s initial observation was based on experiments measur-
ing DHEA levels in the CNS. It was found that DHEA levels were higher in the 
CNS than in serum and remained high even after adrenalectomy [5]. Subsequently, 
experiments documented that the brain was responsible for synthesizing DHEA. This 
type of steroid was termed “neurosteroid” to differentiate it from steroids produced 
in the periphery. The major steroids that met the criteria of a neurosteroid included 
DHEA and pregnenolone, their sulfated derivatives DHEA sulfate (DHEAS) and 
pregnenolone sulfate, and progesterone, deoxycorticosterone, and their 5 α-reduced 
metabolites (mainly allopregnanolone, ALLO). In general, they mediate their 
actions, not through classic steroid hormone nuclear receptors but through ion-gated 
neurotransmitter receptors. Neurosteroid levels are modified by neurodegenerative 
conditions (i.e., Alzheimer’s and Parkinson’s diseases, multiple sclerosis) or in 
other mental diseases (i.e., depression, schizophrenia) or brain trauma diseases and 
may have an important role in physiological conditions, as the re/organization of 
gray and white matter during human intrauterine life, puberty, and adolescence or as 
a consequence of emotional/cognitive responses.

DHEA has important effects on brain function: this hormone could be consid-
ered neuroactive and due to its formation in the brain even designated as a true 
neurosteroid. In fact there is interest in the therapeutic use of DHEA associated 
with its function as a neurosteroid [6]. In humans, cross-sectional and longitudi-
nal studies have shown that DHEA might be associated with global measures of 
well-being and functioning, but positive effects on measures of memory and atten-
tion have not been unequivocally found. Studies investigating DHEA and DHEAS 
levels in patients with dementia have produced controversial results. Short-term 
experimental studies have not shown significant improvements in global measures 
of health and functioning in healthy subjects but have revealed preliminary evidence 
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for mood-enhancing and antidepressant effects of DHEA. Moffat et al. [7] deter-
mined endogenous levels of DHEAS and related them to quantified cognitive status. 
Although both DHEAS and cognitive performance declined with age, it seems that 
a causal relationship is not likely. DHEA modulates endothelial function, reduces 
inflammation, and improves insulin sensitivity, blood flow, cellular immunity, body 
composition, bone metabolism, sexual function, and physical strength in frailty, 
as well as provides neuroprotection, improved cognitive function, and memory 
enhancement. Biological activities of DHEA and DHEAS include neuroprotection, 
effects on neurite growth, neuro-neogenesis and neural survival, protection against 
apoptosis, and antagonistic effects on oxidants and glucocorticoids [8].

There has been great interest in following the levels of DHEAS and their changes 
in people suffering from psychological and neuropsychological disorders. In gen-
eral, levels of DHEAS are correlated with indicators of mood, memory, and other 
mental abilities. Particular attention has been given to changes in DHEAS levels in 
relation to success in treatment with antidepressants, anti-anxiolytics, and drugs for 
lowering stress. DHEAS levels have been followed in patients with panic disorders, 
the drug addicted, anorexics, schizophrenics, and many other patients and compared 
to levels in healthy people of the same age and sex. Many studies have focused on 
patients with defects in memory and other mental functions, particularly in those 
with dementia including Alzheimer’s disease [9].

5.3  DHEAS Levels and Cognitive Function

Davis et al. [10] provide the first evidence that cognitively intact women with higher 
circulating levels of DHEAS exhibit better performance on testing of executive 
function (FAS test) and that circulating DHEAS is significantly positively associ-
ated with higher scores for tests of simple concentration (DSF) and working mem-
ory (DSB) in women with at least 12  years of education. There isn’t a relation 
between circulating DHEAS levels and performance on tests of verbal and nonver-
bal learning and retention or focused attention. The other findings of interest include 
the favorable independent associations between living with other people, doing 
crossword puzzles, playing a musical instrument, and cognitive performance.

Cognitive function in elderly women is influenced by a number of other health 
variables including diabetes, hypertension, and smoking, and longitudinal studies 
have reported associations between these factors and progression to dementia in 
elderly individuals [11]. Less is known of the determinants of cognitive function in 
younger women in the community, well before the onset of cognitive decline. 
Possible explanations for the correlation between higher endogenous DHEAS levels 
and executive function, concentration, and working memory include direct actions of 
DHEA/DHEAS via a putative DHEA receptor, via the androgen receptor, or as 
neurosteroids and endogenous ligands for σ-1 receptors and/or DHEAS being a 
marker of overall potential for tissue intracrine androgen and estrogen production in 
women but not the actual mediator of the effect. DHEAS may be simply a marker of 
general good health [10]?
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5.4  DHEA and Sexual Function

Sexual dysfunction, primarily low libido, is common among women, with preva-
lences of 8–50% previously reported. The prevalence appears to increase with age 
from the third decade [12] as well as after oophorectomy. Although multiple psycho-
social and health factors contribute to low sexual desire and arousal, it has been 
proposed that endogenous androgen levels are significant independent determinants 
of sexual behavior in women. Most studies support a therapeutic benefit of testoster-
one for women experiencing hypoactive sexual desire disorder. Davis et al. [13] pro-
posed a community-based, cross-sectional study of 1021 women aged 18–75 years, 
to investigate whether women with low self-reported sexual desire and sexual satis-
faction [using the validated Profile of Female Sexual Function (PFSF) [14]] were 
more likely to have low serum androgen levels than women without self- reported 
low sexual desire and sexual satisfaction. The PFSF, although validated, had not 
previously been applied to a large population of women. They observed significant 
associations between low sexual desire, arousal, and responsiveness in younger 
women and low responsiveness in older women and low serum DHEAS level relative 
to age: DHEAS, not free testosterone, seems to be the hormone associated with low 
self-reported sexual function. This is most likely due to differing circulating levels of 
these steroids and the complexity of androgen metabolism. DHEA is the most abun-
dant sex steroid in women, and circulating DHEA and its sulfate, DHEAS, provide a 
large precursor reservoir for the intracellular production of both estrogens and andro-
gens [15]. DHEA and DHEAS are converted in extragonadal target tissues, such as 
the brain, bone, and adipose, either to androstenedione or testosterone that may then 
be aromatized to estrone or estradiol or converted by 5-αreductase to dihydrotestos-
terone in the same cells. Thus androgenic effects vary according to individual varia-
tions in the amount and activity of the enzymes 5-αreductase and aromatase and 
individual differences in the androgen-receptor response. They concluded that the 
measurement of testosterone is not useful for the diagnosis of the proposed female 
androgen insufficiency syndrome and the measurement of DHEAS didn’t have a 
diagnostically useful role. This is because despite the increased likelihood that 
women with low sexual function have a low DHEAS level, the majority of women 
with a low DHEAS level did not report low sexual function [13].

5.5  DHEA Therapy in Postmenopausal Women: Treatment 
with a Neurosteroid?

Over the past 15 years, hormone preparations of DHEA have been available over the 
counter and have been sold as the “fountain of youth.” This has raised concerns 
about the real clinical efficacy and the possible effects of such uncontrolled and 
widespread hormone self-administration and the lack of quality control in this 
increasingly financially rewarding business. However, available clinical studies dif-
fer in dose and treatment time, the age of women, and the measured function, and 
some authors state that there is little convincing data to support the use of oral 
DHEA in healthy postmenopausal women to improve condition evidenced by the 

M. Caretto et al.



97

aging process, such as reduced sexual function and reduced well-being [16]. The 
controversial findings from studies investigate the correlation of endogenous 
DHEAS levels, the aging process, or organ illness versus results coming from stud-
ies focusing on the effects of exogenous DHEAS administration on brain function, 
sexuality or cardiovascular health, and metabolic syndrome. This is also a growing 
evidence that low DHEAS levels, the most abundant sex steroids in plasma in 
humans, are negatively correlated with domains of sexual function in pre- and post-
menopausal women. Nonetheless, a DHEAS cutoff level for defining androgen defi-
ciency syndrome has not been established. Higher endogenous DHEAS levels are 
independently and favorably associated with several measures of cognitive function 
and well-being. As a consequence, DHEA replacement may seem an attractive 
treatment opportunity. Despite DHEA preparations being available in the market 
since the 1990s, there are very few definitive reports on the biological functions of 
this steroid, and mechanism of action of DHEA is unclear. Oral supplementation of 
DHEA in postmenopausal women results in the formation of significant amounts of 
17 β-estradiol and estrone, accompanied by increases in androstenedione, testoster-
one, and dihydrotestosterone. This, plus the evidence that DHEA can also be con-
verted into estrogens and other androgens within cells, supports the view that many 
actions of this steroid are indirect and mediated via estrogen and/or androgen recep-
tors. However, the rate of DHEA metabolism into estrogen/testosterone in different 
tissues, the presence of enzyme regulators, and the effect of the aging process on the 
intracrinology of DHEA, all require additional investigation. Indeed, DHEA admin-
istration in both early and late postmenopausal women directly affects the age-
related changes in adrenal enzymatic pathways and steroid synthesis including 
DHEA and progesterone [17, 18]. Although there is still debate on DHEA receptors, 
the evidence suggests that DHEA is not just a pre- hormone of the adrenals, but 
rather a hormone in its own right, and that it modulates a series of biological pro-
cesses, with a remarkable tropism for the CNS. DHEA is a neurosteroid that acts as 
a modulator of neurotransmitter receptors, such as GABA-A, N-methyl-d-aspartate, 
and sigma-1 receptors. In vitro and in vivo documented effects involve neuroprotec-
tion, neurite growth, neurogenesis and neuronal survival, apoptosis, catecholamine 
synthesis and secretion, as well as antioxidant, anti-inflammatory, and anti-gluco-
corticoid effects. Clinically, the spectrum of women who would benefit from DHEA 
therapy is not clearly defined and nor is the dosage of hormone treatment. Moreover 
DHEA supplementation in postmenopausal women (6–12 months) is effective in 
stimulating the synthesis of neuroactive steroids, in particular ALLO, a 3α-5α-
reduced metabolite of progesterone, and some neuropeptides such as β-endorphin, 
which are crucial in the modulation of mood, memory, and feeling of well-being, 
during reproductive aging. Whether DHEA therapy could be prescribed as a general 
antiaging therapy or could be an alternative treatment for women suffering from 
androgen deficiency syndrome remains uncertain across studies. In particular, 
among symptomatic women, the spectrum of DHEA-responsive symptoms requires 
further investigation, to define the type of sexual symptoms (e.g., decreased sexual 
function or hypoactive sexual desire disorder) and the degree of mood/cognitive 
symptoms that could be responsive to hormonal treatment. Similarly, the criteria for 
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the choice of starting dosage of DHEA to be prescribed in postmenopausal women 
need further investigation: the extent of symptoms, baseline DHEAS plasma levels, 
concomitant estrogen therapy, or the combination of all the previous should be 
considered.

Several studies had previously demonstrated that 1-year treatment [18, 19], using 
administration of 10 mg DHEA daily in symptomatic postmenopausal women with 
lower (5th percentile) baseline DHEAS levels, improved climacteric and sexual 
symptoms and directly reversed some age-related changes in adrenal enzymatic 
pathways, including adrenal DHEA and progesterone synthesis. In addition, before 
drawing definitive conclusions on DHEA replacement therapy, further aspects need 
to be better investigated, such as the genetics of DHEA intracrinology and adrenal 
aging as well their relation with climacteric symptoms [20].

Another emerging hormonal therapeutic option for menopausal symptoms is a com-
bination of oral prasterone (DHEA) and acolbifene. Acolbifene is a SERM reported 
to have ER antagonist activity in the breast and uterus but estrogen agonist effects on 
bone. The rationale for combining DHEA with acolbifene is to potentially derive a 
product that combines the benefits of both components. For example, benefits with 
regard to prevention of osteoporosis may be additive given DHEA’s anabolic effects 
(i.e., stimulation of bone formation) and acolbifene’s ability to reduce bone loss.

A phase III multicenter Canadian trial of DHEA/acolbifene in postmenopausal 
women with moderate-to-severe hot flushes has been completed, but data have not 
yet been reported. The primary end points of this study were changed from baseline 
to week 12 in frequency and severity of moderate-to-severe hot flushes. Secondary 
end points consisted of change from baseline to week 12 in vulvovaginal atrophy 
(i.e., superficial/parabasal cell counts, pH, atrophy symptoms), as well as sexual 
function and quality of life (based on questionnaires). Safety/tolerability is also a 
secondary end point.

Use of DHEA to treat sexual function in postmenopausal women remains con-
troversial due to conflicting results from randomized trials, many of which were 
small or had other methodologic limitations. Data from initial studies of acolbifene/
DHEA are still awaited [21].

All these findings may have far-reaching implications in the debate about the role 
of DHEAS in the female aging process and might reconcile discordant findings 
from basic science and clinical studies. The new clinical trials, specifically planned 
on the biology of symptomatic postmenopausal women and designed for the trans-
lation of basic science into clinical practice, are now a required step to move for-
ward in the scientific debate on DHEA [22].

5.6  Conclusion

DHEA demonstrates anabolic properties, whereas DHEAS demonstrates neuropro-
tective and neuroexcitatory as well as antidepressive and memory-enhancing proper-
ties in humans. The biology of the effects of DHEA use on the brain in postmenopausal 
women is still controversial, although there is need to move forward concerning the 
lack of evidence for the translation of basic science into clinical practice.
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6Do Menopausal Symptoms Account 
for the Declines in Cognitive Function 
During the Menopausal Transition?

Pauline M. Maki and Miriam T. Weber

6.1  Overview of Cognitive Changes at Menopause

Cognitive complaints are frequent in midlife women and increase across the meno-
pausal transition. For example, in a study of US women aged 40–55 years, about 30% 
of premenopausal women endorse “forgetfulness” compared to 40% of perimeno-
pausal and postmenopausal women [1]. Forgetfulness was the third most frequent 
symptom endorsed by women in this age range, after neck pain and hot flashes. For 
perimenopausal women, memory complaints were the second most frequent symp-
tom, after neck pain. Midlife women in Europe and the Middle East show a similar 
frequency of memory complaints [2]. Cognitive complaints by midlife women are 
validated in studies showing a significant relationship between the severity of cogni-
tive complaints and the level of performance on neuropsychological tests, particularly 
in the domains of episodic memory, working memory, and attention [3, 4].

Cognitive symptoms are not typically considered to be a primary symptom of the 
menopause. Like psychological symptoms (i.e., depression and anxiety), cognitive 
symptoms were designated by an expert consensus panel from the National Institute 
of Aging in 2005 as “symptoms sometimes associated with menopause [5].” Hot 
flashes and vaginal dryness/dyspareunia were designated as “classic symptoms of 
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mailto:pmaki@psych.uic.edu
mailto:Miriam_Weber@URMC.Rochester.edu


102

the menopause.” The secondary status of cognitive symptoms was reflected in the 
view that cognitive and psychological problems emerged secondary to hot flashes 
and as a consequence of sleep disturbance due to nighttime awakenings. This view 
of cognitive and psychological symptoms of menopause as not reliably associated 
with menopause has been challenged by studies showing that these symptoms reli-
ably change across the menopausal transition and are not explained by increasing 
chronologic age [6, 7]. However, because cognitive symptoms co-occur with hot 
flashes, psychological symptoms, and sleep disturbance, it is important to evaluate 
to what extent cognitive symptoms are accounted for by other menopausal symp-
toms. Additionally, understanding the relationships among depressive symptoms, 
VMS, and cognitive difficulties is clinically significant because these symptoms 
affect quality of life, as well as work and relationship quality in midlife women.

The aim of this chapter is to address to what extent cognitive changes in midlife 
women are due to menopausal symptoms. We will first briefly review the role of sex 
steroid hormones in cognitive changes during the menopause. Next we will review 
the three categories of menopausal symptoms that are most often linked to cogni-
tion—vasomotor symptoms, psychological symptoms, and sleep. Then we will 
address the specific issue of whether the cognitive changes that occur during the 
menopausal transition are accounted for by other menopausal symptoms.

6.2  Sex Steroid Hormones and Cognition

A wealth of studies demonstrate that cognitive performance and cognitive systems in 
the brain are influenced by sex steroid hormones [8]. Estrogen receptor alpha, estrogen 
receptor beta, and G protein-coupled estrogen receptor 1 (GPER1) are located in the 
prefrontal cortex, hippocampus, and other brain regions whose structure and function 
are key to cognitive performance [8]. These steroid receptors mediate estrogen-induced 
spinogenesis, synaptogenesis, and excitability, which in turn are associated with 
improved function. Progesterone and androgens also play a role [9]. In humans, the 
most direct evidence that estrogen influences cognition comes from randomized, pla-
cebo-controlled trials in premenopausal women where performance on tests of verbal 
memory and working memory decreased following oophorectomy among women ran-
domized to placebo but not among women randomized to estrogen therapy (ET) [10]. 
Similarly, premenopausal women who undergo oophorectomy show an increased risk 
of cognitive impairment or dementia compared to age-matched women, but this risk 
was not seen among those who took ET until the typical age of menopause [11]. 
Ovariectomized rodents show similar patterns of cognitive dysfunction following sur-
gery, but administration of estradiol in physiological doses improves performance to 
levels that do not differ from presurgical levels [12]. Notably, the benefits of estradiol 
are evident when given within a few weeks of surgery but are ineffective if delayed. 
The nonhuman primate data reveal benefit with cyclical estradiol but not continuous 
estradiol [8]. Myriad mechanisms underlie these behavioral effects including changes 
in bioenergetics and neurotransmitter function [8, 13]. Neuroimaging studies in human 
show benefits of estrogen on hippocampal and prefrontal function and the connectivity 
of those two regions [14]. Such studies indicate that estrogen plays a direct role in the 
maintenance of cognitive function by acting on key brain regions.
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6.3  Menopausal Symptoms and Cognition

6.3.1  Vasomotor Symptoms

The hormonal changes during menopause provoke symptoms that also can con-
tribute to cognitive dysfunction. The most common symptom, VMS, are reported 
by about 70% of women during the menopausal transition [15]. For a third of 
women, they are frequent or severe [16, 17]. Once thought to be isolated to the 
few years around the final menstrual period, new data indicate that VMS start 
earlier and last longer than previously thought, lasting on average a decade or 
more [16, 18]. On questionnaires, the frequency or severity of VMS is often 
shown to be associated with magnitude of cognitive complaints. In contrast, 
questionnaire-based reports of VMS are typically unrelated to cognitive test 
performance.

Studies that measure VMS objectively with ambulatory monitors, however, do 
suggest that VMS are associated with memory performance. Ambulatory monitors 
measure the change in skin conductance associated with sweating during a hot flash, 
a change that has a rapid onset followed by a gradual tapering and that is distinct 
from the pattern of sweating associated with general physical activity. In studies of 
women with moderate-to-severe VMS, there is a linear association between the fre-
quency of VMS measured with these monitors and performance on memory tests 
[19, 20]. As demonstrated in a randomized trial of a hot flash intervention (i.e., stel-
late ganglion blockade), memory improves in relation to improvement in physio-
logic VMS but not reported VMS [20]. The clinical significance of studying VMS 
and memory problems is that VMS appear to be a modifiable risk factor for memory 
dysfunction in women.

Neuroimaging studies show a relationship between physiologic VMS and 
adverse alterations in brain structure (i.e., white matter hyperintensities) and brain 
function (i.e., functional connectivity during the resting state, especially in hippo-
campus and prefrontal cortex) [21, 22]. Measuring VMS with ambulatory monitors 
is critical not only because physiologic VMS are more strongly associated with 
cognitive and brain measures than are questionnaire-based measures [19–22] but 
also because unlike questionnaires, which may be influenced by subjective factors, 
physiologic measures provide objective and quantitative data. It is unknown to what 
extent physiologic hot flashes contribute to the cognitive changes observed across 
the menopausal transition. To date, such studies have only measured hot flashes on 
questionnaires.

6.3.2  Depression and Anxiety

Psychological symptoms of the menopause, including depression and anxiety, are 
also associated with cognitive complaints and compromised cognitive test perfor-
mance in midlife women. Symptoms of depression and anxiety, as measured by 
questionnaires, increase as women transition through the menopause [23, 24]. A 
recent systematic review concluded that major depressive disorder (MDD), as mea-
sured by diagnostic psychiatric interviews, is not reliably increased during the 
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menopausal transition, except for the 58% of women with a prior history of MDD 
who will experience a recurrence during the menopause transition [24]. Cognitive 
deficits are a key feature of depression. In a recent meta-analysis, small to moderate 
deficits in executive function, memory and attention were documented not only in 
individuals with current MDD but also in individuals with rMDD, leading to the 
conclusion that these deficits occur independently of episodes of low mood in indi-
viduals with MDD [25]. It is notable that the KEEPS study demonstrated beneficial 
effects of HT on depressive and anxiety symptoms in early postmenopausal women 
with no improvement in cognition. Thus, psychological symptoms and cognitive 
symptoms are dissociable in midlife women [26].

6.3.3  Sleep

Sleep complaints increase during menopausal transition, especially for women with 
bothersome VMS [27]. Night sweats can cause nighttime awakenings and lower 
sleep quality. In menopause studies, sleep quality is typically measured by self- 
report, which is problematic due to the limited association of self-reported sleep 
with more objective measures such as actigraphy and polysomnography [28]. In the 
general population, sleep deprivation and insomnia are associated with disruptions 
in memory, verbal abilities, executive function, and processing speed [28]. 
Surprisingly little is known about the relationship between objective measures of 
sleep quality and cognitive test performance in midlife women as they transition 
through the menopause.

6.4  Menopausal Symptoms and Cognitive Changes Across 
the Menopause

Six studies to date examined the association between menopausal stage and cogni-
tive performance, taking into account the potential influence of one or more catego-
ries of menopausal symptoms (VMS, depressive symptoms, anxiety symptoms, and 
sleep; see Table 6.1) [6, 7, 29–32]. To identify those studies, we searched for articles 
in PubMed using the MeSH terms “menopause,” “perimenopause,” and “meno-
pause transition” in combination with the terms “cognition” and “memory” with 
additional limits of “human subjects,” “English language,” “females,” and “adult 
age 19+.” We also conducted a “relevant studies” search on two of the articles [31, 
32]. To be included in the review, studies must have included women in at least two 
different stages of the menopausal transition, utilized a standardized, objective mea-
sure of cognitive function, and assessed for the presence or severity of at least one 
menopausal symptom. We excluded review articles and clinical trials. One author 
(MW) read each of the abstracts and identified four cross-sectional studies and two 
longitudinal studies relevant to the topic of this review.

Of the four cross-sectional studies, two found that menopausal stage affected 
cognitive function, and two found no such effect. Kok et al. [30] found that peri- and 
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postmenopausal women performed worse on a timed visual search task compared 
with premenopausal women of the same age, but found no effect of reproductive 
stage on a measure of verbal learning. Although higher levels of VMS were associ-
ated with worse verbal learning, and psychological symptoms were associated with 
worse verbal learning and visual search performance, these symptoms did not 
account for the stage effect on the visual search task. Similarly, Weber et al. [32] 
found that women in the early postmenopausal stage (<12 months after the final 
menstrual period) performed significantly worse than pre- and perimenopausal 
women on measures of attention/working memory, verbal learning, verbal memory, 
and motor function, after controlling for menopausal symptoms, including VMS, 
depression, anxiety, and sleep disturbance. In contrast, Luetters et al. [31] found that 
postmenopausal women performed significantly worse than women in late peri-
menopause on a verbal memory test and significantly worse than premenopausal 
and early perimenopausal women on a test of processing speed, but these differ-
ences attenuated after adjusting for VMS, sleep disturbance, and depressive symp-
toms. Finally, Henderson et  al. [29] found that verbal memory was negatively 
associated with mood but unaffected by reproductive stage.

The two longitudinal studies were more consistent in their findings. In the Study 
of Women’s Health Across the Nation (SWAN), Greendale et al. [7] found that pre-
menopausal and early perimenopausal women showed improvements in processing 
speed with repeated test administrations but that women in the late perimenopause 
failed to show such improvements. Similarly, premenopausal women showed 
improvements in a verbal memory task with repeated test administration, but early 
and late perimenopausal women did not. In a subsequent report [33], they revealed 
that this lower learning rate was independent of symptoms of anxiety, depression, 
sleep disturbance, and VMS. In the Penn Ovarian Aging Study, Epperson et al. [6] 
found that immediate and delayed verbal memory declined as women transitioned 
from the pre- to postmenopausal stages and that this decline was independent of 
symptoms of depression and anxiety.

6.5  Summary and Gaps in the Literature

Although it is commonly purported that menopause transition-associated declines 
in cognition are due to menopausal symptoms such as depression, anxiety, sleep 
disturbance, and VMS, the existing data do not support this claim. The majority of 
published studies that address this question reveal that reproductive aging affects 
cognition independent of symptoms. However, there are several limitations to the 
existing literature. There are few studies addressing this question, and only two of 
them utilize a large sample size and longitudinal follow-up. Many of the studies 
have used non-standardized assessments of symptoms, and the relationship between 
these questionnaires and validated measures of these constructs of interest is uncer-
tain. In particular, better measures of anxiety are needed, as current understanding 
is based largely on a few self-report questionnaires. Finally, all of the studies rely on 
self-report of symptoms.
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To more definitively characterize the natural history of cognitive changes across 
the menopausal transition and the factors that contribute to those changes, appro-
priately powered, longitudinal studies with validated approaches for defining 
menopausal stage and with assessments of multiple cognitive domains are needed. 
Such studies should not only include validated self-report measures of VMS, 
depression, anxiety, and sleep but also objectively defined measures of VMS and 
sleep, as well as standardized psychiatric inventories to determine the role of psy-
chiatric diagnoses. The use of actigraphy to measure sleep and skin conductance 
monitors to measure VMS is particularly important given discrepancies between 
self-reported and objectively measured symptoms [34, 35] and their interrelation-
ships [36, 37]. The inclusion of such measures will help to better differentiate the 
effects of reproductive aging and menopausal symptoms on cognitive function in 
midlife women.

Such studies would be needed to identify the patterns and predictors of cognitive 
changes during the menopausal transition. It is unlikely that there is one universal 
pattern of cognitive change across the menopause. Some women may experience 
cognitive changes related to sleep disturbance and nighttime awakenings due to hot 
flashes. Others, with elevated depressive symptoms but minimal VMS, may show a 
different pattern of change. Those with multiple, co-occurring menopause symp-
toms may show yet another pattern of change. Whether those cognitive effects per-
sist into aging after menopausal symptoms have subsided is another key question. 
We do not know, for example, whether women with persistent VMS are at risk for 
accelerated cognitive aging. Continued research in this area will help to identify and 
personalize interventions for improving at cognition at midlife and beyond.

References

 1. Gold EB, Sternfeld B, Kelsey JL, Brown C, Mouton C, Reame N, et al. Relation of demo-
graphic and lifestyle factors to symptoms in a multi-racial/ethnic population of women 40–55 
years of age. Am J Epidemiol. 2000;152(5):463–73.

 2. Obermeyer CM, Reher D, Saliba M. Symptoms, menopause status, and country differences: a 
comparative analysis from DAMES. Menopause. 2007;14(4):788–97.

 3. Drogos LL, Rubin LH, Geller SE, Banuvar S, Shulman LP, Maki PM.  Objective cognitive 
performance is related to subjective memory complaints in midlife women with moderate to 
severe vasomotor symptoms. Menopause. 2013;20(12):1236–42.

 4. Weber MT, Mapstone M, Staskiewicz J, Maki PM.  Reconciling subjective memory com-
plaints with objective memory performance in the menopausal transition. Menopause. 
2012;19(7):735–41.

 5. National Institutes of Health. State-of-the-Science Conference statement: management of 
menopause-related symptoms. Ann Intern Med. 2005;142(12 Pt 1):1003–13.

 6. Epperson CN, Sammel MD, Freeman EW.  Menopause effects on verbal memory: findings 
from a longitudinal community cohort. J Clin Endocrinol Metab. 2013;98(9):3829–38.

 7. Greendale GA, Huang MH, Wight RG, Seeman T, Luetters C, Avis NE, et al. Effects of the 
menopause transition and hormone use on cognitive performance in midlife women. Neurology. 
2009;72(21):1850–7.

 8. Hara Y, Waters EM, McEwen BS, Morrison JH. Estrogen effects on cognitive and synaptic 
health over the lifecourse. Physiol Rev. 2015;95(3):785–807.

6 Do Menopausal Symptoms Account for the Declines in Cognitive Function During…



108

 9. Genazzani AR, Bernardi F, Pluchino N, Begliuomini S, Lenzi E, Casarosa E, et al. Endocrinology 
of menopausal transition and its brain implications. CNS Spectr. 2005;10(6):449–57.

 10. Sherwin BB. Estrogen and/or androgen replacement therapy and cognitive functioning in sur-
gically menopausal women. Psychoneuroendocrinology. 1988;13(4):345–57.

 11. Rocca WA, Bower JH, Maraganore DM, Ahlskog JE, Grossardt BR, de Andrade M, et  al. 
Increased risk of cognitive impairment or dementia in women who underwent oophorectomy 
before menopause. Neurology. 2007;69(11):1074–83.

 12. Gibbs RB.  Long-term treatment with estrogen and progesterone enhances acquisition of a 
spatial memory task by ovariectomized aged rats. Neurobiol Aging. 2000;21(1):107–16.

 13. Brinton RD, Yao J, Yin F, Mack WJ, Cadenas E. Perimenopause as a neurological transition 
state. Nat Rev Endocrinol. 2015;11(7):393–405.

 14. Maki PM, Dumas J. Mechanisms of action of estrogen in the brain: insights from human neu-
roimaging and psychopharmacologic studies. Semin Reprod Med. 2009;27(3):250–9.

 15. Gold EB, Colvin A, Avis N, Bromberger J, Greendale GA, Powell L, et al. Longitudinal analy-
sis of the association between vasomotor symptoms and race/ethnicity across the menopausal 
transition: study of women’s health across the nation. Am J Public Health. 2006;96(7):1226–35.

 16. Avis NE, Crawford SL, Greendale G, Bromberger JT, Everson-Rose SA, Gold EB, et  al. 
Duration of menopausal vasomotor symptoms over the menopause transition. JAMA Intern 
Med. 2015;175(4):531–9.

 17. Freeman EW, Sammel MD, Sanders RJ. Risk of long-term hot flashes after natural meno-
pause: evidence from the Penn Ovarian Aging Study cohort. Menopause. 2014;21(9):924–32.

 18. Freeman EW, Sammel MD, Lin H, Liu Z, Gracia CR. Duration of menopausal hot flushes and 
associated risk factors. Obstet Gynecol. 2011;117(5):1095–104.

 19. Maki PM, Drogos LL, Rubin LH, Banuvar S, Shulman LP, Geller SE. Objective hot flashes 
are negatively related to verbal memory performance in midlife women. Menopause. 
2008;15(5):848–56.

 20. Maki PM, Rubin LH, Savarese A, Drogos L, Shulman LP, Banuvar S, et al. Stellate ganglion 
blockade and verbal memory in midlife women: evidence from a randomized trial. Maturitas. 
2016;92:123–9.

 21. Thurston RC, Aizenstein HJ, Derby CA, Sejdic E, Maki PM.  Menopausal hot flashes and 
white matter hyperintensities. Menopause. 2016;23(1):27–32.

 22. Thurston RC, Maki PM, Derby CA, Sejdic E, Aizenstein HJ. Menopausal hot flashes and the 
default mode network. Fertil Steril. 2015;103(6):1572–8.e1.

 23. Bromberger JT, Kravitz HM, Chang Y, Randolph JF Jr, Avis NE, Gold EB, et al. Does risk for 
anxiety increase during the menopausal transition? Study of women’s health across the nation. 
Menopause. 2013;20(5):488–95.

 24. Maki PM, Kornstein SG, Joffe H, Bromberger JT, Freeman EW, Athappilly G, et al. Guidelines 
for the evaluation and treatment of perimenopausal depression: summary and recommenda-
tions. Menopause. 2018;25(10):1069–85.

 25. Rock PL, Roiser JP, Riedel WJ, Blackwell AD. Cognitive impairment in depression: a system-
atic review and meta-analysis. Psychol Med. 2014;44(10):2029–40.

 26. Gleason CE, Dowling NM, Wharton W, Manson JE, Miller VM, Atwood CS, et al. Effects 
of hormone therapy on cognition and mood in recently postmenopausal women: find-
ings from the randomized, controlled KEEPS-cognitive and affective study. PLoS Med. 
2015;12(6):e1001833; discussion e1001833.

 27. Kravitz HM, Ganz PA, Bromberger J, Powell LH, Sutton-Tyrrell K, Meyer PM. Sleep dif-
ficulty in women at midlife: a community survey of sleep and the menopausal transition. 
Menopause. 2003;10(1):19–28.

 28. Luik AI, Zuurbier LA, Hofman A, Van Someren EJ, Ikram MA, Tiemeier H. Associations of 
the 24-h activity rhythm and sleep with cognition: a population-based study of middle-aged 
and elderly persons. Sleep Med. 2015;16(7):850–5.

 29. Henderson V, Guthrie J, Dudley E, Burger H, Dennerstein L. Estrogen exposures and memory 
at midlife: a population-based study of women. Neurology. 2003;60:1369–71.

P. M. Maki and M. T. Weber



109

 30. Kok HS, Kuh D, Cooper R, van der Schouw YT, Grobbee DE, Wadsworth ME, et al. Cognitive 
function across the life course and the menopausal transition in a British birth cohort. 
Menopause. 2006;13(1):19–27.

 31. Luetters C, Huang MH, Seeman T, Buckwalter G, Meyer PM, Avis NE, et al. Menopause tran-
sition stage and endogenous estradiol and follicle-stimulating hormone levels are not related 
to cognitive performance: cross-sectional results from the study of women’s health across the 
nation (SWAN). J Womens Health (Larchmt). 2007;16(3):331–44.

 32. Weber MT, Rubin LH, Maki PM. Cognition in perimenopause: the effect of transition stage. 
Menopause. 2013;20(5):511–7.

 33. Greendale GA, Wight RG, Huang MH, Avis N, Gold EB, Joffe H, et al. Menopause-associated 
symptoms and cognitive performance: results from the study of women’s health across the 
nation. Am J Epidemiol. 2010;171(11):1214–24.

 34. Carpenter JS, Monahan PO, Azzouz F. Accuracy of subjective hot flush reports compared with 
continuous sternal skin conductance monitoring. Obstet Gynecol. 2004;104(6):1322–6.

 35. Sievert LL, Freedman RR, Garcia JZ, Foster JW, del Carmen Romano Soriano M, Longcope 
C, et al. Measurement of hot flashes by sternal skin conductance and subjective hot flash report 
in Puebla, Mexico. Menopause. 2002;9(5):367–76.

 36. Thurston RC, Santoro N, Matthews KA.  Are vasomotor symptoms associated with sleep 
characteristics among symptomatic midlife women? Comparisons of self-report and objective 
measures. Menopause. 2012;19(7):742–8.

 37. Joffe H, White DP, Crawford SL, McCurnin KE, Economou N, Connors S, et  al. Adverse 
effects of induced hot flashes on objectively recorded and subjectively reported sleep: 
results of a gonadotropin-releasing hormone agonist experimental protocol. Menopause. 
2013;20(9):905–14.

6 Do Menopausal Symptoms Account for the Declines in Cognitive Function During…



111© International Society of Gynecological Endocrinology 2019
R. D. Brinton et al. (eds.), Sex Steroids’ Effects on Brain, Heart and Vessels, 
ISGE Series, https://doi.org/10.1007/978-3-030-11355-1_7

G. D. Hernandez · R. D. Brinton (*) 
Center for Innovation in Brain Science, College of Medicine, University of Arizona,  
Tucson, AZ, USA
e-mail: gersonhe@email.arizona.edu; rbrinton@email.arizona.edu 

7Allopregnanolone as a Therapeutic 
to Regenerate the Degenerated Brain

Gerson D. Hernandez and Roberta Diaz Brinton

7.1  Introduction

Allopregnanolone (3α-hydroxy-5α-pregnan-20-one; Fig.  7.1) is an endogenous 
pregnane neurosteroid and a reduced metabolite of progesterone [1, 2]. 
Steroidogenesis takes place in the brain and peripheral glands, with biosynthetic 
pathways that are very similar. Neurosteroids are synthesized de novo in the brain 
by glial cells and principal neurons from their precursor steroids. In the case of 
allopregnanolone (Allo), progesterone undergoes a 5α reduction to yield 
5α-dihydroprogesterone which is further reduced via 3ßHSD (Fig. 7.2). Unlike its 
precursor, Allo is inactive at nuclear progesterone receptors and instead mediates its 
effects modulating GABAA receptors [1–3].

As an endogenous metabolite of progesterone, men and women are exposed to 
Allo throughout their lifetime. Early in development, both progesterone and Allo 
are synthesized in the central nervous system in the pluripotential progenitor cells. 
During reproductive years, women are chronically exposed to Allo concentrations 
ranging from less than 1 nmol/l (0.32 ng/ml) to over 4 nmol/l (1.27 ng/ml) during 
the luteal phase [4]. During pregnancy, blood production rate of Allo can reach 
100 mg per day and reach their highest concentrations during the third trimester of 
pregnancy at levels up to 157  nmol/l (50  ng/ml), which are not associated with 
adverse effects for either mother or fetus [1, 5–7]. In contrast, in the aged and degen-
erated brain, Allo content is diminished, and both the pool of neural stem cells and 
proliferative capacity are markedly reduced [1, 8, 9].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11355-1_7&domain=pdf
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Neurons have the ability to change in form or function in response to different 
environmental stimuli. This adaptive response is known as neuroplasticity and 
involves the formation of new cells in specific parts of the brain such as the sub-
granular zone of the hippocampal dentate gyrus and subventricular zone [10].

7.1.1  The Degenerating Brain and Regeneration in Aging

Regeneration is a developmental process that has obligatory temporal and spatial 
requirements. The regenerative potential of neural stem cells diminishes with age 
and is accelerated in age-associated neurodegenerative disease like Alzheimer’s dis-
ease (AD) [11–13]. However, the regenerative system of the aging and diseased 
brain remains viable until late in life and even responsive to interventions [12, 14, 
15]. With age, a decline in regenerative factors in the neurogenic compartment leads 
to increasing numbers of neural stem cells transitioning from an actively dividing 
population to a dormant state rather than a decline in their absolute number [15–17]. 
Among the regenerative factors that are declining in the brain is the neurosteroid 
Allo. In the human brain with AD, significant deficits in Allo content correlate with 
the burden of pathology [18]. Findings in the 3×TgAD mice are consistent, exhibit-
ing significantly lower brain Allo relative to wild-type suggesting either impairment 
of Allo generation in the brain or accelerated Allo degradation [14]. Comparative 
analyses of plasma vs. cortex levels of Allo indicate that reduced Allo is a central 
problem and not a problem in peripheral sources of Allo.

Regenerative medicine and therapeutics hold the promise of self-renewal and 
repair. The challenge is to access the innate regenerative potential of the brain to halt 
or even reverse the trajectory of degeneration. To achieve this feat, it is critical to 
activate the regenerative system of the brain while simultaneously addressing the 
etiology underlying degeneration.
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Fig. 7.1 Allopregnanolone chemical structure (C21H34O2)
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The regenerative system affected by Allo is tightly regulated with closely guarded 
thresholds for both activation and magnitude of proliferation. Allo significantly 
increases both the number of newly generated cells and their survival, restoring the 
regenerative potential of the brain to normal, but not exceeding what is normal [12, 
14]. In addition, the regenerative effect of Allo is dose-dependent and exhibits a 
classic inverted U-shaped dose-response curve [1, 14], simply demonstrating that 
more is not better.

7.1.2  Allopregnanolone: Regenerative Mechanism of Action

In the central nervous system, Allo is a proliferative factor for both neural stem 
cells and pre-progenitor oligodendrocytes [1, 14, 19, 20]. It induced mitosis in 
cultures of hippocampal neurons of rodents and human neural stem cells [1]. In 
vitro, the proliferation of rodent-derived neural stem cells treated with Allo ranged 
from 20% to 30%, whereas a greater magnitude of proliferation was observed in 
human-derived neural stem cells (37–49%) [1]. In vivo, Allo significantly increased 
neurogenesis which reversed neurogenic deficits in both regenerative zones of the 
brain in 3×TgAD mice. Allo induced neurogenesis and restored regenerative 
potential in the 3×TgAD mice brain to a magnitude comparable to age-matched 
wild-type mice.

Proposed mechanisms by which Allo promotes neurogenesis are:

 1. GABA receptor activation. At nanomolar concentrations, Allo potentiates the 
natural affinity of GABA for the GABA type A (GABAA) receptor, whereas at 
micromolar concentrations, it directly activates GABAA to initiate the efflux of 
chloride ions (Cl−) from neural progenitor and neural stem cells (Fig.  7.3). 
Extrusion of Cl− from the intracellular compartment leads to membrane depo-
larization and activation of the voltage-dependent L-type calcium channel. The 
intracellular calcium (Ca++) rise activates Ca++-dependent kinases that ulti-
mately lead to regulation of gene expression and protein synthesis of cell cycle 
proteins. Allo upregulates the expression of cell cycle genes that promote mitosis 
while simultaneously downregulating genes that repress cell division. The mech-
anism of Allo-induced neurogenesis takes advantage of the developmentally 
regulated direction of Cl− flux to induce neurogenesis in those cells that are 
phenotypically competent to divide while not activating those mechanisms in 
mature neurons [1, 21]. The direct effect of Allo on GABAA receptors produces 
sedative, anxiolytic, and anticonvulsant effects [22].
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 2. Cholesterol trafficking. Myelin generation is dependent upon high levels of cho-
lesterol, which requires the expression of the enzyme HMG-CoA reductase for 
its synthesis [23]. Increasing evidence indicates that altered cholesterol metabo-
lism is linked to AD pathology [24, 25]. In both normal and 3×TgAD mice, Allo 
significantly increased HMG-CoA-R expression necessary to address the demand 
for cholesterol required for myelin membrane growth [23, 26]. It has been pro-
posed that Allo regulates cholesterol homeostasis via the LXR and PXR system 
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[27, 28] and dysregulation of cholesterol homeostasis is associated with the 
 generation of Aβ [29]. Mechanistic analyses indicated that 1/week Allo begun 
prior to extraneuronal accumulation of Aβ increased expression of LXR, PXR, 
and HMG-CoA reductase, three proteins that regulate cholesterol homeostasis. 
LXR, a nuclear hormone receptor abundant in the brain [30], acts as a molecular 
sensor of cholesterol levels and initiates cholesterol clearance [29]. LXR activa-
tion increases cholesterol efflux through upregulating ABCA1 and ApoE expres-
sion and prevents the hyper-activation of γ-secretase and overproduction of Aβ 
[29, 31, 32]. LXR activation has been demonstrated to improve cognitive func-
tion in multiple mouse models of amyloidogenesis [29, 33–37].

LXR ligands frequently activate PXR [38]. Results from previous analyses 
indicated that in parallel with an APα-induced increase in LXR expression in the 
pre-pathology condition, APα also increased PXR expression in the pre- 
pathology 3×TgAD mouse brain. PXR activation induces CYP3A enzymes 
including CYP3A4 and CYP3A13 and leads to cholesterol hydroxylation and 
activation of organic anion transporters for cholesterol extrusion [39]. The 
increase in brain LXR and PXR induced by Allo leads to increased cholesterol 
efflux, thereby reducing γ-secretase activation by cholesterol-laden lipid rafts. 
Increased cholesterol efflux provides a plausible mechanism to explain how Allo 
decreased the generation of both 27 and 56 kDa intraneuronal Aβ oligomers [26].

7.2  Allopregnanolone Restores Cognitive Function

A strong relationship between neurogenesis and some hippocampal-dependent cogni-
tive functions has been well described for many years [40–42]. Associative learning 
and memory across time appears to be dependent upon the generation of new neurons 
in the dentate gyrus. In order to test the functional impact of Allo on neurogenesis, a 
unique and regenerative system appropriate treatment paradigm was developed to 
treat mice. At time zero, mice were treated with Allo or vehicle followed by BrdU-
labeling for proliferating cells. Mice were then returned to their cage for 7 days to 
allow neurogenesis, phenotypic differentiation, and early integration events to occur. 
Mice were then followed by 5 days of associative learning trials. After the learning 
phase of the cognitive assessment, mice were once again returned to their cage for 
another 9 days and then submitted to more memory function testing. Lastly, 22 days 
after the Allo treatment, they were sacrificed for detection of surviving BrdU-positive 
cells (Fig. 7.4a). This experiment demonstrated that functionally, Allo restored asso-
ciative learning and memory function in 3×TgAD mice to the level of age-matched 
norms [12, 43] (Fig. 7.4c). Moreover, Allo-induced survival of neural progenitors was 
significantly correlated with Allo-induced memory performance [12, 43]. Learning 
and memory function in Allo-treated 3×TgAD mice was 100% greater in magnitude 
compared to the age-matched vehicle-treated group and in general was comparable to 
the maximal age-matched normal nonTg mouse performance. As with the regenera-
tive response, the effect of Allo on cognitive function was a restoration of learning and 
memory to age-appropriate normal performance not supranormal. Results obtained 

7 Allopregnanolone as a Therapeutic to Regenerate the Degenerated Brain



116

from this particular treatment design and behavioral analyses make it unlikely that the 
restoration of cognition after a single administration of Allo is due to mechanisms 
other than the generation and survival of new neurons.

To better understand how a single exposure of Allo could impact learning and mem-
ory function in subsequent weeks after its administration, one must take a close look at 
the process of neurogenesis and the circuit integration phase in the dentate gyrus. 
Newly arrived neurons have a reduced threshold for induction of long-term potentia-
tion coupled with increased synaptic plasticity, which is a critical phenotype for neural 
network formation. This early period of residence within the dentate gyrus corresponds 
to a critical period when activity and experience can modify survival and network inte-
gration of these newly arrived neurons [41]. Disruption of this critical period can result 
in reduced integration and survival of newly generated neurons and be associated with 
deficits in long-term memory [40]. Based on the timeline for generation and integration 
of newly generated neurons, neurogenesis induced by Allo after its administration (day 
1) would have generated neurons arriving in the dentate gyrus the following week 
(Fig. 7.4b). During the associative learning phase, these neurons would have received 
GABAergic inputs and increased synaptic plasticity, which would be manifested as 
increased learning. By day 21 these neurons would have received glutamatergic inputs 
and integrated into dentate and CA3 neural circuits, which would be manifested as 
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memory of the learned association. Allo-induced neurogenesis, survival of newly gen-
erated neurons, and behavioral outcomes are consistent with a conceptual framework 
that links the unique properties of immature neurons to associative learning across time 
and with the memory functions of the hippocampal circuit [41].

In humans, Allo seemingly improved cognition and partially alleviated some 
aspects of neurodegeneration in patients with fragile X-associated tremor/ataxia 
syndrome [44]. Currently clinical trials are underway to evaluate the effect of 
Allo in patients with early AD.

7.3  Allopregnanolone Reduces Alzheimer’s 
Pathology Burden

A major challenge for regenerative strategies for AD is that the burden of pathology 
progressively increases with age and duration of disease. Thus, regenerative thera-
peutic regimens, while principally targeting the regenerative system of the brain, 
must also address pathological burden of the disease. Such is the case with Allo, 
whose regenerative effect co-varies with age and AD pathology burden. In the 
3×TgAD mice model, Allo was neurogenically active in mice aged 3–9 months but 
was no longer effective in 12-month-old mice, which were heavily burdened with 
extraneuronal ß-amyloid plaques [13, 45]. Chronically Allo-treated 3×TgAD mice 
once per week for 6 months reduced the burden of AD pathology compared to vehi-
cle (Fig. 7.4) [46]. Allo significantly reduced the generation of intracellular Aß oligo-
mers and, in particular, the oligomeric form associated with synaptic dysfunction, 
Aß*56 [47]. Consistent with the decrease of Aß oligomers, the mitochondrial protein 
Aß-binding alcohol dehydrogenase (ABAD) was also significantly reduced [46]. The 
mechanisms underlying Allo-induced reduction of Aß generation involve both the 
glial-associated liver X receptor (LXR) and the neuron-associated pregnane X recep-
tor (PXR) transcription factors which together activate systems of responses required 
for cholesterol transport, metabolism, and efflux [46, 48]. LXR functions as a choles-
terol sensor to protect against elevated cholesterol by increasing transcription of cho-
lesterol trafficking and efflux pathways, specifically the ABC transporters ABCA1 
and ABCG1, which facilitate transfer of cholesterol to ApoE for transport between 
glial and neuronal compartments or across the blood- brain barrier for efflux to the 
periphery [24, 49, 50]. Activation of the LXR pathway is associated with significant 
reduction in Aß generation and recovery of cognitive function in multiple preclinical 
models of AD [35, 48, 50, 51]. In parallel, PXR provides a neuronal protective mech-
anism against cholesterol oxidation products [28] principally generated by free radi-
cals that produce lipid peroxides. Once activated, PXR regulates the expression of 
cytochrome P450, conjugating enzymes, and transporters required for detoxification 
and clearance [52]. Within brain, PXR transcriptionally regulates P450 enzymes 
including CYP3A4 [27], CYP3A11, and CYP3A13. The latter two, CYP3A11 and 
CYP3A13, are highly expressed in hippocampal pyramidal and granule neurons 
[53]. Together, LXR and PXR act synergistically to regulate clearance of both enzy-
matic and nonenzymatic cholesterol-derived oxysterols from the brain thereby 
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reducing Aß generation and neurotoxicity. Because the mechanisms underlying Allo 
reduction of Aß are upstream to γ-secretase activation and do not target physical 
sequestration and removal of Aß, Allo should not encounter the clinical pitfalls of 
γ-secretase/notch inhibitors or antibodies against Aß.

Inflammation is a feature of neurodegenerative diseases in general and in par-
ticular of AD [54]. Consistent with increased clearance of cholesterol and reduction 
in Aß generation, Allo significantly reduced microglia activation in the 3×TgAD 
brain, particularly hippocampus [46] (Fig. 7.5). These findings from our transla-
tional analyses are consistent with observations in multiple preclinical models of 
neurodegenerative disease, Niemann-Pick type C disease [28, 55], traumatic brain 
and spinal cord injury [56], and multiple sclerosis [57], in which Allo reduced 
inflammatory microglial activation and pro-inflammatory cytokine gene expression. 
The exact mechanisms of Allo anti-inflammatory effects are not known. One pos-
sibility is that Allo directly activates anti-inflammatory pathways. Alternatively, the 
reduction in pathology may be driving the decline in inflammatory markers.

7.4  Allopregnanolone Regenerative Treatment Regimen

Therapeutics and regimens of treatment that promote endogenous regeneration and 
are temporally aligned with renewal processes in vivo have the potential to trans-
late from preclinical to clinical efficacy. Results of preclinical translational 
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analyses indicate that an optimal treatment regimen of Allo is one that is adminis-
tered once per week over the course of months [46] (Fig. 7.6). Using such treat-
ment regimen, Allo significantly increased survival of newly generated neurons; 
simultaneously reduced Aß generation in the hippocampus, cortex, and amygdala; 
and reduced microglial activation. The strategy is to activate the systems and let 
them proceed to recruit all members and functions of the system under their innate 
time course. Ceasing activation to avoid repression mechanisms is just as impor-
tant as starting the process. Multiple neurodegenerative preclinical models indicate 
that episodic and intermittent Allo treatment regimens are optimally efficacious for 
regeneration, increased survival, and restoration of function (Fig. 7.5) [11, 12, 19, 
43, 58–60].

Previous analyses have documented that more Allo for longer periods of time is not 
better [48] (Fig. 7.6). Continuous infusion of Allo for 30–90 days at high doses can 
worsen pathology in a preclinical amyloid model of AD. Further, administering seda-
tive hypnotic doses of Allo can induce modest memory impairments immediately 
after infusion [61–63]. The reported impairment was based on a word recall task but 
no effect occurred on either semantic or working memory test [63]. This finding in 
humans coupled with preclinical dose-response analyses indicate that, as with many 
therapeutics, dose and duration of exposure matter [48]. For Allo, more for longer is 
not better.
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Fig. 7.6 Allopregnanolone optimal regenerative treatment regimen. A once per week treatment 
regimen of Allo was optimal to maximally promote neurogenesis while also activating systems 
that reduced AD pathology. By contrast, a single exposure to Allo induced neurogenesis and 
behavioral recovery but had no effect on pathology, whereas a treatment regimen of three times per 
week for 3 months suppressed neurogenesis but greatly reduced AD pathology
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The first clinical study investigating the safety, tolerability, and pharmacokinet-
ics of Allo in AD patients has recently been concluded (ClinicalTrials.gov Identifier: 
NCT02221622).

7.5  Conclusions

Regenerative medicine and therapeutics hold the promise of self-renewal and repair. 
The challenge is to access the innate regenerative potential of the brain in order to 
halt or even reverse the downward path of degeneration. To accomplish this mis-
sion, it is critical to activate the regenerative system while simultaneously address-
ing the etiology underlying degeneration.

As we enter the era of precision medicine, we are exploring new ways to evolve 
the drug development process so that treatment advances can be matched to specific 
diseases and specific patients. In the twenty-first century, there is no therapeutics to 
cure any of the neurodegenerative diseases. Allo is an innovative therapeutic for 
Alzheimer’s disease that has the potential to regenerate the degenerated brain by 
targeting the regenerative system of the brain while simultaneously activating sys-
tems to reduce AD pathology burden [1, 11, 12, 26, 64, 65]. Identifying the subset 
of the population that is likely to respond to Allo and targeting them with the precise 
dosing regimen for regeneration and repair in the human brain will improve the 
probability of clinical efficacy.

The extensive efficacious preclinical studies and previous human safety data [44, 
66], coupled with a recent safety and proof of concept clinical trial, are all strong 
foundation for the clinical development of allopregnanolone as the first regenerative 
therapeutic for Alzheimer’s disease and other neurodegenerative diseases.

References

 1. Wang JM, Johnston PB, Ball BG, Brinton RD. The neurosteroid allopregnanolone promotes 
proliferation of rodent and human neural progenitor cells and regulates cell-cycle gene and 
protein expression. J Neurosci. 2005;25(19):4706–18.

 2. Mellon SH. Neurosteroid regulation of central nervous system development. Pharmacol Ther. 
2007;116(1):107–24.

 3. Majewska MD, Harrison NL, Schwartz RD, Barker JL, Paul SM. Steroid hormone metabolites 
are barbiturate-like modulators of the GABA receptor. Science. 1986;232(4753):1004–7.

 4. Genazzani AR, Petraglia F, Bernardi F, et al. Circulating levels of allopregnanolone in humans: 
gender, age, and endocrine influences. J Clin Endocrinol Metab. 1998;83(6):2099–103.

 5. Dombroski RA, Casey ML, MacDonald PC. 5-Alpha-dihydroprogesterone formation in 
human placenta from 5alpha-pregnan-3beta/alpha-ol-20-ones and 5-pregnan-3beta-yl-20-one 
sulfate. J Steroid Biochem Mol Biol. 1997;63(1-3):155–63.

 6. Luisi S, Petraglia F, Benedetto C, et al. Serum allopregnanolone levels in pregnant women: 
changes during pregnancy, at delivery, and in hypertensive patients. J Clin Endocrinol Metab. 
2000;85(7):2429–33.

 7. Gago N, El-Etr M, Sananes N, et al. 3α, 5α-tetrahydroprogesterone (allopregnanolone) and 
γ-aminobutyric acid: autocrine/paracrine interactions in the control of neonatal PSA-NCAM+ 
progenitor proliferation. J Neurosci Res. 2004;78(6):770–83.

G. D. Hernandez and R. D. Brinton

http://clinicaltrials.gov


121

 8. Bernardi F, Salvestroni C, Casarosa E, et al. Aging is associated with changes in allopreg-
nanolone concentrations in brain, endocrine glands and serum in male rats. Eur J Endocrinol. 
1998;138(3):316–21.

 9. Weill-Engerer S, David JP, Sazdovitch V, et al. Neurosteroid quantification in human brain 
regions: comparison between Alzheimer’s and nondemented patients. J Clin Endocrinol 
Metab. 2002;87(11):5138–43.

 10. Lledo PM, Alonso M, Grubb MS. Adult neurogenesis and functional plasticity in neuronal 
circuits. Nat Rev Neurosci. 2006;7(3):179–93.

 11. Brinton RD. Neurosteroids as regenerative agents in the brain: therapeutic implications. Nat 
Rev Endocrinol. 2013;9(4):241–50.

 12. Singh C, Liu L, Wang JM, et al. Allopregnanolone restores hippocampal-dependent learning 
and memory and neural progenitor survival in aging 3×TgAD and nonTg mice. Neurobiol 
Aging. 2012;33(8):1493–506.

 13. Kuhn HG, Dickinson-Anson H, Gage FH. Neurogenesis in the dentate gyrus of the adult rat: 
age-related decrease of neuronal progenitor proliferation. J Neurosci. 1996;16(6):2027–33.

 14. Wang JM, Singh C, Liu L, et al. Allopregnanolone reverses neurogenic and cognitive deficits 
in mouse model of Alzheimer’s disease. Proc Natl Acad Sci. 2010;107(14):6498–503.

 15. Lazarov O, Mattson MP, Peterson DA, Pimplikar SW, van Praag H.  When neurogenesis 
encounters aging and disease. Trends Neurosci. 2010;33(12):569–79.

 16. Hattiangady B, Shetty AK.  Aging does not alter the number or phenotype of putative 
stem/progenitor cells in the neurogenic region of the hippocampus. Neurobiol Aging. 
2008;29(1):129–47.

 17. Lugert S, Basak O, Knuckles P, et al. Quiescent and active hippocampal neural stem cells with 
distinct morphologies respond selectively to physiological and pathological stimuli and aging. 
Cell Stem Cell. 2010;6(5):445–56.

 18. Marx CE, Trost WT, Shampine LJ, et  al. The neurosteroid allopregnanolone is reduced in 
prefrontal cortex in Alzheimer’s disease. Biol Psychiatry. 2006;60(12):1287–94.

 19. Sun C, Ou X, Farley JM, et  al. Allopregnanolone increases the number of dopaminergic 
neurons in substantia nigra of a triple transgenic mouse model of Alzheimer’s disease. Curr 
Alzheimer Res. 2012;9(4):473–80.

 20. Schumacher M, Hussain R, Gago N, Oudinet JP, Mattern C, Ghoumari AM. Progesterone syn-
thesis in the nervous system: implications for myelination and myelin repair. Front Neurosci. 
2012;6:10.

 21. Brinton RD, Wang JM.  Therapeutic potential of neurogenesis for prevention and recovery 
from Alzheimer’s disease: allopregnanolone as a proof of concept neurogenic agent. Curr 
Alzheimer Res. 2006;3(3):185–90.

 22. Carver CM, Reddy DS. Neurosteroid interactions with synaptic and extrasynaptic GABA(A) 
receptors: regulation of subunit plasticity, phasic and tonic inhibition, and neuronal network 
excitability. Psychopharmacology. 2013;230(2):151–88.

 23. Saher G, Brugger B, Lappe-Siefke C, et al. High cholesterol level is essential for myelin mem-
brane growth. Nat Neurosci. 2005;8(4):468–75.

 24. Repa JJ, Li H, Frank-Cannon TC, et al. Liver X receptor activation enhances cholesterol loss 
from the brain, decreases neuroinflammation, and increases survival of the NPC1 mouse. J 
Neurosci. 2007;27(52):14470–80.

 25. Leduc V, Jasmin-Belanger S, Poirier J.  APOE and cholesterol homeostasis in Alzheimer’s 
disease. Trends Mol Med. 2010;16(10):469–77.

 26. Chen S, Wang JM, Irwin RW, Yao J, Liu L, Brinton RD. Allopregnanolone promotes regenera-
tion and reduces β-amyloid burden in a preclinical model of Alzheimer’s disease. PLoS One. 
2011;6(8):e24293.

 27. Lamba V, Yasuda K, Lamba JK, et al. PXR (NR1I2): splice variants in human tissues, includ-
ing brain, and identification of neurosteroids and nicotine as PXR activators. Toxicol Appl 
Pharmacol. 2004;199(3):251–65.

 28. Langmade SJ, Gale SE, Frolov A, et al. Pregnane X receptor (PXR) activation: a mechanism 
for neuroprotection in a mouse model of Niemann-Pick C disease. Proc Natl Acad Sci U S A. 
2006;103(37):13807–12.

7 Allopregnanolone as a Therapeutic to Regenerate the Degenerated Brain



122

 29. Koldamova RP, Lefterov IM, Staufenbiel M, et  al. The liver X receptor ligand T0901317 
decreases amyloid beta production in vitro and in a mouse model of Alzheimer’s disease. J 
Biol Chem. 2005;280(6):4079–88.

 30. Whitney KD, Watson MA, Collins JL, et al. Regulation of cholesterol homeostasis by the liver 
X receptors in the central nervous system. Mol Endocrinol. 2002;16(6):1378–85.

 31. Schultz JR, Tu H, Luk A, et  al. Role of LXRs in control of lipogenesis. Genes Dev. 
2000;14(22):2831–8.

 32. Xiong H, Callaghan D, Jones A, et al. Cholesterol retention in Alzheimer’s brain is respon-
sible for high beta- and gamma-secretase activities and Abeta production. Neurobiol Dis. 
2008;29(3):422–37.

 33. Sun Y, Yao J, Kim TW, Tall AR. Expression of liver X receptor target genes decreases cellular 
amyloid beta peptide secretion. J Biol Chem. 2003;278(30):27688–94.

 34. Yang Y, Varvel NH, Lamb BT, Herrup K. Ectopic cell cycle events link human Alzheimer’s dis-
ease and amyloid precursor protein transgenic mouse models. J Neurosci. 2006;26(3):775–84.

 35. Riddell DR, Zhou H, Comery TA, et al. The LXR agonist TO901317 selectively lowers hip-
pocampal Abeta42 and improves memory in the Tg2576 mouse model of Alzheimer’s disease. 
Mol Cell Neurosci. 2007;34(4):621–8.

 36. Jiang Q, Lee CY, Mandrekar S, et al. ApoE promotes the proteolytic degradation of Abeta. 
Neuron. 2008;58(5):681–93.

 37. Donkin JJ, Stukas S, Hirsch-Reinshagen V, et al. ATP-binding cassette transporter A1 mediates 
the beneficial effects of the liver-X-receptor agonist GW3965 on object recognition memory 
and amyloid burden in APP/PS1 mice. J Biol Chem. 2010;285(44):34144–54.

 38. Shenoy SD, Spencer TA, Mercer-Haines NA, et  al. CYP3A induction by liver x receptor 
ligands in primary cultured rat and mouse hepatocytes is mediated by the pregnane X receptor. 
Drug Metab Dispos. 2004;32(1):66–71.

 39. Sonoda J, Xie W, Rosenfeld JM, Barwick JL, Guzelian PS, Evans RM. Regulation of a xeno-
biotic sulfonation cascade by nuclear pregnane X receptor (PXR). Proc Natl Acad Sci U S A. 
2002;99(21):13801–6.

 40. Shors TJ, Townsend DA, Zhao M, Kozorovitskiy Y, Gould E. Neurogenesis may relate to some 
but not all types of hippocampal-dependent learning. Hippocampus. 2002;12(5):578–84.

 41. Deng W, Aimone JB, Gage FH. New neurons and new memories: how does adult hippocampal 
neurogenesis affect learning and memory? Nat Rev Neurosci. 2010;11(5):339–50.

 42. Aimone JB, Deng W, Gage FH. Resolving new memories: a critical look at the dentate gyrus, 
adult neurogenesis, and pattern separation. Neuron. 2011;70(4):589–96.

 43. Wang JM, Singh C, Liu L, et al. Allopregnanolone reverses neurogenic and cognitive defi-
cits in mouse model of Alzheimer’s disease. Proc Natl Acad Sci U S A. 2010;107(14): 
6498–503.

 44. Wang JY, Trivedi AM, Carrillo NR, et al. Open-label allopregnanolone treatment of men with 
fragile X-associated tremor/ataxia syndrome. Neurotherapeutics. 2017;14(4):1073–83.

 45. Haughey NJ, Liu D, Nath A, Borchard AC, Mattson MP. Disruption of neurogenesis in the 
subventricular zone of adult mice, and in human cortical neuronal precursor cells in cul-
ture, by amyloid beta-peptide: implications for the pathogenesis of Alzheimer’s disease. 
NeuroMolecular Med. 2002;1(2):125–35.

 46. Chen S, Wang JM, Irwin RW, Yao J, Liu L, Brinton RD. Allopregnanolone promotes regen-
eration and reduces beta-amyloid burden in a preclinical model of Alzheimer’s disease. PLoS 
One. 2011;6(8):e24293.

 47. Lesne S, Koh MT, Kotilinek L, et al. A specific amyloid-beta protein assembly in the brain 
impairs memory. Nature. 2006;440(7082):352–7.

 48. Irwin RW, Wang JM, Chen S, Brinton RD. Neuroregenerative mechanisms of allopregnano-
lone in Alzheimer’s disease. Front Endocrinol. 2011;2:117.

 49. Kang J, Rivest S. Lipid metabolism and neuroinflammation in Alzheimer’s disease: a role for 
liver X receptors. Endocr Rev. 2012;33(5):715–46.

G. D. Hernandez and R. D. Brinton



123

 50. Mandrekar-Colucci S, Karlo JC, Landreth GE. Mechanisms underlying the rapid peroxisome 
proliferator-activated receptor-gamma-mediated amyloid clearance and reversal of cognitive 
deficits in a murine model of Alzheimer’s disease. J Neurosci. 2012;32(30):10117–28.

 51. Cramer PE, Cirrito JR, Wesson DW, et  al. ApoE-directed therapeutics rapidly clear beta- 
amyloid and reverse deficits in AD mouse models. Science. 2012;335(6075):1503–6.

 52. Willson TM, Kliewer SA.  PXR, CAR and drug metabolism. Nat Rev Drug Discov. 
2002;1(4):259–66.

 53. Hagemeyer CE, Rosenbrock H, Ditter M, Knoth R, Volk B. Predominantly neuronal expres-
sion of cytochrome P450 isoforms CYP3A11 and CYP3A13 in mouse brain. Neuroscience. 
2003;117(3):521–9.

 54. Skovronsky DM, Lee VM, Trojanowski JQ.  Neurodegenerative diseases: new concepts of 
pathogenesis and their therapeutic implications. Annu Rev Pathol. 2006;1:151–70.

 55. Zampieri S, Mellon SH, Butters TD, et al. Oxidative stress in NPC1 deficient cells: protective 
effect of allopregnanolone. J Cell Mol Med. 2009;13(9B):3786–96.

 56. He J, Evans CO, Hoffman SW, Oyesiku NM, Stein DG. Progesterone and allopregnanolone 
reduce inflammatory cytokines after traumatic brain injury. Exp Neurol. 2004;189(2):404–12.

 57. Noorbakhsh F, Ellestad KK, Maingat F, et  al. Impaired neurosteroid synthesis in multiple 
sclerosis. Brain. 2011;134(Pt 9):2703–21.

 58. Griffin LD, Gong W, Verot L, Mellon SH. Niemann-Pick type C disease involves disrupted 
neurosteroidogenesis and responds to allopregnanolone. Nat Med. 2004;10(7):704–11.

 59. Melcangi RC, Giatti S, Pesaresi M, et al. Role of neuroactive steroids in the peripheral nervous 
system. Front Endocrinol. 2011;2:104.

 60. Adeosun SO, Hou X, Jiao Y, et al. Allopregnanolone reinstates tyrosine hydroxylase immu-
noreactive neurons and motor performance in an MPTP-lesioned mouse model of Parkinson’s 
disease. PLoS One. 2012;7(11):e50040.

 61. Lan NC, Gee KW.  Neuroactive steroid actions at the GABAA receptor. Horm Behav. 
1994;28(4):537–44.

 62. Reddy DS, Rogawski MA.  Neurosteroid replacement therapy for catamenial epilepsy. 
Neurotherapeutics. 2009;6(2):392–401.

 63. Kask K, Backstrom T, Nilsson LG, Sundstrom-Poromaa I. Allopregnanolone impairs episodic 
memory in healthy women. Psychopharmacology. 2008;199(2):161–8.

 64. Irwin RW, Brinton RD. Allopregnanolone as regenerative therapeutic for Alzheimer’s disease: 
translational development and clinical promise. Prog Neurobiol. 2014;113:40–55.

 65. Irwin RW, Solinsky CM, Brinton RD. Frontiers in therapeutic development of allopregnanolone 
for Alzheimer’s disease and other neurological disorders. Front Cell Neurosci. 2014;8:203.

 66. van Broekhoven F, Backstrom T, van Luijtelaar G, Buitelaar JK, Smits P, Verkes 
RJ. Effects of allopregnanolone on sedation in men, and in women on oral contraceptives. 
Psychoneuroendocrinology. 2007;32(5):555–64.

7 Allopregnanolone as a Therapeutic to Regenerate the Degenerated Brain



125© International Society of Gynecological Endocrinology 2019
R. D. Brinton et al. (eds.), Sex Steroids’ Effects on Brain, Heart and Vessels, 
ISGE Series, https://doi.org/10.1007/978-3-030-11355-1_8

J. W. Studd (*) 
London PMS and Menopause Centre, London, UK
e-mail: laptop@studd.co.uk 

M. Savvas 
King’s College Hospital, London, UK
e-mail: mike.savvas@nhs.net 

N. Watson 
Hillingdon Hospital, Middlesex, UK
e-mail: nrwatson@mac.com

8Reproductive Depression 
and the Response to Hormone Therapy

John W. Studd, Mike Savvas, and Neale Watson

Many cases of depression in women are due to endocrine factors and inappropriate 
treatment by antidepressants or mood-stabilizing drugs such as lithium. The syn-
drome reproductive depression includes premenstrual depression (PMDD), postnatal 
depression (PND) and climacteric depression which is more severe in the transitional 
phase 2 or 3 years before the periods cease rather than in the years after the meno-
pause. Such patients are usually free of depression during pregnancy. The diagnosis 
cannot be made by measuring hormone levels but by a careful history relating depres-
sion to monthly cycles and the postnatal state. The range and aetiology of depression 
in women is different than in men and cannot be understood without knowledge of 
the effect that oestrogen, progesterone and androgens have upon mood. These fre-
quent problems are usually treated badly by psychiatrists who have little knowledge 
and less interest in the effect of hormones on mood. Treatment should be by oestro-
gens preferably by the transdermal route possibly with the addition of testosterone 
and if necessary the addition of progesterone to protect the endometrium.

It is probable that the first quantitative account of the different incidence of 
depression in women and men came from Charles Dickens [1] who studied the 
records of St Luke’s hospital for the insane reporting in his journal Household 
Words the increase of admission for depression in women. He claimed that this 
increase in depression occurred particularly in “women of the servant class”, thus 
indicating the effect of both gender and social deprivation on mental illness. The 
excess of depression in women compared with men can be the result of social and 
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environmental factors, but most convincingly it occurs at times of hormonal fluctua-
tion and is a result of these endocrine changes.

8.1  Reproductive Depression and Ovarian Hormones

Depression in women commonly occurs at times of hormonal changes [2], most 
commonly seen with depression in the premenstrual days. There is also a peak of 
depression in the postnatal months, often following a pregnancy characterised by a 
good mood with less depression. Later in life depression occurs at its most severe in 
the 2 or 3 years before the periods cease in the menopausal transition. Together 
these three components of premenstrual depression, postnatal depression and cli-
macteric depression with its probable endocrine aetiology mostly influenced by 
changes in ovarian hormones are best termed “reproductive depression” [3]. This 
name gives emphasis to the fact that it is a hormone-mediated mood change, wider 
than the name PMMD would suggest and which may well be most effectively 
treated by correction of these hormonal changes [4].

These peaks of depression often occur in the same woman. The typical story is one 
who has mild to moderate PMS as a teenager which may become worse with age with 
fewer good days per month. When pregnancy occurs they are normally in a good 
mood throughout pregnancy in spite of possible common problems such as nausea, 
pre-eclampsia or other obstetric complications. After delivery they develop postnatal 
depression for many months, and it is at this point that women often have their first 
“nervous breakdown”. They are treated with various antidepressants which are barely 
effective. When the periods return, the depression becomes cyclical and more severe 
but improves with subsequent pregnancies. They still have cyclical depression in their 
40s, and the depression becomes worse in the 2 or 3 years of the menopause transition 
[5]. If they develop vasomotor symptoms of flushes and sweats, they may be given 
oestrogens which will cure these symptoms and usually often help the depression.

With this history in mind, it is important to realise that hormone-responsive 
depression cannot be diagnosed by any blood test. Too frequently women who 
believe that their depression is related to her hormone visit their family doctor, their 
gynaecologist or psychiatrist who measures their hormone levels which are normal 
and the association with hormonal changes is dismissed. These are all premeno-
pausal women who will have normal FSH and oestradiol levels which may not be 
optimal for the individual but are normal. It is a huge mistake to exclude hormone- 
responsive depression because of normal blood levels [2]. The clue to the diagnosis 
is in the history, and even then psychiatrists will often regard the association of 
depression with periods and postpartum changes as irrelevant, and the role of hor-
mones for the treatment of depression in women requires further study [6].

8.2  Premenstrual Depression

Most women will be aware of physical and mood changes a day or two before the 
periods which indicates that they are premenstrual, but this is not a severe abnormality. 
Perhaps 10% of women suffer severe premenstrual syndrome for 10–14 days a month 
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with severe depression, behavioural changes, anxiety, aggression, loss of energy, loss 
of libido and somatic symptoms of headaches, abdominal bloating and mastalgia.

The American Association of Psychiatrists in their DSM IV publication has 
termed this premenstrual dysphoric disorder. The word dysphoric strongly indicates 
a psychiatric origin of a condition we can now view as incorrect. The motive behind 
this renaming by psychiatrists is one done for a reason of territory and of course 
reimbursement in the American system. “Ovarian cycle syndrome” would be a bet-
ter name as it clearly establishes the cyclical and hormonal aetiology of the condi-
tion and the fact that the ovary is the architect of these changes, but this has not 
found favour with psychiatrists involved in the treatment of “PMDD”, and gynaeco-
logist will continue to refer to the disorder as premenstrual syndrome—PMS. A 
working party of many experts both psychiatrists and gynecologists was set up to 
clarify nomenclature diagnosis and treatment has had four meetings with conclu-
sions as confused as at the outset [7].

This most common component of reproductive depression is an endocrine prob-
lem due to the hormonal changes that occur following ovulation, and it is logical 
that effective treatment should be one which suppresses ovulation and suppresses 
the ovarian hormonal changes (whatever they are) that produce the cyclical symp-
toms of the premenstrual syndrome. In our view the most logical and easiest way to 
suppress ovulation is the birth control pill, but the combined contraceptive pill is 
associated with an increase in depression [8] because these women are usually pro-
gesterone/progestogen intolerant [9], and hence the birth control pill even when 
taken “back to back” will suppress cycles and even suppress bleeding, but they may 
have depressive and somatic symptoms most of the time without having the usual 
10–14 good days a month that even the most severe cases enjoy. The progestogen- 
only pill or Depot-Provera usually produces increasing depression.

Suppression of ovulation by transdermal oestradiol in the form of oestradiol 
patch 200 μg twice weekly has been shown to be effective [10] and transdermal 
oestrogen in the form of oestradiol gels, Oestrogel two measures daily or Sandrena 
2 g/day, will also be effective. It is necessary to give cyclical progestogen by some 
route to prevent endometrial hyperplasia, but it is common for the PMS symptoms 
to recur during these days; hence a minimum duration of progestogen is recom-
mended for the first 7–10 days of each calendar month with a withdrawal bleeding 
occurring on about day 10–13 of each calendar month. Alternatively a Mirena IUS 
is usually very effective although perhaps 10% of women do have absorption of the 
d-norgestrel and suffer almost continuous PMS symptoms [11]. These symptoms 
disappear within 24 h of the removal of the Mirena IUS.

Alternatively ablation of ovulation by the use of GnRH analogues is the most 
effective [12] and indeed is a useful diagnostic tool if a hysterectomy and bilateral 
salpingo-oophorectomy are contemplated. There is a risk of distressing menopausal 
symptoms and even osteopenia, so add-back HRT is essential if prolonged treat-
ment is required. This will usually be in the form of transdermal oestradiol and 
cyclical oral progestogen [12–14] which may produce a return of PMS symptoms or 
the insertion of a Mirena IUS. Using tibolone as add-back is an effective way of 
avoiding bleeding and progestogenic side effects [15].

Women with severe PMS who respond partially to treatment because of proges-
togenic side effects or bleeding problems should be offered a hysterectomy and 
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bilateral salpingo-oophorectomy. A hysterectomy alone is not effective because the 
ovaries will still produce the cyclical hormonal changes and the cyclical symptoms 
although menstruation has been abolished the cyclical symptoms have not.

There are now many studies showing the very beneficial effect of surgery and 
long-term replacement therapy for the most severe PMS [16, 17]. This is a further 
example to indicate that the condition is endocrine and not psychiatric.

The great danger to women with severe PMS who do not respond to antidepressants 
is that they are given a higher dose and then a second or third antidepressant which also 
does not work. They are then diagnosed as the DSMV favourites “borderline personality 
disorder” and “treatment resistant depression” and are then they are labelled as bipolar 
disorder and the scene is set for mood stabilising drugs, antidepressants hospitalisation 
and even electroconvulsive therapy. After 10 or more years of this therapy, it is difficult 
but not impossible to wean off these psychotropic drugs by transdermal oestradiol which 
they should have had in the first place. The clues of course are in the history.

There are eight vital questions to diagnose PMS and to exclude bipolar disorder [18].

 1. Relating depressive episodes to the menstrual cycle.
 2. The relief of depressive symptoms during pregnancy.
 3. The recurrence of depression postpartum.
 4. Premenstrual depression on menstruation recurs after delivery.
 5. The premenstrual depression becoming worse with age blending into the meno-

pausal transition.
 6. Often the coexistence of somatic symptoms such as menstrual migraine, abdom-

inal bloating or cyclical mastalgia.
 7. These patients usually have seven to 10 good days per month.
 8. Although depression can be cyclical, they rarely have highs.

Another useful observation is that women who breast-feed for a long time have 
little depression during lactation, but when they stop after a year or so, ovulation 
returns as do the cycles and the depression which is often as severe as it is unexpected.

The place of antidepressants and oral contraception for PMDD has been recently 
reviewed and supported by a psychiatrist [19] giving no support to the use of trans-
dermal oestrogens.

8.3  Postnatal Depression

The seriousness of this condition cannot be overstated as both the mother and the 
child can be in great danger. It occurs in 10% of healthy women and can last for 
months or years. It is not the “baby blues” occurring in the week after delivery. It is 
usually treated with varying success with antidepressant drugs, psychotherapy or 
admission to mother and baby units, but once again the association with profound, 
abrupt hormone changes after childbirth should point to a hormonal aetiology. 
Prolonged breast-feeding which is associated with lower oestradiol levels often pro-
duces more severe and prolonged depression.
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Depression has been reproduced experimentally in women with a history of post-
natal depression by creating a pseudopregnancy with excess doses of oestradiol and 
progesterone which is then suddenly discontinued [20]. Depression occurred in 
women with a history of postnatal depression but not in the women in the study 
without a previous history of postnatal problems. Transdermal oestradiol is effective 
in the treatment of postnatal depression even in those women who have inadequately 
responded to antidepressants [21]. Unfortunately psychiatrists rarely use this ther-
apy preferring antidepressants, psychotherapy or admission to mother and baby 
units. Formerly progesterone and progestogen have been recommended, but there is 
no evidence that they are effective. On the contrary, studies have shown them to be 
ineffective, and the Cochrane report has agreed that oestrogen improves mood and 
postnatal depression and norethisterone makes depression worse [22].

8.4  Climacteric Depression

There are many reasons why women become depressed around the time of meno-
pause. Hot flushes and sweats produce insomnia and social embarrassment, head-
aches are troublesome and the vaginal atrophy producing dyspareunia and recurrent 
cystitis together with loss of libido is enough to cause some depression. These typi-
cal symptoms of oestrogen deficiency can easily be treated with routine HRT, and 
the low mood associated with these problems of sexuality and sleep is improved [2]. 
However there is another type of depression not associated with characteristic 
menopausal symptoms in the 3 or 4 years before the periods cease, the so-called 
menopausal transition [23]. This is the depression that occurs usually in the absence 
of vasomotor symptoms or vaginal dryness and has been shown in many studies to 
be responsive to oestrogens, both oral oestrogens and transdermal oestrogens [24, 
25]. In fact, the evidence for the benefit of oestrogens on perimenopausal depression 
is more convincing than the beneficial effects in the depression of the postmeno-
pausal woman [26]. This treatment is best done by transdermal oestrogens in the 
form of gels or patches continuously with cyclical progestogen if the woman has a 
uterus [2]. Gynaecologists are aware that depression occurring in most perimeno-
pausal women responds well to oestrogens given for the depression or associated 
symptoms although most psychiatrists are unaware of this because they do not use 
oestrogens. Antidepressants would be their first choice therapy. Recently a debate 
on this issue was strongly supported by one side [27], but the psychiatrist was of the 
view that more evidence from trials were required [28].

8.5  Hysterectomy

It may seem odd to include a section of hysterectomy, but there is much evidence 
from psychiatrists that depression is less common after hysterectomy [29]. In spite 
of this, virtually all newspaper and magazine articles on this subject stress the belief 
that hysterectomy causes profound depression, loss of sexuality and marital 
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break- up. The reverse is true. In younger women having persistent cyclical depres-
sion as well as other cyclical problems of bleeding, pain and cyclical headaches and 
hysterectomy with bilateral oophorectomy will usually cure these problems. In the 
specific case of premenstrual depression in those women with progestogen intoler-
ance, hysterectomy with bilateral oophorectomy and replacement of oestradiol and 
testosterone have been shown in all studies to be beneficial [30]. Thus a well con-
ducted hysterectomy for the correct indication should be seen as a life enhancing 
procedure, will remove the need for progestogen and avoid the 4% of women who 
die of cancer of the ovary, cervix and uterus should be seen as a life saving as well 
as a life enhancing procedure [31]. This should not be seen as a radical last choice—
or never choice option.

8.6  General Principles of Hormone Therapy 
for Reproductive Depression

The use of transdermal oestrogens is recommended to suppress ovulation in women 
with premenstrual syndrome or in correcting the profound oestrogen decrease with 
postpartum depression. It should be the first choice therapy in perimenopausal 
women with depression whether they have associated vasomotor symptoms or not. 
But such therapy does not exclude the combined therapy with antidepressants [32]. 
Most studies looking at hormone-responsive depression have used transdermal 
patches or implants, but there is no reason why oral oestrogen should not be effec-
tive although the appropriate studies have yet to be published. However, transder-
mal oestrogens are preferable because they do not invoke hepatic coagulation 
factors and are not associated with the higher rates of venous thromboembolism of 
oral oestrogens. The preferred regimen would be oestradiol patches 200 μg twice 
weekly or oestradiol gels 2–4 g daily throughout the month. Cyclical progestogen 
in women with a uterus should be used for the first 7 days of each calendar month 
which would produce a scanty withdrawal bleed on approximately day 10 of each 
calendar month.

The monthly progestogen duration has been reduced from the orthodox 14 days 
as these women with depression are usually progestogen intolerant and, there is now 
mounting evidence that the major side effects of HRT are related to the progestogen 
component.

For the women with libido and energy problems which often coexist with depres-
sion and treatment by antidepressants, testosterone can be added in the form of 
testosterone gel in the appropriate dose. This would be approximately 10% of the 
average male dose which in practical terms would be one quarter of a sachet of 
Testogel alternate days or a quarter of a tube of Testim alternate days. One hundred 
milligram testosterone pellets would be ideal, but at the time of writing they are no 
longer available.

The cornerstone of our treatment of many types of depression in women is based 
on the above principles following a detailed history to reveal any current or past 
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association of the depression with menstruation, the postnatal state, the menopausal 
transition or the postmenopausal state. An audit of the success or otherwise of this 
practice has been published [33].

An email survey of patients attending the clinic produced 238 patients whose 
principal presenting symptom was depression. Seventy-seven percent claimed to 
have had severe or moderate depression, 17% had had at least one psychotic episode 
and 14% had attempted suicide. Fifty-eight percent had seen a psychiatrist. Seventy- 
one percent had received antidepressants, and 17% had received mood stabilising 
drugs such as lithium.

Twelve percent had been admitted to a psychiatric hospital, and 3.8% had 
received electroconvulsive therapy. Sixty-eight percent had premenstrual syndrome 
as a teenager, and 145 women (89%) out of 165 women who had been pregnant had 
no depression during pregnancy, but 110 (66%) developed postnatal depression.

Ninety-seven women (58%) who had been pregnant had suffered both premen-
strual depression and postnatal depression.

All were treated with transdermal oestrogens, and 93% also had transdermal 
testosterone. One hundred and seventy-one patients had a uterus and received cycli-
cal progestogen to protect the endometrium, and 63% of these developed the pre-
menstrual syndrome-type symptoms of progesterone intolerance during the 
progestogen days. Thirty-five percent of patients claimed to be cured, and 55% had 
a considerable improvement with oestrogen therapy. Only 3.7% reported that there 
was no improvement.

For 94%, the hormone therapy was a life-changing event for the better. None 
were worse. Forty patients had hysterectomy and bilateral oophorectomy for pro-
gesterone intolerance or heavy uterine bleeding, and 38 replied that it was life 
changing for the better with less or no depression.

It is concluded that premenstrual and postnatal depressions appear in the same 
vulnerable women. These women are typically well during pregnancy and are a 
subgroup of reproductive depression which also develops climacteric depression in 
the transition phase. These types of depression are the product of hormonal changes 
and respond well to transdermal hormone therapy which in our view should be first 
choice therapy.

8.7  Teaching Points

 1. The syndrome of reproductive depression consists of postnatal depression, pre-
menstrual depression and climacteric depression.

 2. This depression is caused or aggravated by a fall and fluctuations of oestradiol.
 3. These women are often progesterone/progestogen intolerant.
 4. This depression cannot be diagnosed or excluded by measuring hormone levels.
 5. This depression usually responds to oestrogen therapy.
 6. Transdermal oestradiol by gel patch or implant is preferable and safer than oral 

oestrogens.
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9Sex, Gender, and the Decline 
of Dementia

Walter A. Rocca

9.1  Sex, Gender, and Dimorphic Neurology

9.1.1  Introduction

As we have originally discussed elsewhere [1], two important conceptual trends in 
the last 20 years will contribute to our future understanding of the risk of developing 
dementia or Alzheimer’s disease (AD). First, there has been an increasing attention 
to differences between men and women in the causes, manifestations, responses to 
treatment, and outcomes of neurological diseases (dimorphic neurology) [2–6]. 
These differences in brain structure and function between men and women manifest 
throughout the entire life course (intrauterine life, early childhood development, 
adult life, and aging) [3, 4, 7, 8]. Second, there has been an increasing recognition 
of the distinction between sex and gender. Sex is biology and refers to chromo-
somal, hormonal, or reproductive differences between men and women [1, 2, 5, 6]. 
By contrast, gender refers to psychological, social, political, and cultural differ-
ences between men and women [1, 5, 6, 9]. These two conceptual trends are now 
confronted with a growing body of evidence suggesting that the risk of dementia has 
declined in North America and Western Europe in the last 25 years and that the 
decline is different in men and women [10]. We can now use concepts of dimorphic 
neurology to help explain these time trends [10].
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9.1.2  Sex Versus Gender

It is important to distinguish sex and gender for the understanding of risk and pro-
tective mechanisms of disease. The US Institute of Medicine clarified the difference 
between sex and gender in a 2010 report: “Sex” refers to the classification of living 
things as male or female according to their reproductive organs and functions 
assigned by chromosomal complement, and “gender” refers to a person’s self- 
representation as male or female or to how that person is responded to by social 
institutions on the basis of that presentation [6]. Thus, sex refers to biological char-
acteristics of men and women, such as chromosomal differences (e.g., XX vs. XY 
chromosomes), hormonal differences (e.g., effects of estrogen, progesterone, or tes-
tosterone), or reproductive differences (e.g., pregnancy or menopause) [1, 2, 5, 6].

In contrast to sex, gender includes both a subjective component of self- 
representation (or sexual identity) and societal components related to the social, cul-
tural, and legal contexts in which men and women live. For example, a woman may 
rate herself higher or lower on a masculinity vs. femininity personality scale [11]. 
However, her right to drive a car, vote for political elections, or own property will 
depend on the legal system of the country in which the woman lives at a given point 
in history (e.g., Sweden vs. Saudi Arabia or the United States early 1900s vs. early 
2000s). The personal aspects of gender (e.g., psychology, personality, or behavior) are 
linked with the social and political aspects (e.g., legal system, religious practices, or 
local traditions), and it is sometimes difficult to determine to which extent the self-
representation of gender is the determinant or the consequence of cultural, political, or 
religious norms. Thus, sex and gender are tightly related and interdependent; however, 
they are not the same. Each variable should be studied independently [1, 11, 12].

9.1.3  Sex, Gender, and Time (History)

Gender-related factors have also varied over history. For example, women in the United 
States were not allowed to vote until the passage of the 19th Amendment to the United 
States Constitution in 1920 (Women’s Suffrage). Similarly, women in the United States 
have been less likely than men to smoke cigarettes during most of the twentieth cen-
tury. The gap in smoking behavior is now narrowing [13, 14]. Finally, in most coun-
tries, including the United States, men have historically had more access to advanced 
education than women. This pattern is now undergoing a complete reversal [15]. These 
historical transformations may have impacted the cognitive life of men and women 
differently and may explain in part the observed trends in risk of dementia.

9.2  The Risk of Dementia Is Declining

9.2.1  Evidence of a Decline

We were among the first authors who suggested that the incidence of dementia 
may be declining. At the time of our publication in 2011, we were uncertain 
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about the data and somewhat surprised about the trend [16]. However, in the fol-
lowing years, similar trends were reported from several other studies in Western 
Europe. Some additional confirmations came from Canada in 2015, and from two 
US studies and one UK study in 2016. Following the report of declining inci-
dence rates of dementia in the Framingham study in early 2016 (Framingham, 
Massachusetts) [17], another study reported a declining trend in incidence rates 
in the United Kingdom [18], and a third study confirmed a declining trend in the 
prevalence of dementia in a sample representative of the entire United States 
[19]. A more extensive analysis of the declining trend in Canada was published 
in 2017 [20], and a study of trends by birth cohorts in a US population was pub-
lished in 2017 [21].

As of today, we have a sizeable body of epidemiologic evidence indicating a 
decline in the incidence or prevalence of dementia in high-income countries in the 
past 25 years. Several experts from different countries have written commentaries 
or reviews on these declining trends and have discussed the possible role of vascular 
risk factors, education, wealth, and other personal or social factors [22–28]. Of par-
ticular interest is the commentary by Jones and Greene, two experts on the history 
of medicine, who have framed the declining trend for dementia within the broader 
context of trends for cardiovascular diseases [22]. In this chapter, I restrict my con-
sideration to countries with higher income, primarily from Europe and North 
America, because the time trends of neurological diseases, and of dementia in par-
ticular, may be different in other parts of the world with different demographic, 
social, cultural, and economic characteristics [29–32].

9.2.2  Evidence of Sex and Gender Differences

The trends for dementia incidence or prevalence may vary by sex. The decline in 
the incidence of dementia in the Framingham study, in Germany, and in Canada 
was more pronounced in women than men [17, 20, 33]. As an example, Fig. 9.1 
shows the decline in the incidence of dementia in the Framingham study. The 
decline started earlier and was more pronounced in women than men. By contrast, 
the decline in the incidence of dementia was almost completely restricted to men 
in a UK study and was greater for men in Spain [18, 34]. The declining trends of 
dementia for men and women may vary across countries and across time periods 
because of the interaction of sex and gender factors with a changing physical, 
social, and cultural environment (e.g., interaction of sex and gender with “living 
conditions”).

9.2.3  Explanations for the Decline

The trends in dementia incidence or prevalence remain partly unexplained. For 
example, in the study by Langa et  al., the prevalence of dementia declined even 
though the cardiovascular risk profile worsened (e.g., increased prevalence of 
hypertension, diabetes, and obesity over time) [19]. These findings suggest that the 
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increase in prevalence of cardiovascular risk factors was probably counterbalanced 
by an improvement in treatment (better treatment of hypertension and diabetes). 
The increasing trends in late-life obesity and overweight in relation to dementia risk 
need further study. It is possible that overweight and obesity in late life may protect 
against dementia rather than increase the risk.

Langa et al. conducted a series of analyses to explore whether the known risk 
factors for dementia can explain completely the time trends (mediation analyses). 
Comparing the prevalence in 2012 to the prevalence in 2000, they obtained an odds 
ratio of 0.69 (31% reduction). The odds ratio only increased to 0.82 after accounting 
for all of the factors considered (age, sex, race/ethnicity, education, net worth, car-
diovascular risk factors and diseases, and body mass index). Therefore, a large seg-
ment of the decline remained to be explained by yet unknown factors (18% of the 
decline in risk was unexplained) [19]. Similarly, Derby et al. reported a decline in 
the incidence of dementia within age groups over several sequential birth cohorts 
(decades of years of birth) in an urban US population (New York City). These 
declines were not explained by trends in putative risk factors such as education, 
racial composition, or cardiovascular risk factors [21].
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Fig. 9.1 Hazard ratios (HR) contrasting the incidence of dementia across four epochs. The epoch 
around 1980 served as the reference (HR = 1.0). The incidence declined earlier and more sizably 
in women (red line) than men (blue line). Figure drawn from the original data reported by Satizabal 
et al. [17]
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9.2.4  Broader Historical Context

The trends for dementia incidence and prevalence have occurred within the con-
text of large-scale historical events. Important dynamic interactions between sex, 
gender, socioeconomic factors, and cultural factors have occurred over historical 
epochs of the last century. For example, the people who have developed dementia 
in the last 20–30 years in Western Europe and North America have lived through 
World War I (1914–1918), the Spanish flu pandemic (1918–1920), the Great 
Depression (1929–1937), Word War II (1939–1945), the polio epidemic (1949), 
the Korean War (1950–1953), the Vietnam War (1955–1975), political protest 
movements in the 1960s, the end of the Cold War (1991), and the more recent con-
flicts in the Middle East. Some of these events have caused food restriction or fam-
ine, massive migrations, incarceration, persecution, violence, and stress. Patients 
with dementia have also lived through natural catastrophes, such as earthquakes 
and floods.

These patients have lived through changes in access to information, changes 
in the physical environment, changes in food availability and diet, and changes 
in life habits. Examples of changes are widespread use of radios and televisions, 
of telephones, and more recently of the Internet, increase in urbanization and 
population density, mechanization of agriculture and increased use of herbicides 
and pesticides, increase in air and water pollution, introduction of frozen food, 
distant transportation of fruit and vegetables, reduced time spent in preparing 
food, use of food additives to increase shelf life, the initial increase and later 
decrease in cigarette smoking, and the increase in sedentary lifestyle. Finally, 
they have lived through changes in medical care (e.g., introduction of antibiotics, 
antihypertensive drugs, diabetes drugs, dyslipidemia drugs, anticoagulant drugs, 
and psychiatric drugs). As I have previously discussed in an invited review, the 
impact of these large-scale historical events on the health and diseases of men 
and women remains poorly understood [10]. The effects may be particularly 
sizeable for diseases such as cognitive decline and dementia that involve higher 
cortical functions.

The dramatic historical changes that occurred in the last century have impacted 
women differently from men. For example, men went to war in 1939–1945, whereas 
women stayed home with the elderly and children and took on new roles to support 
the war efforts (many women started working in industry or agriculture). Men 
started to smoke cigarettes earlier than women, men reached much higher percent-
ages of use, and men experienced a steeper decline in smoking in more recent 
decades. Attention to sex-related factors (chromosomal, endocrine, and reproduc-
tive factors) or to gender-related factors (social and cultural factors) may help us to 
interpret the time trends. These sex and gender factors may be part of the missing 
explanation of the decline in the incidence or prevalence of dementia. We and others 
have recommended looking at risk and protective factors for dementia separately in 
men and women [1, 13, 35].
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9.3  The Role of Sex and Gender

9.3.1  Three Examples

I discuss three examples of sex- and gender-related risk factors that may have 
influenced the time trends: (1) one risk factor is equally common in men and 
women but has a stronger effect in one sex or gender group (APOE genotype), 
(2) one risk factor is believed to have a similar effect in men and women but 
has been historically more common in one sex or gender group because of cul-
tural reasons (education), and (3) one risk factor is restricted to one sex (oopho-
rectomy). Figure  9.2 provides a schematic representation of the three 
examples.

9.3.2  APOE Genotype and Alzheimer’s Disease

As we reported in greater details elsewhere [1, 13], the E4 allele of the apolipopro-
tein E gene (APOE) is the strongest known genetic susceptibility variant for AD [36, 
37]. There are three major isoforms of the ApoE protein (ApoE2, ApoE3, and 
ApoE4) that are encoded by three alleles of the APOE gene (E2, E3, and E4). 
Carriers of one E4 allele are three to four times more likely to develop AD than 
noncarriers. Carriers of the E4 allele also have an earlier age at onset of AD that can 
be visualized in cumulative incidence curves. Carriers of two E4 alleles have an 
even higher risk of AD than carriers of one allele (trend by genetic dose). The major-
ity of studies, and a large meta-analysis published by Farrer et al. in 1997, showed 
higher age-specific odds ratios of AD in women compared with men both for carri-
ers of one E4 allele and for carriers of two E4 alleles (Fig. 9.2) [36].

Among E4 allele carriers, women showed greater hippocampal atrophy, more 
changes in the default mode connectivity, more cortical atrophy, and worse memory 
performance compared with men [38–40]. In addition, a large autopsy study showed 
a higher burden of amyloid plaques and neurofibrillary tangles in the brains of women 
who were carriers of an E4 allele than in the brains of men who were carriers [41]. 
Finally, a recent study suggested that the greater risk of AD in women compared with 
men who carry one APOE E4 allele may be mediated by tau pathology [42].

The stronger effect of the APOE E4 allele in women compared with men offers 
an excellent example of a completely biological factor (a genetic variant) interact-
ing with other biological factors (e.g., hormones produced by the ovaries or other 
genes hosted on chromosomes X or Y) or with gender-related factors (e.g., educa-
tion, physical activity, behavioral preferences, type of occupation). We will first 
describe possible interactions between APOE E4 and sex mediated by hormonal 
mechanisms.

It has been postulated that the estrogen produced by the ovaries in a woman 
before the onset of menopause has an important neuroprotective effect on the brain 
[43, 44]. In addition, it has been hypothesized that the apolipoprotein E (ApoE: the 
protein coded by the APOE gene) may be a critical factor in the neuroprotective 
actions of estrogen [45, 46]. There is increasing evidence from both in vivo (mice) 
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Fig. 9.2 Schematic representation of three examples of sex and gender differences related to the 
risk of dementia or Alzheimer’s disease (AD) that may have contributed to the decline in incidence 
over time. Men are represented by blue boxes, arrows, and ovals and women by red-dashed boxes, 
arrows, and ovals. In all three examples, women experienced a higher risk of dementia or AD 
attributable to the specific risk factors (bigger red oval on the right). Panel a: APOE E4 allele is 
equally frequent in men and women (equal boxes on the left) but has a stronger effect in women 
(thicker red arrow). Panel b: low education has the same effect on the risk of dementia or AD in 
both men and women (equal thickness of the blue and red arrow). However, low education has 
been historically more common in women than men in many countries (bigger red box in women 
on the left). Panel c: oophorectomy increases the risk of dementia or AD in women but is not appli-
cable to men. OR odds ratio, RR relative risk, APOE apolipoprotein E, AD Alzheimer’s disease. 
Modified from the original figure reported by Rocca et al. [1]
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and in vitro (cell cultures) studies that estrogen may modulate the ApoE protein 
and its receptor, namely, the low-density lipoprotein receptor-related protein [46, 
47]. A number of studies have shown that the ApoE protein is a critical intermedi-
ary for the beneficial effects of estrogen on neuronal protection and repair [46, 
48–50]. The hypothesis that the neuroprotective effects of estrogen may be modi-
fied by the APOE genotype is also supported by some epidemiologic studies in 
women [51–54].

Another line of reasoning for the differences between men and women focuses 
on possible interactions between APOE genotype and more conventional risk or 
protective factors for dementia or AD. APOE E4 genotype may interact synergis-
tically with alcohol intake, cigarette smoking, physical inactivity, and high intake 
of saturated fat with the diet [55, 56]. These interactions may explain the increased 
risk of dementia and AD in APOE carriers in general. These interactions may also 
explain the differential effects of APOE genotype in men and women because 
men and women differ in their exposure to cigarette smoking, alcohol drinking, 
dietary preferences, and willingness to engage in physical activity. It remains 
unclear whether these behavioral factors are completely gender-related or whether 
they are partly biologically driven (sex-related). It has also been suggested that 
higher education may reduce the harmful effects of APOE E4. Indeed, women 
who carried an APOE E4 allele had reduced risk of developing dementia if they 
obtained a higher level of education early in life [57]. Dietary habits, lifestyle 
behaviors, the consumption of addictive substances, and education have changed 
over history in men and women and may have contributed to the decline in risk of 
dementia.

9.3.3  Education and Dementia

Lower education is recognized as one of the most established risk factors for demen-
tia and AD. Some studies suggested that the effect of lower education may be even 
stronger than the effect of the APOE E4 genotype [58]. It remains unknown how 
education may prevent dementia and AD, and current data suggest that the impact 
of education on the risk of dementia or AD is similar in men and women (Fig. 9.2) 
[59–63]. It may be strategic to consider education within a broader concept of intel-
lectual enrichment that includes other protective activities or behaviors. For exam-
ple, it has been shown that subjects who are involved in mentally stimulating 
activities at work (e.g., occupations requiring complex interactions with data and 
people) may reduce their initial risk related to lower education [64]. Therefore, 
education, primary occupation in earlier life, and cognitively stimulating leisure 
activities in midlife or later life have been combined into the concept of lifetime 
intellectual enrichment. It has been hypothesized that lifetime intellectual enrich-
ment may provide an important brain reserve mechanism to delay the onset of cog-
nitive decline and dementia [62, 63].

Education in earlier life (through schooling or formal training), mental stimula-
tion as part of a job, and stimulating leisure activities later in life are three examples 
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of factors that are primarily gender-related and historically contingent. As I dis-
cussed earlier, in some countries, men had historically more access to advanced edu-
cation than women; this pattern has now reversed. For example, at the most recent 
US Census, the educational attainment in women was higher than in men [15]. 
Similarly, cognitively demanding jobs used to be restricted to men (e.g., directing 
public or private institutions, serving in high-ranking political roles, holding high 
academic ranks, etc.); the pattern is changing in some countries [13].

The dimorphic effects of education, occupation, and leisure activities on the 
risk of dementia and AD should be further investigated and may be leveraged in 
developing preventive interventions [62, 63]. The dramatic changes in social and 
cultural attitudes and norms about gender that have occurred in many western 
countries in recent decades may explain part of the observed decline in the risk of 
dementia [10].

9.3.4  Oophorectomy and Dementia

Oophorectomy and other gynecological surgeries are examples of factors restricted 
to one sex because of anatomical differences (Fig. 9.2). The neuroprotective effect 
of estrogen may be lost in women who experience premature menopause (before 
age 40 years) or early menopause (between age 40 and 45 years) either naturally or 
because of medical or surgical interventions (more commonly, bilateral oophorec-
tomy) [44, 65]. In 2007, the Mayo Clinic Cohort Study of Oophorectomy and Aging 
showed that women who underwent bilateral oophorectomy before the onset of 
menopause experienced a long-term increased risk of cognitive impairment or 
dementia [43, 44, 65–67]. The risk increased with younger age at oophorectomy, 
did not vary by indication for the oophorectomy, and was attenuated by estrogen 
therapy initiated after the surgery and continued up to age 50 years or longer. In 
most of the women, the bilateral oophorectomy was performed at the time of a hys-
terectomy. Most of these bilateral oophorectomies were performed under the belief 
that removal of the ovaries was a preventive measure against ovarian cancer and 
would not have any major systemic long-term effects.

The findings from the Mayo Clinic study were first replicated 3 years later, in 
2010, by a Danish nationwide study [67, 68]. In 2014, Bove et  al. reported the 
results of a cohort study on the association between surgical menopause and cogni-
tive decline and AD pathology conducted in an urban US population (Chicago, IL) 
[69]. Earlier age at surgical menopause was associated with faster decline in global 
cognition, and specifically in episodic memory and semantic memory. Earlier age at 
surgical menopause was also associated with increased AD neuropathology, in par-
ticular neuritic plaques. Estrogen therapy that was initiated within 5 years of the 
surgery and that was continued for at least 10 years was associated with a slower 
decline in global cognition. None of these associations were observed for women 
who underwent natural menopause.

It has been suggested that bilateral oophorectomy causes an abrupt decline in the 
levels of circulating estrogen and that this decline may trigger a chain of biological 
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events leading to degenerative and vascular lesions in the brain. These brain lesions 
may manifest as cognitive impairment or dementia several decades after the oopho-
rectomy. The role of other ovarian hormones (e.g., progesterone) and of other etio-
logic mechanisms (e.g., disruption of the hypothalamus-pituitary-ovarian axis) 
remains uncertain [43, 44]. The incidence rate of bilateral oophorectomy more 
than doubled between 1950–1954 and 1995–1999 and declined thereafter [70]. In 
addition, treatment with estrogen replacement therapy after the oophorectomy also 
changed dramatically over the last half a century. Therefore, the impact of bilateral 
oophorectomy with or without estrogen replacement on the trends for dementia risk 
in women remains unknown.

9.3.5  Risk Factors Restricted to Men

Bilateral oophorectomy is an example of a sex-specific condition restricted to 
women. Similar sex-specific conditions have been investigated less frequently in 
men. For example, it remains unclear whether men who are treated for prostate 
hypertrophy or prostate cancer with testosterone antagonists have an increased risk 
of dementia.

9.4  Conclusions

The incidence rate of dementia and AD has declined in high-income countries in the 
past 25 years. The decline has varied in men and women, and the sex pattern has 
varied across different countries. This decline has been explained in part by better 
treatments for some cardiovascular risk factors and by improvements in education 
and wealth. However, a sizeable segment of the decline remains unexplained.

At this point in the history of research on the etiology of dementia or AD, we 
need new concepts, new theories, and new points of view rather than simply addi-
tional data. An impressive number of individual papers, monographs, books, litera-
ture reviews, and meta-analyses on the etiology of dementia or AD have been 
written [1, 13]. It may be time to take some distance from the existing literature and 
see whether there are new lines of investigation to be explored. The partly unex-
plained decline observed in the incidence rate of dementia provides an additional 
stimulus to consider new risk and protective factors for dementia and to develop a 
broader approach to causal explanations.

I hope that this chapter will stimulate other groups of investigators to further 
explore the impact of sex- and gender-related factors on cognitive aging [13, 43, 
44, 65, 71]. Consideration of risk and protective factors in men and women sepa-
rately may accelerate etiologic research in neurological diseases in general and 
for dementia and AD in particular [3, 4, 13, 43, 71]. Finally, a dimorphic approach 
may be essential in trying to understand the decline in the risk of dementia 
observed over the last 25 years and in developing preventive strategies to acceler-
ate the decline.
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10.1  Introduction

While overall cardiovascular disease (CVD) mortality has decreased in the prior 
decade, mostly due to the advances in primary and secondary preventive methods, 
CVD remains the leading cause of morbidity and mortality worldwide with more 
people dying from CVD than from any other reason every year. As reported by the 
World Health Organization (WHO), CVD caused 17.7 million deaths in 2015, 
accounting for 31% of all global deaths. Coronary heart disease and stroke were the 
most common CVD events causing 7.4 million and 6.7 million deaths, respectively. 
CVD is also responsible for the 37% of the 17 million premature deaths due to non-
communicable diseases in 2015. Furthermore, more than four million deaths from 
CVD are reported annually in Europe, representing the 45% of all deaths. The num-
ber of deaths from CVD is expected to increase even more by 2030 [1, 2].

For many years, heart disease was considered a “man’s disease.” However, it is 
more usually seen in women than in men, accounting for 40% of all deaths in men and 
49% of all deaths in women across Europe [1–3]. This impact of CVD is mainly attrib-
uted to traditional risk factors which apply to both women and men, namely, hyperten-
sion, hypercholesterolemia, smoking, obesity, diabetes, and sedentary lifestyle. In 
addition, most women tent to present with atypical symptoms or no symptoms at all 
resulting in delayed diagnosis and treatment. In the past years, many attempts have 
been made to develop a women-specific preventive model for CVD; however diagnosis 
and risk assessment of heart disease in women are still challenging [4, 5].

As stated in recent scientific data, it is now well established that the pathophysi-
ology, the symptoms, and the response to treatment of CDV differ between genders. 
This diversity in the clinical features of the disease between women and men makes 
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the need for searching and studying women-specific CVD risk factors urgent. Along 
this same line of improving CVD prevention in women, researchers turned their 
attention to novel risk factors that are met exclusively in women such as adverse 
pregnancy outcome (APO) [6]. Hypertensive disorders of pregnancy (HDP) 
(pregnancy- induced hypertension, preeclampsia, eclampsia) and gestational diabe-
tes mellitus are the most common complications of pregnancy that are associated 
with future CVD events for both mother and child. Moreover, these conditions rep-
resent the failure of the pregnant woman to adapt to the physiological alterations of 
pregnancy, which is expressed with elevated blood pressure, impaired lipid metabo-
lism, and glucose intolerance and has a predictive role in future CVD. In particular, 
women who experience HDP and gestational diabetes mellitus (GDM) double their 
risk of developing CVD later in life [6, 7].

The causal pathway that relates APO with future disease as well as specific char-
acteristics of women who experience pregnancy complications is the new subject of 
current research. The identification of women at risk early during their pregnancy 
and their involvement in preventive programs would contribute to the reduction of 
burden of CVD in women [8].

10.2  Hemodynamic Changes of Normal Pregnancy

Normal pregnancy induces a series of physiological changes in the maternal hemo-
dynamic and cardiovascular system, which begin early in gestation. These changes 
are triggered by the systemic vascular vasodilation and reflect on plasma volume, 
red cell mass, heart rate, blood pressure, cardiac output, and coagulation system [9].

The vasodilation starts at the fifth week of gestation and serves the generation of 
placenta and the development of uteroplacental vascular system. The plasma vol-
ume increases throughout pregnancy with its major part being contained in the 
uterus and the uteroplacental circulation. It expands by 10–15% between the 6th 
and the 12th weeks of gestation, reaching 30–50% over the nonpregnant level by the 
34th week. Given that there is a greater increase in the plasma volume compared to 
the red cell mass, red blood count and hemoglobin concentration fall resulting in 
physiological anemia of pregnancy [6, 10, 11].

Cardiac output rises to 30–50% above baseline during pregnancy in order to 
serve the exclusive needs of both mother and fetus. This alteration in cardiac output 
is stimulated by the expand in blood volume and the increase in heart rate [6]. 
Maternal heart rate increases gradually by 10–15 beats per minute by the 32nd week 
of gestation and turns back to normal at term [12]. Moreover, the size of the uterus 
and position of the mother at the time of measurement can affect the cardiac output 
rates [11].

During pregnancy, systematic vascular resistance decreases gradually to 35–40% 
of baseline due to systematic vasodilation by the middle of the second trimester. It 
increases to nonpregnant levels postpartum [13]. This systematic vasodilation 
causes an underfilled vascular system with slightly increased renin activity and 
slightly reduced atrial natriuretic peptide levels.
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Blood pressure (BP), in pregnant state, has a falling course, with the most pro-
nounced drop typically occurring between 16 and 20 weeks. During the second half 
of the third trimester, BP gradually increases to prepregnancy levels. These changes 
concern both systolic BP (SBP) and diastolic BP (DBP) [14, 15].

There are also alterations in the coagulation system that provoke a physiological 
hypercoagulable state. Plasma concentrations of clotting factors VII, VIII, IX, X, 
and von Willebrand increase progressively with the advancement of gestation. 
Fibrinogen is also increased, while fibrinolytic activity is decreased. The natural 
anticoagulants are affected as well. Levels of protein S decrease as gestation pro-
gresses and acquired resistance to activated protein C appears. While this hyperco-
agulability has a supporting role in case of hemorrhage during labor, it exposes the 
pregnant women to increased risk of venous thrombosis. In particular, women are 
4–5 times more likely to develop venous thromboembolism during pregnancy than 
in the nonpregnant state. In addition, venous stasis in the lower limbs occurs due to 
compression of the inferior vena cava by the uterus and is more obvious in the left 
limb [6, 16]. Therefore, thromboembolic events are more common in the left leg; 
there are many recent scientific data about the May-Thurner syndrome in pregnancy 
where the left common iliac vein is occluded by the right common iliac artery [17].

10.3  Metabolic Changes of Normal Pregnancy

During normal pregnancy, a set of metabolic adaptations occur in order to meet the 
increased demands of the growing fetus.

10.3.1  Glucose Metabolism

The state of pregnancy is considered to be diabetogenic, and the changes in glucose 
metabolism allow glucose supply to the fetus to ensure its growing and development. 
Pancreatic beta-cells undergo proliferation leading to increased insulin secretion and 
increased insulin sensitivity and subsequently progressive insulin resistance.

Insulin resistance begins in the second trimester and gradually increases peaking 
in the third trimester. Moreover, secretion of diabetogenic hormones such as placen-
tal hormones, progesterone, growth factors, and cortisol affects insulin sensitivity. 
The etiologic relationship between these hormones and insulin sensitivity is con-
firmed postpartum when insulin resistance declines abruptly. Gestational diabetes 
develops when pancreatic function is impaired and fails to overcome the insulin 
resistance [18].

10.3.2  Lipid Metabolism

During pregnancy, profound changes occur in lipid metabolism as well. Total serum 
cholesterol and triglycerides levels increase markedly, beginning at the first 
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trimester and peaking during the second trimester. This is considered to be the result 
of increased estrogen concentrations and insulin resistance of pregnancy.

Triglyceride levels increase mainly due to increased hepatic synthesis and 
decreased lipoprotein lipase activity. Furthermore, there is a progressive increase in 
low-density lipoprotein (LDL) up to 50% above nonpregnant levels as well as in 
high-density lipoprotein (HDL). HDL rises in the first trimester and then falls in the 
third trimester afterward, remaining however above baseline.

Maternal hypertriglyceridemia accommodates the adequate fetal growth and 
development and serves as maternal fatty acid store. The placenta uses cholesterol 
for steroidogenesis and fatty acids for oxidation and formation of placental mem-
branes. The mother uses fat as the main energy source, while she preserves glucose 
and amino acids for fetal metabolism [11, 18].

10.4  Hypertensive Disorders of Pregnancy 
and Cardiovascular Implications

Hypertensive disorders are common complications encountered during pregnancy 
[19]. The National High Blood Pressure Education Program Working Group on 
High Blood Pressure in Pregnancy classified hypertensive disorders into the follow-
ing categories, namely, preeclampsia/eclampsia, chronic hypertension, preeclamp-
sia superimposed on chronic hypertension, and gestational hypertension [19]. 
Gestational hypertension is the new onset of hypertension after 20 weeks of gesta-
tion. Moreover, the diagnosis may be done retrospectively provided blood pressure 
readings return to normal by the 12th week after delivery and the patient does not 
develop preeclampsia [20]. Preeclampsia is the multiorgan process defined by 
hypertension and proteinuria, occurring after the 20th week of gestation. Eclampsia 
is the development of convulsions presenting unexpectedly in a pregnant women 
with mildly elevated blood pressure and no prevalent proteinuria or in a pregnancy 
previously complicated by preeclampsia [19]. The prevalence of hypertensive disor-
ders of pregnancy has been estimated as 5.2–8.2%, and preeclampsia is evident in 
0.2–9.2% of pregnancies, while gestational hypertension is identified in 1.8–4.4% 
of pregnancies [21].

A previous history of HDP is emerging as a risk factor of future hypertension. A 
recent meta-analysis of 6904 women reported that the risk of hypertension increases 
in women with a history of HDP from the age of 45 years onward, with 1  in 5 
women suffering from hypertension at 15  years postpartum [22]. Similarly, the 
cumulative incidence of chronic hypertension observed in women with previous 
HDP was modified by body mass index (BMI) [23]. More specifically, the risk of 
chronic hypertension increased stepwise with increasing BMI category, with a haz-
ard ratio (HR) of 2.13, 3.54, 5.92, and 8.66 corresponding to women with BMI of 
22.5–24.9  kg/m2 vs. 25.0–29.9  kg/m2 vs. 30.0–34.9  kg/m2 vs. ≥35.0  kg/m2, for 
women aged 32–39  years [23]. Moreover, a recent retrospective cohort study of 
1261 women with a previous history of gestational diabetes described that the risk 
of subsequent hypertension up to 5 years post-delivery was predicted by a history of 
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HDP, weight increase higher than 7 kg throughout pregnancy, and elevated prepreg-
nancy BMI [24]. Interestingly, women with a history of HDP have a higher risk of 
cardiomyopathy in later life, which corresponds to 2.22 times higher risk in women 
with severe preeclampsia and 2.25 times higher risk in women with gestational 
hypertension, for the occurrence of cardiomyopathy more than 5 years after last 
delivery [25].

Women with gestational hypertension have also been associated with a higher 
risk of maternal hypertension in the future. The prevalence of modifiable cardio-
metabolic risk factors and the risk of future hypertension are higher in women with 
gestational hypertension compared with women presenting with preeclampsia [26, 
27]. Kestenbaum et  al. (2003) evaluated 31,239 hypertensive pregnancies and 
described that the risk of cardiovascular events is up to 2.8-fold higher in women 
with a personal history of gestational hypertension (95% CI: 1.6–4.8) [28]. Women 
with a previous history of gestational hypertension without proteinuria have been 
linked with a 1.9-fold higher risk of incident ischemic heart disease in the future, as 
reported by a Swedish cross-sectional population-based study [29]. Finally, gesta-
tional hypertension has been linked with higher odds of admission for future disease 
when compared with preeclampsia only, namely, OR of 4.08 vs. 3.06 for chronic 
hypertension, OR of 3.19 vs. 2.67 for ischemic heart disease, OR of 0.57 vs. 2.03 
for stroke, and OR of 3.45 vs. 4.72 for renal disease [30].

Preeclampsia has been related with a higher prevalence of cardiometabolic risk 
factors of the mother. An adverse cardiovascular risk profile has been described in 
611 women with a previous history of mild or moderate preeclampsia, with results 
describing a more atherogenic lipid profile, higher insulin resistance, higher BMI, 
and elevated readings of blood pressure, 11  years after pregnancy [31]. The 
Preeclampsia Risk Evaluation in FEMales study (PREVFEM) evaluated the preva-
lence of hypertension within 10  years post-delivery in women exposed to pre-
eclampsia compared to non-exposed women [32]. This study recognized that 
women with a personal history of preeclampsia have an 3.59 higher prevalence of 
hypertension compared to non-exposed women at 10 years postexposure [32]. The 
risk of chronic hypertension in the future has been estimated as up to sevenfold 
higher in women with recurrent preeclampsia when compared with women having 
a single episode of preeclampsia [33]. The impact of early-onset preeclampsia on 
cardiovascular risk factors seems to persist up until middle age, as described in a 
recent prospective observational study, in which women with early-onset pre-
eclampsia had higher readings of blood pressure, more insulin resistance, greater 
BMI, and albuminuria in comparison with control women, when assessed in their 
fifth decade of life [34].

A personal history of preeclamptic pregnancies has been also been shown to 
predict future cardiovascular risk, whereas the subclinical cardiovascular involve-
ment during preeclampsia does not resolve following delivery. A recent meta-anal-
ysis reported that women having experienced preeclampsia had a 2.01 times higher 
risk of CVD diagnosis, a 2.89 times higher risk of a fatal CVD event, and an up to 
1.77 times higher risk of cerebrovascular event in later life [35]. Moreover, pre-
eclampsia has been linked with a fourfold higher risk of heart failure and twofold 
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higher risk of coronary heart disease in later life [36]. Similarly, an up to 2.3-fold 
greater risk of thromboembolic events has been identified in women with a personal 
history of severe preeclampsia [28]. Additionally, evidence of subclinical vascular 
disease has been observed in women with history of preeclampsia, who had higher 
carotid artery intima-media thickness compared to controls (IMT, median values, 
0.80 mm vs. 0.73 mm, p-value = 0.004). Furthermore, insight with respect to the 
long-term impact of preeclampsia on the cardiovascular system of middle-aged 
women (45–55  years of age) will be provided following the completion of the 
CREw-IMAGO (Cardiovascular Risk profilE-Imaging and gender- specific disOr-
ders) multicenter cohort study [37]. This study will assess indices of subclinical 
atherosclerosis like coronary artery calcium scoring, carotid calcium scoring, as 
well as arterial stiffness [37].

10.5  Gestational Diabetes Mellitus and Cardiovascular Risk

The prevalence of GDM among pregnancies in the USA has been described as 
6–7% [38]. The equivalent European prevalence of GDM, diagnosed using the 
International Association of the Diabetes and Pregnancy Study Groups (IADPSG)/
WHO 2013 criteria, corresponds to rates up to 39% in obese women, with no sig-
nificant differences in prevalence across counties [39]. GDM is a well-documented 
risk factor for the future development of type 2 diabetes mellitus (T2DM), with the 
risk of future maternal T2DM being estimated as more than sevenfold, according to 
the results of a meta-analysis [40]. In addition, a diagnosis of GDM confers an addi-
tional adverse effect on the actual cardiometabolic risk, with the number of previous 
GDM diagnosis associating with abnormal postpartum glucose metabolism in a 
dose-response pattern [41]. In fact, women experiencing a single episode of GDM 
had an up to 2.9 times higher relative risk of dysglycemia within the first 5 years 
after delivery (95% CI: 1.7–4.7), whereas women with recurrent diagnosis of GDM 
had an almost four times higher relative risk of postpartum dysglycemia (95% CI: 
2.1–6.8) [41].

Available evidence from cohort studies which addressed the potential impact of 
GDM with respect to future maternal cardiovascular outcomes indicated a higher 
risk for CVD, CHD, and stroke in women experiencing glycemic dysregulation dur-
ing pregnancy [38]. In fact, Retnakaran et  al. [42] observed a large cohort of 
1,450,097 women without baseline T2DM for a duration of 10  years [42]. The 
results of this study indicated that women with a previous history of GDM had an 
up to 1.3 times (95% CI: 1.07–1.59) as well as an up to 1.41 times higher CHD risk 
(95% CI: 1.11–1.80), compared to women who did not develop GDM during preg-
nancy [42]. Similarly, Tobias et  al. observed the development of cardiovascular 
complications in a total of 89,479 women, participants of the Nurses’ Health Study 
II, during an average duration of 25.7 years [43]. This study showed that women 
with GDM when compared with non-GDM women had an up to 1.53 higher risk of 
myocardial infarction in the future (95% CI: 1.16–2.17), an up to 1.22 times higher 
risk of stroke (95% CI: 0.83–1.78), as well as an up to 1.43 higher risk of overall 
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cardiovascular events (95% CI: 1.12–1.81) [43]. Moreover, as reported following 
the results of a French nationwide population-based study, GDM was associated 
with higher risk for CVD (OR 1.25, 95% CI: 1.09–1.43), angina pectoris (OR 1.68, 
95% CI: 1.29–2.20), myocardial infarction (OR 1.92, 95% CI: 1.36–2.71), and 
hypertension (OR 2.72, 95% CI: 2.58–2.88), but not with stroke, even within the 
first 7 years after delivery [44]. Shah et al. [45] assessed matched cohorts of 8191 
women with GDM and 81,262 women without GDM for an average duration of 
11.5  years following delivery. Accordingly, women with a history of GDM had 
higher risk for cardiovascular events (HR 1.13, 95% CI: 0.67–1.89), adjusting for 
subsequent type 2 diabetes [45].

A growing body of evidence tried to address the potential link between GDM 
and noninvasive indices of subclinical structural vascular disease. As reported by a 
systemic review and meta-analysis of 15 studies with 2247 women, GDM was 
linked with higher carotid IMT values compared to women without GDM (weighted 
mean difference 0.05, 95% CI: 0.03–0.07, p-value < 0.001) [46]. This association 
was characterized with significant heterogeneity, mainly attributed to values of 
body mass index [47]. Moreover, higher epicardial fat thickness and carotid was 
identified in women with a previous history of GDM when compared with age- and 
sex-matched controls, further supporting the predisposition of women with previous 
GDM to develop atherosclerosis [48]. In addition, the Coronary Artery Risk 
Development in Young Adults study evaluated evidence of subclinical atherosclero-
sis in a total of 898 apparently healthy parous women [49]. This study identified 
higher common carotid IMT values in GDM vs. no-GDM women [49]. These 
results were observed only in participants who did not develop subsequent diabetes 
or metabolic syndrome, indicating evidence of subclinical vascular disease in 
patients with GDM independent of prepregnancy obesity [49].

Α few studies evaluated the link between subclinical arterial dysfunction and a 
personal history of GDM. Moreover, GDM-complicated vs. normoglycemic preg-
nancies presented as significant risk factor predicting higher arterial stiffness, which 
was evaluated according to measures of pulse wave velocity (PWV), in women up 
to 5 years following pregnancy [50]. Similarly, a hospital-based cohort study evalu-
ated 120 women with a personal history of GDM and 120 women serving as con-
trols, describing higher values of PWV in women with GDM vs. normoglycemic 
pregnancies, up to 3.7 years after delivery [51]. Finally, women with a personal 
history of GMD were found to have higher levels of PWV and augmentation index, 
indicating more extensive arterial stiffens, compared to women with normoglyce-
mia during pregnancy, after a median follow-up time of 6 years [52].

Accumulating data tried to elucidate pathophysiological mechanisms potentially 
contributing to the development of subclinical vascular disease in patients with a 
personal history of GDM. A small study of 39 pregnant women with GDM and 40 
healthy pregnant women serving as controls observed a disturbance of antioxidative 
mechanisms in women with GDM [53]. Accordingly, GDM women had significantly 
higher levels of lipid hydroperoxide and significantly lower levels of antioxidative 
parameters like paraoxonase activity as well as free sulfhydryl groups [53]. In addi-
tion, higher levels of inflammatory and proatherogenic markers were observed in a 
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smaller cross-sectional study of pregnant women with GMD vs. pregnant women 
serving as controls, like high-sensitivity C-reactive protein and tumor necrosis factor 
(TNF) alpha as well as plasminogen activator inhibitor-1 [54]. Higher levels of tissue 
inhibitor of metalloproteinase-1 (TIMP-1) indicative of low- grade inflammation 
were observed in women with a previous history of GDM, further contributing to the 
development of atherosclerosis [51]. Moreover, impaired profile of regulatory T cells 
and natural killer cells, possibly linked with the development of inflammation and 
insulin resistance, has been evidenced in a smaller case-control study of 27 glucose-
tolerant controls and 31 GDM overweight pregnant women [55].

10.6  Breastfeeding and Cardiovascular Disease in Later Life

The pregnancy-related metabolic alterations may exhibit a more prolonged effect on 
maternal cardiovascular risk. This link is likely affected by parity and presence of 
additional cardiovascular risk factors. On the other hand, a growing amount of evi-
dence has described that breastfeeding is reversing some of the pregnancy-related 
proatherogenic implications toward the female cardiovascular system and thus may 
potentially reduce the amount of the additional cardiovascular risk conferred by 
pregnancy [56]. In fact, results of the Study of Women’s Health Across the Nation 
(SWAN) study suggested an up to 21% lower risk of metabolic syndrome in women 
who lactated in the past versus women who never lactated, while cumulative duration 
of lactation is associated with lower prevalence of the metabolic syndrome in midlife 
[57]. Moreover, lower prevalence of diabetes, hyperlipidemia, and hypertension was 
associated with the longer cumulative duration of lifetime lactation, as reported in 
the Women’s Health Initiative, indicating a dose-response association [58].

Preliminary data evaluated the impact of lactation on vascular characteristics, 
supporting an overall beneficial association. The Coronary Artery Risk Development 
in Young Adults (CARDIA) study evaluated prospectively a total of 846 women dur-
ing a follow-up period of 20 years [59]. The results of this study showed a graded 
inverse association between a personal history of lactation and mean values of com-
mon carotid intima-media thickness in middle-aged women, with the association 
being modestly attenuated after controlling for traditional cardiovascular risk factors 
[59]. Parous women who never breastfed exhibited a 0.13 mm larger lumen diameter 
and 0.12 mm larger adventitial diameter of carotid arteries compared to women who 
breastfed for at least 3 months after every birth, independently of traditional risk fac-
tors or health-related behavior, as reported in 607 premenopausal women of the 
Women and Infants Study of Healthy Hearts study [60]. In a cross- sectional evalua-
tion of 297 women enrolled in the SWAN study [61], mothers who had not breastfed 
exhibited 5.26 times higher risk of aortic calcification (95% CI: 1.47–20.0) com-
pared to women who breastfed, independently of traditional cardiovascular risk fac-
tors, socioeconomic status as well as lifestyle and family history variables, and body 
mass index. Data on the link between a personal history of lactation and arterial 
stiffness remains sparse. One available study could not confirm a link between arte-
rial stiffness and a personal history of lactation in premenopausal women [60].
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In addition, a history of lactation has been linked with lower risk of developing 
hypertension in later life. The beneficial effects of breastfeeding on blood pres-
sure readings become evident even from the first month postnatal, as described in 
non- overweight women [62]. A personal history of breastfeeding was associated 
with lower risk of hypertension in midlife, as described in a cohort of 3119 non-
smoking postmenopausal women participating in the Korea National Health and 
Nutrition Examination Survey [63]. In fact, the population attributable fraction of 
hypertension in women who breastfeed for less than 5  years was estimated as 
6.5%, while the protective impact of lactation on the risk of maternal hypertension 
was attenuated by greater insulin resistance and obesity [63]. In addition, women 
who breastfed at least 3 months per child had lower odds of developing hyperten-
sion in midlife when compared with parous women who never breastfed, as 
described in the 45 and Up Study, which evaluated a sample of 74,785 Australian 
women [64].

Moreover, breastfeeding has been associated with lower incidence of cardiovas-
cular or coronary heart disease in later life. A recent sub-analysis of the European 
Prospective Investigation into Cancer and Nutrition (EPI-CVD) prospective case- 
cohort study assessed the development of coronary events overtime in a total of 
17,640 participants from ten countries [65]. This study described that the risk of 
coronary events was lower among women who breastfed when compared with 
women who did not breastfeed (adjusted HR, 0.71; 95% CI: 0.52–0.98). The addi-
tional CHD risk conferred by pregnancy was confirmed based on the results of this 
study, which reported a higher risk of coronary events among parous versus nul-
liparous women (adjusted HR 1.19; 95% CI: 1.01–1.41) [65]. A similar prospec-
tive study performed among 300,000 Chinese women [66] indicated a significantly 
lower risk of CVD in women with a personal history of breastfeeding when com-
pared with women who never breastfed (adjusted HR for CHD 0.91; 95% CI%, 
0.84–0.99; for stroke 0.92; 95% CI, 0.85–0.99). More specifically, an up to 18% 
lower risk of CHD and up to 17% lower risk of stroke was observed in women who 
breastfed for at least 24 months [66]. In addition, women who had never breastfed 
had higher risk of experiencing a fatal cardiovascular event when compared to 
women with a personal history of breastfeeding, after adjustment for parity, 
sociodemographic and traditional cardiovascular risk factors (HR 2.53, 95% CI: 
1.39 to 4.99), as reported by the results of the HUNT2 study [67]. This effect was 
attenuated with increasing age and thus was evident in women older than 65 years.

10.7  Conclusion

Hypertensive disorders of pregnancy and diabetes mellitus are associated with a 
significant adverse effect on the maternal cardiovascular system as well as on the 
accumulation of cardiometabolic risk factors. Implications become prevalent soon 
after delivery and seem to last up until middle age. Breastfeeding on the other hand 
may reverse these adverse changes to some extent, improving the cardiovascular 
profile of the mother.
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11.1  Introduction

Cardiovascular events are the main cause of death in women, particularly in those 
over the age of 70 years. However, one third of all non-fatal cardiovascular events 
before age 80 occur in women below age 60 (Writing Group [1]).

Until the late 1990s, oestrogen was thought to protect against coronary heart 
disease (CHD) [2]. Many cohort studies showed that menopausal hormone therapy 
HRT was associated with a 40–50% reduction in the incidence of CHD. However, 
an RCT, the Women’s Health Initiative (WHI) found an early, transient increase in 
coronary events in the combined HRT (oestrogen plus progestogen), but not the 
oestrogen alone arm [3]. However, the average age of participants in WHI was 
63  years old, 12  years older than the average age of menopause in the UK and 
Western Europe; therefore it is possible that the women in these studies had estab-
lished subclinical atherosclerosis and the impact of HRT might be different in 
younger women. This ‘window of opportunity concept has subsequently been sup-
ported by several publications [4–7].

In a meta-analysis of clinical outcomes, the 2015 Cochrane review of RCT data 
found that HRT initiated fewer than 10 years after menopause onset lowered CHD 
in postmenopausal women (RR, 0.52; 95% CI, 0.29–0.96) [8]. It also found a reduc-
tion in all-cause mortality (RR, 0.70; 95% CI, 0.52–0.95) and no increased risk of 
stroke but an increased risk of VTE (RR, 1.74; 95%CI, 1.11–2.73), similar to the 
findings of a prior meta-analysis of studies in women who initiated HRT within 
10 years of menopause onset and/or in women aged younger than 60 years [9].

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11355-1_11&domain=pdf
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These include the subgroup analysis of data, from the WHI trials, which exam-
ined HRT use stratified by age and time since menopause and demonstrated more 
favourable results for all-cause mortality and myocardial infarction in women aged 
50–59 and those close to menopause [10] than 60 years [9].

The Danish Osteoporosis Prevention Study (DOPS) [11], an open-label RCT, 
showed that HRT was associated with a reduction in cardiovascular disease in 
women of the same age group.

For CEE alone, of the Women’s Health Initiative study, CHD, total MI, and 
coronary artery bypass grafting or percutaneous coronary intervention showed a 
lowered HR in women aged younger than 60 years and fewer than 10 years since 
menopause onset, even in intention-to-treat analyses [10]. Age group analysis in 
the WHI CEE/MPA trial was an outlier. In the 50- to 59-year-old age group, the HR 
for CHD was elevated but not statistically significant at 1.34 (95% CI, 0.82–2.19) 
for CEE/MPA.

11.2  IMS Global Statement [12]

This Statement, endorsed by Menopause Societies from all around the world, states 
that randomized clinical trials and observational data as well as meta-analyses pro-
vide evidence that standard-dose oestrogen-alone HRT may decrease myocardial 
infarction and all-cause mortality in women younger than 60 years of age and within 
10 years of menopause.

Data on oestrogen plus progestogen HRT in women younger than 60 years or 
within 10 years of menopause show a less compelling trend for mortality benefit, 
and evidence on cardioprotection is less robust with inconsistent results compared 
to the oestrogen alone group.

The NICE Guideline on Menopause (NG23) published in 2016 [13] provides 
guidance on the use of HRT and the risk of cardiovascular risk, and this is summa-
rized below.

11.2.1  HRT and the Risk of Cardiovascular Disease in Women 
with No Previous CV Events

The baseline risk of coronary heart disease for women around menopausal age var-
ies from one woman to another according to the presence of cardiovascular risk 
factors. Baseline risk estimated 26.3/1000 over 7.5 years.

• HRT does not increase the risk of cardiovascular disease when started in 
women aged under 60 years.

• HRT does not affect the risk of dying from cardiovascular disease.

J. Sassarini and M. A. Lumsden
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11.2.2  Women with Pre-existing Cardiovascular Risk Factors

11.3  North American Menopause Society [14]

11.3.1  Cardiovascular Disease and All-Cause Mortality

Newer observational data and reanalysis of older studies by age or time since meno-
pause, including the WHI, suggest that for healthy, recently menopausal women, the 
benefits of HRT (oestrogen alone or with a progestogen) outweigh its risks, with 
fewer CVD events in younger versus older women.

11.3.2  Advice Must Be Given to Modify Their Risk Factors for CV 
Events

11.3.2.1  BMI and Obesity
Women should maintain or lose weight through an appropriate balance of physical 
activity, caloric intake, and formal behavioural programme to maintain/achieve a 
BMI of between 18.5 and 24.9  kb/m2 and a waist circumference ≤35  in. 
Recommendations may vary between different ethnic groups, e.g. South Asians 
where increased risk occurs at lower BMI than in Europeans [15].

11.3.2.2  Smoking
Compared to non-smokers, female current smokers have a relative risk of myocar-
dial infarction of 2.24 (range 1.85–2.71) [16]. Second-hand smoke also increases 
the risk of CHD. Smoking cessation, but not reduction, reduces the risk of myocar-
dial infarction.

11.3.2.3  Exercise and Physical Activity
Lower fitness levels are associated with a 4.7-fold increased risk for CHD. It is now 
accepted that women should undertake 150  min/week of moderate to vigorous 
physical activity [17].

11.3.2.4  Hypertension
Treating hypertension reduces the risk of CHD.  For every 1  mmHg decrease in 
systolic blood pressure, there is a decrease in risk of a cardiovascular event even in 
those whose blood pressure is at the higher end of the normal range [18].

• Optimise cardiovascular risk factors.
• HRT is not contraindicated in this group.
• Use transdermal preparations in women who are obese.

11 HRT and Cardiovascular Disease
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11.3.3  Women with a Past History of Cardiovascular Events

The current recommendation is to discontinue HRT after MI, despite there being no 
evidence that a cardiovascular event takes a more serious course in HRT users than in 
non-users. In fact, there is some data that HRT users have a lower mortality rate after MI 
than non-users [19–21]. The 30-day mortality after a cardiovascular event appears pri-
marily determined by conventional risk factors and the degree of cardiac impairment.

Risk of cardiovascular events may then increase in stopping HRT [22].

11.4  Stroke

The baseline risk of stroke for women around menopausal age varies from one 
woman to another according to the presence of cardiovascular risk factors such as 
hypertension. Baseline risk estimated to be 11.3/1000, respectively, over 7.5 years.

The attributable risk of stroke in women under the age of 60 years or within 
10 years of menopause was subject to meta-analysis of studies. No increased risk 
was demonstrated in women aged younger than 60  years or who were within 
10 years of the menopause [8]. In a subgroup analysis, the attributable risk of stroke 
in the WHI for women who initiated MHT aged less than 60 years was rare (<1/1000 
person years) and statistically nonsignificant for CEE/MPA, with an absolute risk of 
5/10,000 person-years in women aged younger than 60 years or within 10 years of 
initiation [10], similar to other studies [10, 23].

For CEE alone the WHI, findings were inconsistent. For women aged 50 to 
59 years at randomization, a decrease of 1/10,000 person-years was seen for stroke, 
whereas for women fewer than 10 years from menopause onset, an increase in 13 
strokes/10,000 person-years was seen [4]. In observational studies, lower doses of 
either oral [24] or transdermal [25] oestrogen may have less risk of stroke. No head- 
to- head data comparing oral to transdermal are available although one study sug-
gests transdermal oestrogen may pose less risk.

There is no increase in the risk of haemorrhagic stroke associated with HRT.

• HRT should be discontinued after myocardial infarction (MI).
• The decision to initiate HRT after MI should be made after full discussion 

between the woman, the menopause specialist, and a cardiologist.

• Taking oral (but not transdermal) oestrogen is associated with a small 
increase in the risk of stroke.

J. Sassarini and M. A. Lumsden
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11.4.1  Past History of Stroke

Oestrogen has a procoagulatory activity, and thromboembolism is the common 
pathomechanism of ischaemic strokes.

Women on oral low- and standard-dose oestrogen therapy, the risk of stroke 
was appreciably elevated (rate ratio 1.28, 95% CI 1.15–1.42); however, it should 
be noted that transdermal oestrogen up to a dosage of 50 μg/day—mostly com-
bined with micronized progesterone—in women with a past history of stroke 
was not associated with an increased risk of stroke versus controls (rate ratio 
0.81, 95% CI 0.62–1.05). However, this is a nested case-control study, not an 
RCT [26].

11.4.2  Venous Thromboembolism

In a meta-analysis of trials of women who began MHT treatment within 10 years of 
the menopause or who were aged under 60 years, strong evidence of increased risk 
of VTE was found in the MHT group compared with placebo (RR 1.74; 95% CI, 
1.11–2.73) [8]. Lower doses of oral ET may confer less VTE risk than higher doses 
[25], but comparative RCT data are lacking. Micronized progesterone may be less 
thrombogenic than other progestins [19]. Limited observational data suggest less 
risk with transdermal HT than oral [27, 28]. No excess risk has been seen with vagi-
nal oestrogen.

11.4.3  Premature Ovarian Insufficiency

Women with an untreated premature menopause are at increased risk of CHD [29]. 
Regulatory bodies recommend the use of HRT in premature ovarian failure up till 
the average age of the natural menopause.

11.4.4  Alternative Treatments for Vasomotor Symptoms

See RCOG Guidance (link) and below for further reading.

• Initiating HRT after stroke or TIA is contraindicated.

11 HRT and Cardiovascular Disease
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E Estrogen
E2 Estradiol
E4 Estetrol
eNOS Endothelial nitric oxide synthase
ERα Estrogen receptor alpha
ERα−/− Estrogen receptor alpha KO
FMR Flow-mediated arteriolar remodeling
HF High flow
HT Hormone therapy
LNG Levonorgestrel
MPA Medroxyprogesterone acetate
NEST Native estrogen with selective actions in tissues
NF Normal flow
NIH National Institutes of Health
NO Nitric oxide
PE Pulmonary embolism
RR Relative risk
VTE Venous thromboembolism
WHI Women’s Health Initiative

12.1  Introduction

For several decades, the role of hormone replacement therapy (HRT) has been debated. 
Early observational data on HRT showed many benefits, including a reduction in coro-
nary atherosclerosis, coronary heart disease (CHD), osteoporosis, CHD mortality, and 
all-cause mortality as well as the risk of Alzheimer’s disease [1–3]. As CHD has the 
highest case fatality rate, the reduction in CHD with HRT was considered to have the 
greatest impact on mortality, with all-cause mortality cases being decreased by 20–40% 
in the observational studies [4, 5]. Meta-analyses of these and other data suggested that 
use of HRT would result in one to two additional years of life, which is large in epide-
miological terms. More recently, randomized trials in women with established coro-
nary disease (secondary prevention trials), as well as the Women’s Health Initiative 
(WHI), which studied mostly women many years after the onset of menopause, showed 
no such benefit and an increased risk of CHD and breast cancer [6, 7]. In 2002, the 
NIH, who sponsored the WHI, emphatically stated that HRT caused more harm than 
good and that this pertained to women of all ages and occurred with all types of HRT.

In 2006, the first study from WHI emerged that carried out an age stratification 
for coronary disease outcomes. The use of conjugated equine estrogens (CEE) had 
a protective effect in women aged 50–59  years, but not in those women aged 
≥60 years [8]. In 2007, another manuscript from the WHI showed that in women 
aged 50–59  years or those <10  years from menopause onset, total mortality 
decreased significantly by 30% [9]. This figure is in accordance with reports from 
the original observational studies and suggests that the protective effects of HRT are 
dependent on the “timing” of initiation, as was originally proposed by Clarkson. 
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Recent randomized (ELITE, KEEP) and observational data (COMPREHEND) and 
several meta-analyses, including a Cochrane analysis, now consistently show reduc-
tions in CHD and mortality when HRT is initiated soon after menopause [10–12].

Finally the WHI writing group published in September 2017 that among 27,347 
postmenopausal women, HRT with CEE plus medroxyprogesterone acetate (MPA) 
for a median of 5.6 years or with CEE alone for a median of 7.2 years was not asso-
ciated with risk of all-cause, cardiovascular, or cancer mortality during a cumulative 
follow-up of 18 years. Younger women (aged 50–59 years) tended to have lower 
HRs than older women did for mortality due to CVD, cancer, and other causes dur-
ing the intervention phases of the two trials [13].

In summary, the WHI had a considerable negative impact; the originally reported 
adverse cardiovascular effects have been proven incorrect, when taking into account 
the time of initiation of HRT. The relationship of HRT to breast cancer is also com-
plex, controversial, and confusing. In WHI, CEE alone showed a decrease in breast 
cancer, and only prior users of HRT before randomization into the WHI trial who used 
combination CEE and MPA showed some increase in breast cancer risk over time.

Objective analyses of the data allow concluding that observational studies and ran-
domized trials are concordant in showing some increase in stroke (RR 1.3–1.4), mod-
est increase in endometrial cancer with estrogen alone, a decrease in colon cancer, and 
an increase in venous thrombosis with oral HRT [14]. Ischemic stroke in younger 
(aged <60 years) women is rare and has been proposed to be due to a thrombotic 
mechanism [15, 16]. This suggests that a non-oral route of estrogen administration or 
an estrogen, which is devoid of thrombotic tendencies, may reduce stroke incidence. 
Transdermal estradiol, in standard doses, does not to increase the risk of stroke [17].

Finally, in 2017, the WHI writing group published its latest long-term follow-up 
of the hormone trials. They acknowledged that WHI only assessed one dose, one 
formulation, and one route of administration in each trial. The group conceded that 
the results are not necessarily generalizable to other hormone preparations, in con-
trast to their initial statement [13, 18]. The predominance of data has been generated 
with CEE. However, clinical data suggest that estradiol has similar efficacy. Since 
orally administered estradiol increases the risk of deep venous thrombophlebitis and 
pulmonary embolism and is contraindicated in obese women with high levels of 
plasma triglycerides, transdermal E2, which avoids the first liver pass effect, has the 
benefit of not increasing the risks of thrombosis and is well suited for more high- 
risk women [19]. The type of estrogen is of critical importance, and the develop-
ment of a new, safe, oral estrogen which would maintain the benefits of estrogens in 
use today but which provides a safer profile is a worthwhile goal.

Combined oral contraception (COC) use is associated with a three- to sevenfold 
relative increased risk of DVT and pulmonary embolism (PE) [20]. This increased 
risk is the consequence of the changes that occur in the coagulation cascade brought 
on by E [21]. E causes an increase in plasma levels of thrombogenic clotting factors 
(factors I, II, VII, VIII, X) as well as a decrease in plasma levels of clotting inhibi-
tors (antithrombin, protein S, protein C, tissue factor pathway inhibitor (TFPI), etc.) 
that shift the balance to favor clot formation. Several studies have shown that the 
type of progestogen used in a COC influences the magnitude of the E-induced 
changes in these hemostatic proteins [22–24]. The biological mechanism of this 
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progestogen effect seems to be through modification of the E impact on the liver 
rather than a direct effect, because progestogen-only contraception with levonorg-
estrel (LNG) or drospirenone (DRSP) does not increase VTE risk [25, 26].

The high levels of E seen by the liver following oral dosing are supraphysiologic. 
While E2 is rapidly converted to less potent estriol and estrone following the first 
pass, synthetic ethinylestradiol (EE) is more stable and reactivates during prolonged 
period of time the liver cell synthesis of clotting factors during recirculation. The 
lower estrogenic imprinting of E2 versus EE explains why the E2-based COC is less 
thrombogenic than the third- and fourth-generation COCs that contain EE [27]. The 
risk of thromboembolism from using COCs with norethisterone, levonorgestrel, 
desogestrel, or gestodene decreases with decreasing E dose [20]. The same proges-
tins and DRSP in the absence of EE do not increase the VTE risk ([20, 25] [26]). 
These data indicate that it is the E and not the progestin that causes the DVT risk.

The second-generation pills containing EE + LNG as a progestin cause a three-
fold increased risk of DVT, while the third- and fourth-generation pills containing 
desogestrel, gestodene, or DRSP are associated with a six- to sevenfold increase and 
with considerably higher plasma levels of clotting factors [20]. The third- or fourth- 
generation progestin has a lower androgenic profile of activity, with less acne and 
seborrhea, weight gain, and oily hair in comparison to LNG. Their antiestrogenic 
activity decreased also significantly [28, 29]. Consequently, the liver impact of EE, 
the E predominantly used in COCs, is more important in users of third- and fourth- 
generation pills [30]. This causes a significantly higher increase in coagulation fac-
tors and a more profound decrease in coagulation inhibitors.

Due to the low absolute incidence of DVT (0.02–0.04%), prospective trials require 
5–10 years to obtain reliable estimates for the DVT risk associated with the use of a 
particular COC. Surrogate hemostasis markers are therefore useful tools to estimate 
the thrombogenic risk of new COCs or E. Measurement of activated protein C (APC) 
resistance via thrombin generation is a validated test for determining the thromboge-
nicity of hormonal contraceptives [31, 32]. Sex hormone-binding globulin (SHBG) 
has also been suggested to be a marker for the risk of venous thrombosis [31, 33].

In summary, the E used in COCs are responsible for procoagulatory changes in 
hemostasis markers. The development of new safer E that would have a minimal 
impact on liver metabolism and on coagulation would provide great vascular advan-
tage to women’s healthcare.

In this review, we highlight recent data on the impact of estetrol (E4) on the vas-
cular system in comparison to that of E2 and propose that it may provide a more 
attractive risk-benefit ratio compared to other oral estrogens in use today. We will 
also report on recent clinical data of the effects of E4 for the relief of the climacteric 
symptoms and for contraception.

12.2  Estetrol (E4)

Estetrol (E4) is an estrogen of fetal origin, which was the last estrogen discovered. 
E4 differs from all other natural estrogens because it is present only in pregnant 
primates (at 100-fold higher levels in human pregnant women compared to other 
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primates). It is exclusively synthesized by the human fetal liver (which has the 
capacity to hydroxylate estradiol at the 15 and 16 carbon positions) and circulates at 
high levels (up to 20–30 ng/mL) in fetal blood. It is present in maternal blood and 
urine from the ninth week of gestation and reaches the maternal circulation through 
the placenta. Maternal plasma levels increase during pregnancy to high concentra-
tions toward the end of gestation (≥3–6 ng/mL) [34, 35]. E4 maternal plasma levels 
are about 12–20 times levels lower than in the fetal plasma at parturition.

12.3  Estetrol: The NEST Concept

E4 can be described as the first NEST [Native (natural and human) Estrogen with 
Specific action in Tissues]. The Nest property is the consequence of its unique mode 
of action, which is distinctly different from a selective estrogen receptor modulator 
(SERM). All estrogens bind to two subpopulations of estrogen receptor alpha: the 
nuclear ERα which induces gene transcription and the membrane ERα which initi-
ates rapid signaling also called “membrane-initiated steroid signaling” (MISS) 
effects (for a review, see [36]). In a similar fashion to other estrogens, E4 activates 
the nuclear ERα and induces gene transcription. However, in contrast to the other 
estrogens, E4 antagonizes the activity of membrane ERα (Fig. 12.1) [37]. Evidence 
has accumulated over the last two decades that ERα is not only present in the cell 
nucleus but is associated with the plasma membrane and activates nonnuclear 
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Fig. 12.1 ERα localization in the nucleus and at the cell surface. ERα is localized in the nucleus and 
at the cell surface. E2 and classical E bind and activate both types of ERα (green arrows). The nuclear 
ERα activation upon E binding induces gene transcription, while the cell surface- associated ERα 
initiates a series of rapid membrane-initiated steroid signaling (MISS) that contribute to regulate 
cyclic AMP synthesis, Ca++ entry, and kinase activation (receptor tyrosine kinase-RTK, MAPKs, 
ERK1/2, and/or PI3K/Akt, SRC) that are essential for the modulation of transcription and nonge-
nomic functions in many target cells. As an example, the MISS effect may enhance cell proliferation 
and endothelial NO synthase (eNOS) activity (for a review, see [36]). E4 binds and activates the 
nuclear ERα (green arrow), but its binding to the membrane ERα results in a blockade of the MISS 
signaling (red arrow) [37]. E4 displays thus mixed agonist and antagonist estrogenic activities
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signaling from this site. These rapid/nongenomic/MISS actions have been charac-
terized in a variety of cell lines and in particular in cancer cell lines and in endothe-
lial cells. The development of selective pharmacological tools that specifically 
activate MISS and the generation of knock-out mice expressing either an ERα pro-
tein which is impeded for membrane action or for the nuclear action has allowed for 
the more precise delineation of the role of the nuclear and membrane forms of ERα 
[36, 38]. Thus the vascular profile of E4 activity can be compared with that of E2 
17β. These actions of E4 (NEST activity) are distinctly different from SERMs 
which induce conformational changes in the ER and accordingly recruit coactiva-
tors or co- inhibitors in different tissues to allow for varied expression of agonistic 
or antagonistic activities.

12.4  Experimental Data

12.4.1  E4 Does Not Accelerate Endothelial Healing and Does Not 
Enhance Endothelial NO Production but Induces 
Endothelium-Dependent Vasodilation

E2 accelerates re-endothelialization after removal of the carotid artery endothelium 
by electric injury [39]. It also increases endothelial nitric oxide synthase (eNOS) 
phosphorylation and thereby endothelial NO production [40]. Stimulation of endo-
thelial healing and eNOS activation is now recognized as two established actions of 
E2 dependent on membrane ERα activation [41, 42].

E4 (at doses of 0.3, 1, and 6 mg/kg/day) failed to accelerate endothelial cell pro-
liferation/migration as well as to stimulate eNOS phosphorylation or endothelial 
NO production. E4 was not only devoid of ERa membrane-initiated steroid signal-
ing (MISS) in the endothelium but was also able to antagonize the E2 effects, in line 
with its NEST activity profile that antagonizes the membrane ERα [37].

Does this mean that E4 is less effective than E2 on the vascular system?
Acceleration of endothelial healing and NO production are usually considered as 

features, which are protective for arteries. Would an absence of endothelial NO 
synthase stimulation by E4 result in a lack of E4-mediated vasodilation and in a 
poorer endothelium-mediated vascular protection in comparison to E2? The answer 
to this essential question is no. Several studies have confirmed that NO production, 
which is essential for proper vasodilation and endothelial function, is controlled by 
multiple factors besides estrogen. In addition, E4 causes vasodilation of animal 
arteries by a specific mechanism distinct from NO production.

Vascular tone by endothelium-derived nitric oxide is mediated by multiple con-
trolling mechanisms, including physical factors, such as increases in shear stress 
and reduction in temperature, as well as a large number of neurohumoral mediators 
through the activation of specific endothelial cell membrane receptors and/or post-
translational modifications (Fig. 12.2). The main physiological driver of NO pro-
duction is not estrogen but shear stress [43–45], and estrogen is considered to play 
a limited role in regulating endothelial-derived NO production and vasodilation.
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In addition, pharmacological studies suggest that E4 induces vasodilation 
through a distinct mechanism. It has been shown that E4 induces vasodilation at 
very high concentrations (10 μM or more) in ewe uterine arteries [46] and relaxing 
responses in rat uterine, thoracic, aortic, carotid, mesenteric, pulmonary, renal, mid-
dle cerebral, and septal coronary arteries [47]. The vasodilation induced by E4 in rat 
arteries was ER dependent since it was abrogated by ICI 182 780, an ERα antago-
nist. Blockade of eNOS by N(ω)-nitro-l-arginine methyl ester (L-NAME) blunted 
E2-mediated but not E4-mediated relaxing responses, demonstrating that E2 but not 
E4 induces vasodilation by stimulating eNOS activity. Only, the soluble guanylate 
cyclase (sGC) inhibitor, ODQ, blocked E4 relaxation. These studies concluded that 
E4 caused relaxation of precontracted rat uterine arteries via both an endothelium- 
dependent mechanism involving ER and a guanylate cyclase mechanism. 
Furthermore, E4 inhibited smooth muscle cell Ca++ entry and contraction. However, 
a discrepancy between the micromolar range estrogenic effects on ex vivo vasore-
laxation and the nanomolar range of circulating estrogen levels in vivo is unclear. It 
may be the consequence of the experimental conditions of the in vitro perfusion 
model used. The observations made on the effects of estrogens using ex vivo vaso-
relaxation models are pharmacological in nature and require further validation 
in vivo and if possible in human.

As we will see below, E2-mediated acceleration of endothelial healing and NO 
production does not summarize the “physiological vascular benefit,” and E4, as E2, 
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tion of specific endothelial cell membrane receptors) cause instantaneous increases in the release 
of endothelium-derived NO by endothelial nitric oxide synthase (eNOS). Color code: Signals lead-
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from Vanhoutte PM, Zhao Y, Xu A, et al. Thirty years of saying NO: sources, fate, actions, and 
misfortunes of the endothelium-derived vasodilator mediator. Circ Res 2016; 119: 375–96, by 
permission of Wolters Kluwer)
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can mediate numerous vasculoprotective actions that are independent on membrane 
ERα and fully dependent on nuclear ERα. In summary, we believe that the 
E2-mediated acceleration of endothelial healing and NO production should not con-
vey a unique “physiological benefit” of E2 17β, and the impact of E4 on arterial and 
capillary vessels also should be as beneficial.

12.4.2  E4 Has an Atheroprotective Effect as Mediated Through 
Nuclear ERa

The scientific community believes that the increase in endothelium-derived NO 
plays an important role in the vascular protective actions of estrogen, by preventing 
or attenuating arterial atheroma formation [48, 49]. A validated model to study 
atheroprotection by estrogens [50, 51] was used to compare the effect of E2 (80 μg/
kg/day) and E4 (0.6 and 6 mg/kg/day). Lipid deposition was evaluated at the aortic 
sinus from ERa+/+LDLr−/− or ERa−/−LDLr−/− (low-density lipoprotein recep-
tor) mice fed with a high-cholesterol diet. E4  in a dose-dependent fashion pre-
vented lipid deposition in ovariectomized ERa+/+LDLr−/− mice (Fig.  12.3), 
decreasing atheroma deposition by up to 80% [37], a level of protection similar to 
that obtained using a high dose of E2 [53, 54]. Deletion of ERα in ERa−/−
LDLr−/− mice abolished this E4 protection, indicating that ERa is necessary to 
mediate the atheroprotective effect of E4 [37]. Taken together these studies indi-
cate that E4 is able to prevent atherosclerosis, by activating the nuclear ERα, with-
out enhancement of NO.  The capacity of E4 to prevent atherosclerosis and the 
persistence of the atheroprotection by estrogen in transgenic mice lacking the 
membrane ERα indicate that this membrane receptor subpopulation does not con-
tribute to atheroprotection [55]. Accordingly, we propose that the atheroprotective 
effects of E4 should be similar to the effects of E2 17β and are not likely to be less 
in spite of not activating the membrane receptor subpopulation and not enhancing 
NO production.

12.4.3  E4 Protects Against Neointimal Hyperplasia

Neointimal hyperplasia arises when vascular smooth muscle cells cross the internal 
elastic lamina to migrate and proliferate in the intima [56, 57]. In human pathology, 
this process frequently occurs after the treatment of symptomatic atherosclerosis, 
which involves mechanical endovascular ballooning (angioplasty) followed by 
stenting. Neointimal hyperplasia leads to a narrowing of the arterial lumen and 
restenosis [58]. E2 antagonizes this process [59].

We used an experimental model of femoral artery injury to trigger neointimal 
hyperplasia of vascular smooth muscle cells (VSMC) [60]. Using transgenic 
mice and selective deletion of ERα in VSMC or in endothelial cells, we demon-
strated that, contrary to a common belief, E2 and E4 prevent neointimal hyper-
plasia by a direct inhibitory effect on SMC proliferation and migration but not by 
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acting on endothelial cells. E4 prevented neointimal hyperplasia formation to the 
same extent as E2 (Fig. 12.4).

12.4.4  E4 Favors Flow-Mediated Arteriolar Remodeling (FMR)

Chronic increases in blood flow induce outward hypertrophic remodeling in resis-
tance arteries and improvement of nitric oxide (NO)-dependent dilation [61–63]. 
Resistance arteries control local blood flow, and their capacity to remodel in 
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Fig. 12.3 E4 prevents aortic sinus lipid deposition in hypercholesterolemic mice. Four-week-old 
ovariectomized ERa+/+LDL-r−/− (estrogen receptor α-positive/low-density lipoprotein receptor- 
negative) or ERa−/−LDL-r−/− (estrogen receptor α-negative/low-density lipoprotein receptor- 
negative) mice were switched to atherogenic diet from the age of 6 to 18 weeks added with placebo 
(Ctrl) or E4 (0.6 or 6 mg/kg/day). (a, b) Representative micrographs of oil red-O (ORO) lipid- 
stained cryosections of the aortic sinus (a) and quantification of lipid deposition (b) are represented 
(from Abot et al. 2014 EMBO Mol Med. 2014, 10:1328–46 Fig. 5, p. 1338; reproduced with per-
mission from Wiley online Library)
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response to chronic changes in the hemodynamic environment is necessary to main-
tain their full efficiency. Chronic increases in blood flow occur in physiological situ-
ations, such as growth, pregnancy, or exercise. In response to a chronic increase in 
blood flow, arterial diameters increase until the shear stress is normalized. In addi-
tion to angiogenesis, high-flow-mediated remodeling of resistance arteries plays a 
key role in revascularization of ischemic tissues after occlusion of a large artery 
[64]. Physiologically, chronic increases in blood flow in resistance arteries cause the 
diameter to expand with a compensatory increase in wall mass and an increased 
responsiveness of the endothelium to vasodilator stimuli. Besides pressure- 
associated medial hypertrophic remodeling that characterizes hypertension, out-
ward remodeling at the level of arterioles occurs in response to increased blood flow 
and shear stress at the surface of endothelial cells.

Flow-mediated arteriolar remodeling (FMR) consists in vascular enlargement or 
outward remodeling induced by flow (shear stress) in small collateral arteries sur-
rounding ischemic areas. This remodeling is essential in postischemic revascular-
ization or collateral arteries growth since it contributes to the prevention of further 
tissue injury, in limb or myocardial ischemia [65]. FMR has been shown to be 
reduced by hypertension [66, 67], diabetes [68, 69], and aging [70, 71].

Two weeks after arterial ligation of some mesenteric arteries, the arterial diam-
eter of the intact arteries was determined in vitro in response to stepwise increases 
in intraluminal pressure (Fig.  12.5a). As expected, passive arterial diameter was 
significantly higher in high-flow (HF) than in normal-flow (NF) arteries in WT 
mice. Ovariectomy caused a complete loss of FMR (Fig. 12.5b). A chronic treat-
ment with E4 allowed flow arteriolar remodeling to occur in ovariectomized mice 

E4Control

W
ild

 ty
pe

Neointima/media
ratio

Control
E42.0

1.5

1.0

0.5

0.0

∗∗∗

Fig. 12.4 E4 protects against neointimal hyperplasia. Four-week-old wild-type female mice were 
ovariectomized and subcutaneously implanted with control or E4 (6 mg/Kg/day) eluting osmotic 
minipumps. Two weeks later, animals were submitted to mechanical injury of the femoral artery. 
Arteries were harvested 28 days after the injury for morphometric analysis. Left, representative 
image of cross section of femoral arteries of mice stained with Masson trichrome. Bars, 100 μm. 
Right, quantitative analysis of neointima/media ratio of mice. Values are presented as mean ± SEM 
(n = 7–12 mice per group) and statistically compared with Mann–Whitney U test. ***p < 0.001 
(from Smirnova NF et al. (Fig. 12.5b) Circ Res. 2015; 117:770–8 reproduced with permission of 
Wolters Kluwer)
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(Fig. 12.5c). Importantly, we assessed the short-term acute flow-mediated dilation 
in pressurized precontracted mesenteric arteries, i.e., in physiological ex vivo condi-
tions (compared to vascular rings). E4 or vehicle caused quite similar vasodilating 
response to stepwise increase in intraluminal flow, demonstrating that E4 does not 
impair the vasodilatory response to the most important and physiological stimulus 
of NO production: endothelial shear stress [55].
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mesenteric arteries are ligated, leading to a chronic increase in blood flow in the central artery 
without a change in the systemic hemodynamic environment [52]. Arterial diameter was then 
measured in vitro after cannulation in response to stepwise increases in pressure in the mesenteric 
arteries submitted chronically to high flow (HF) or to normal flow (NF). Briefly, three consecutive 
first-order mesenteric arteries were used and surgery consisted in ligatures of second-order 
branches. The artery located between the two ligated arteries was designated as the high-flow (HF) 
artery. Arteries located at distance of the ligated arteries were used as controls (normal flow, NF). 
Mice were sacrificed after 14 days and mesenteric arteries were collected. For the measurement of 
the pressure–diameter relationship in mesenteric arteries, in vitro arterial segments were cannu-
lated at both ends and mounted in a video-monitored perfusion system (Living System, LSI, 
Burlington, VT). (a) FMR was evaluated in mesenteric arteries isolated from ovariectomized mice 
treated chronically with vehicle or E4 during 2 weeks (n = 6). Arterial diameter was measured in 
response to stepwise increases in pressure in mesenteric arteries submitted chronically to high flow 
(HF) or to normal flow (NF). After ovariectomy, no FMR is observed in HF mesenteric arteries. (b) 
Treatment with E4 for 2 weeks restored the capacity of HF mesenteric arteries to develop FMR
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Taken altogether these data indicate that E4 has a similar vasoprotective capacity 
compared to E2 and allows flow-mediated remodeling to occur, which is essential 
for proper arterial functioning in health and diseases.

12.4.5  E4 Protects Mice from Angiotensin II-Induced 
Hypertension

Hypertension affects one in four women worldwide, and its prevalence is particu-
larly high among women over 60 years of age. The first decade after menopause is 
accompanied by an increase in blood pressure and has been associated with a higher 
risk of atherosclerosis, myocardial infarction, and stroke [72]. Up to the time of 
menopause, endogenous estrogen plays a protective role against high blood pres-
sure. In line with these epidemiological data, clinical and preclinical studies show 
considerable evidence that estrogen modulates cardiovascular physiology and func-
tion and is cardioprotective [73].

We therefore tested the capacity of E4 to reduce the effects of angiotensin II 
(AngII) and to prevent hypertension in animals.

In the WT littermate control ovariectomized mice, 4 weeks of AngII infusion 
increased systolic blood pressure (SBP) [55]. The hypertensive effect of AngII was 
significantly more exacerbated in ovariectomized mice or in mice lacking ERα 
(ERα−/−), showing that the beneficial effect of endogenous estrogen is ERα depen-
dent. This finding is in agreement with previous work showing that hypertension 
induced by angiotensin II is lower in females than in males [74, 75]. Furthermore, 
the hypertensive effect of AngII was significantly more exacerbated in mice lack-
ing nuclear ERα but not in mice lacking membrane ERα. Importantly and quite 
consistently, both E2 and E4 protected WT female mice from AngII-induced 
hypertension (Fig. 12.6).
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Fig. 12.6 E4 protects against AngII-induced hypertension. Effect of E4 on AngII treatment was 
evaluated in wild-type female mice ovariectomized 2 weeks before sham-surgery or simultaneous 
implantation with osmotic minipumps delivering angiotensin II (1 month) (AngII, solubilized in 
NaCl 0.9%, 0.5 mg/kg per day and E4 6 mg/kg per day, solubilized in 50% PBS + 50% DMSO) 
(n = 7). Mean of systolic blood pressure (SBP) measurements for 5 days was represented as weekly 
evolution of blood pressure pre- (week 0) and during AngII treatment (reproduced with permission 
modified from Guivarc’h et al. 2018)
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12.4.6  E4 Protects from Arterial and Venous Thrombosis in Mice

12.4.6.1  E4 Like E2 Has a Minimal Impact on Coagulation Factors
In the mouse, estrogens do not alter circulating coagulation factors toward a proco-
agulant profile [76] as they do in women [20, 77, 78]. We verified that chronic E4 
treatment (6 mg/Kg/day) did not modify the platelet counts, prothrombin time, and 
the level of plasma fibrinogen. A small decrease of the activated partial thrombo-
plastin time and a modest increase in factors II and IX were observed. The conclu-
sion of these studies suggests that E4 only has a moderate effect on coagulation 
factors in the mouse.

12.4.6.2  Estetrol Increases the Bleeding Time in Mice
Chronic administration of E4 for 3 weeks led to an increased tail-bleeding time in 
mice. The tail-bleeding time of untreated ovariectomized mice was 5.2  min 
(SD ± 2.4, n = 12), which is in the normal range [79]. Among 18 mice treated with 
E4, the bleeding time was so prolonged that there was no overlapping time with the 
vehicle-treated mice. The tail-bleeding time was prolonged above 30 min in 6 out of 
18 mice [80].

12.4.6.3  E4 Protects Against Arterial Thrombus Formation
All ovariectomized control mice (n = 12) died from occlusive thromboembolism 
within 10 min after an injection in the jugular vein of 0.4 mg/kg collagen and 60 μg/
kg epinephrine. Six E4-treated mice (E4) died, while four mice were protected from 
thromboembolism (p  =  0.028). Histological analysis of mouse lungs harvested 
10 min after the injection showed marked protection from occlusive thrombi in ves-
sels of surviving E4-treated mice compared to E4-treated and control mice that 
died. The occlusive pulmonary thrombi in surviving E4-treated mice were mostly 
observed in small vessels and rarely in large vessels [80]. Using transthoracic echo-
cardiography, we found that left ventricular geometry, assessed by the sphericity 
index (SI, an indicator of right ventricular pressure overload), was altered from the 
moment of injection in ovariectomized mice and in E4-treated mice that died. In 
contrast, E4-treated mice protected from collagen-/epinephrine-induced thrombo-
embolism showed normal left ventricular function.

12.4.6.4  E4 Protects from Venous Thrombus Formation
We induced venous thrombosis by partial or total ligation of the inferior vena cava 
(IVC) [81]. In these models, blood flow decreased or arrested leading to endothelial 
cell activation and extensive thrombosis. Thrombus mass was quantified 24 h (for 
total ligation) or 48 h (partial ligation) after stasis or stenosis induction. As com-
pared to ovariectomized control mice, E4-treated mice had significantly smaller 
thrombi in both models of IVC stenosis. In the total ligation model, the mean throm-
bus weight was 6.1  mg (SD  ±  1.9, n  =  13) in control ovariectomized mice and 
2.3 mg (SD ± 0.5, n = 7) following E4 treatment. In the partial ligation model, the 
mean thrombus weight was again significantly reduced by E4 treatment (4.2 mg 
SD ± 1.3, n = 8 and 0.7 mg SD ± 0.5, n = 7, respectively).
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12.4.6.5  E4 Decreases Thrombus Growth on Collagen Under Ex 
Vivo Arterial Flow Conditions

Platelet adhesion and thrombus formation were evaluated ex vivo under arterial flow 
conditions (60 dynes/cm2, 1500 s−1) using a flow-based adhesion assay where hepa-
rinized whole blood was perfused over a collagen matrix. While blood from 
untreated mice exhibited robust formation of densely packed platelet thrombi on 
collagen, platelets from E4-treated mice formed 33% smaller thrombi. To assess the 
stability of the thrombi formed, a low shear rate (20 dynes/cm2, 500 s−1) was first 
applied during 2 min followed by an acute increase of blood flow to reach a patho-
logical shear rate (160 dynes/cm2, 4000 s−1) for 2 min. In all groups, the thrombi 
formed did not detach from the collagen matrix and even grew further but at a 
slower rate with blood from E4-treated mice compared to control untreated mice. 
These results indicate that while platelet aggregation in suspension was not signifi-
cantly modified, platelet thrombus growth under arterial shear rate on collagen 
matrix was reduced following E4 treatment. Finally, we generated hematopoietic 
chimera with bone marrow cells deficient for nuclear ERα. Deletion of hematopoi-
etic nuclear ERα significantly reduced E4-induced protection against thromboem-
bolism, while this deletion did not affect the increased tail-bleeding time. Taken 
altogether, these data, combined with the human studies (see below), concur to 
define E4 as a unique, native estrogen. It could be a promising candidate for oral 
contraception as well as for HRT, as it has minimal impact on coagulation and is 
even protective in the animal models used. To what extent this observed antithrom-
botic effect in animal studies relates to women remains to be determined in clinical 
studies. Such preliminary clinical data are emerging and will be reviewed below.

12.4.7  Other Effects

E4 Antagonizes E2-Stimulated Tumoral Angiogenesis.
Most solid tumors need a blood supply and can grow only if they induce the 

development of new blood vessels from pre-existing ones, a process known as 
tumor angiogenesis. Tumor vascularization is a complex event that involves tumor 
cells and host endothelial cells, stromal cells, immune cells, and circulating bone 
marrow stem cells. Multiple endocrine factors, cytokines, and chemokines regulate 
tumoral angiogenesis [82]. The physiopathology of tumoral angiogenesis and the 
role of estrogens in this process are beyond the scope of this review. It is however 
noteworthy to mention that in experimental models of tumoral angiogenesis, E4 
antagonizes the effect of E2 on blood vessels formation and tumor growth (Fig. 12.7). 
This observation is in line with the demonstration that E4 antagonizes the stimula-
tion of endothelial cells proliferation and migration elicited by E2 [37].

E2 17β potentiates tumor growth even when cancer cells lack ERα and are there-
fore E insensitive [83]. E2 activates normal host stromal (endothelial) cells ERα to 
increase intratumoral vessel density. E2 improves vessels structure and functionality 
that deliver more oxygen to the tumor [83]. E4, which does not stimulate endothelial 
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cells proliferation and migration (see above), is able to partially antagonize the 
enhancement of tumoral angiogenesis and tumor growth elicited by E2 in ER-negative 
tumors (Fig. 12.7). These data confirm that E4 is an antagonist of the membrane ERα 
subpopulation and antagonizes the effect of E2 on tumoral angiogenesis.

12.5  Clinical Data

12.5.1  Five or Ten Milligram E4 Has a Minimal Impact 
on Hemostasis in Young Reproductive Age Women

Hepatic estrogenicity and hemostasis markers are in the list of the European 
Medicines Agency (EMA) advised to evaluate potential risk for thrombotic side 
effects of hormonal contraceptives [84]. Five or ten milligram E4 was therefore 
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Fig. 12.7 Reduction by E4 of E2 stimulated B16 melanoma tumor growth. Four weeks old, ovari-
ectomized C57 black/6 mice were inoculated with a pellet releasing E2 (80 μg/kg/day) as described 
in Pequeux et al. [83]. Two weeks later, mice were inoculated with 4 × 105 ERα-negative B16K2 
melanoma cells. Some mice were injected with an E4 pellet (1.3 mg/kg/day) 4 days after tumor 
cell injection. Tumor growth was monitored for 15 days (*p < 0.05; **p < 0.01). While E2 stimu-
lates the ERα-negative B16 melanoma tumor growth, E4 antagonizes this effect
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evaluated, in a phase 2 clinical trial, as an oral contraceptive in combination with 
3 mg drospirenone (DRSP) [77] and compared to a classical combined oral contra-
ceptive containing 20 μg EE combined with 3 mg DRSP (Yaz®). Healthy women 
18–35 years of age with a body mass index (BMI) of 18–30 kg/m2 were eligible for 
inclusion. Spontaneous ovulation between day 9 (±1) and day 24 (±1) was verified 
in the pretreatment cycle by a progesterone concentration ≥ 16 nM (5 ng/mL) and a 
luteal phase duration of ≥6 days. The study included three treatment groups: 20 μg 
EE combined with 3 mg DRSP (EE/DRSP), 5 mg E4 combined with 3 mg DRSP 
(5 mg E4/DRSP), and 10 mg E4 combined with 3 mg DRSP (10 mg E4/DRSP). All 
subjects were stratified according to the day of ovulation in the pretreatment cycle 
and then assigned to a treatment group. Oral treatment was started on the first day 
of menstruation following the pretreatment cycle and continued daily for 24 days 
followed by a 4-day break.

In the EE/DRSP group, both SHBG and angiotensinogen increased signifi-
cantly in the third cycle (to 381% and 256% of baseline, respectively) (Fig. 12.8a, 
b). In contrast, SHBG and angiotensinogen were 100% (i.e., no change) and 
125% of baseline in the 5  mg E4/DRSP group and 143% and 131% of base-
line in the 10 mg E4/DRSP group. Thus, compared to 20 μg EE, both 5 mg E4 
and 10  mg E4 had considerably lower effect on SHBG and minor impact on 
angiotensinogen.

At variance to EE + DRSP which induced dramatic changes in the hemostasis 
markers (Fig. 12.9), E4, at the daily dose of 5 or 10 mg, had little or no effect on 
coagulation factors (Fig. 12.9 and Table 12.1 [77]). The influence of EE and E4 was 
also evaluated on the three most relevant coagulation inhibitors (free TFPI, protein 
S, and antithrombin) and on the global coagulation inhibition test (ETP-based 
APCr). Five and 10 mg E4 had no effect on antithrombin, protein S activity, or APCr 
(Fig. 12.10) and had only a considerably smaller impact on free TFPI than EE which 
considerably decreased the plasma levels of these coagulation inhibitors, thereby 
promoting coagulation.

Five weeks after stopping treatment, previous exposure to, 20 μg EE + 3 mg 
DRSP still caused an elevation of SHBG, angiotensinogen, and ETP-APC resis-
tance that remained 10–15% of the maximal values observed. Protein S activity and 
free TFPI were still decreased [77].

Finally, the global activation of coagulation was evaluated. EE + DRSP increased 
D-dimer and prothrombin fragments F1.2, corresponding to a global activation of 
coagulation. COCs containing 5 or 10 mg E4 did not increase either marker, but 
rather decreased them.
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Median levels of SHBG (%) relative to the
pretreatment values (=100%)a

b Median levels of angiotensinogen (%)
relative to the pretreatment values (=100%)

5mg E4+3mg DRSP
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Day 3+/-1
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second cycle
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Fig. 12.8 Estrogenicity markers on liver. Changes in median plasma levels of SHBG (a) and 
angiotensinogen (b), relative to the pretreatment value (=100%), in women receiving for 3 cycles 
either 5 or 10 mg E4 combined with 3 mg DRSP. A classical COC containing 20 μg EE + the same 
dose of DRSP was used as a comparator. Paired statistics: Wilcoxon signed rank test see Table 12.1. 
In the EE/DRSP group, both SHBG and angiotensinogen increased significantly in the third cycle 
(to 381% and 256% of baseline, respectively) (a, b). In contrast, SHBG and angiotensinogen were 
100% (i.e., no change) and 125% of baseline in the 5 mg E4/DRSP group and 143% and 131% of 
baseline in the 10 mg E4/DRSP group. Thus, compared to 20 μg EE, both 5 mg E4 and 10 mg E4 
had nearly no effect on SHBG and minor on angiotensinogen (modified from Kluft et al. 2017 
reproduced with permission from Elsevier)
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The considerably lower impact of E4/DRSP compared to EE/DRSP on a number 
of hemostatic parameters confirms the importance of the E selected for COC use 
and indicates how neutral DRSP is in terms of coagulation.

Recently the influence of three COCs on hemostasis parameters was compared 
in three groups of about 30 women exposed for six cycles to either 20 μg EE + 3 mg 
DRSP or 30 μg EE + 150 μg LNG or 15 mg E4 + 3 mg DRSP. Changes of hemosta-
sis parameters during EE/LNG and EE/DRSP were similar to those reported in lit-
erature. The effects of E4/DRSP and EE/LNG on hemostasis parameters were less 
important than those of EE/DRSP. Several coagulation parameters were lower in the 
E4/DRSP group than in the EE + LNG group (Mithra data on file).

Altogether these studies indicate that the lower impact of E4/DRSP compared to 
EE/DRSP on a number of hemostatic parameters confirms the importance of the 
estrogen selected for COC use. Larger studies on DRSP alone and on E4/DRSP com-
bination are not yet available and will be required in order to document the putative 
reduced incidence of VTE among women using COCs containing E4 and DRSP.
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Fig. 12.9 Changes in hemostasis versus baseline in women receiving either a classical combined 
oral contraceptive (COC) containing 20 μg EE + 3 mg DRSP or 5 or 10 mg E4 + 3 mg DRSP. The 
markers of estrogenicity in liver (SHBG, angiotensinogen) of coagulation (prothrombin, pro-
thrombin fragment 1.2, ETP-based APCr, APTT APCr, D-dimers, protein C, fibrinogen), of coagu-
lation inhibitors (free TFPI, protein S, antithrombin), and of fibrinolysis (tissue plasminogen 
activator (TPA)) show considerably lower changes versus baseline (spontaneous ovulatory cycle) 
in the groups treated with 5 or 10  mg E4  +  DRSP than in the group treated with 
EE 20 μg + DRSP. Ideally a COC would not modify any surrogate marker of hemostasis
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Table 12.1 Plasma levels of estrogenic and hemostasis markers at the end of treatment cycle 3 
expressed as percentage of the individual pretreatment values (=100%): median and (Q1–Q3 
range)

YAZ® 5 mg E4-DRSP 10 mg E4-DRSP
Numbera n = 17 n = 15 n = 15
Estrogenicity markers
  SHBG antigen 381 (313–462) 100 (90–125) 143 (129–176)

p ≤ 0.001 p > 0.05 p ≤ 0.001
  Angiotensinogen 256 (229–344) 125 (92–146) 131 (113–145)

p < 0.001 p ≤ 0.05 p ≤ 0.01
Global assays, markers
  APTT-based 92 (83–97) 103 (90–106) 100 (90–105)
   APC global p ≤ 0.001 p > 0.05 p > 0.05
  ETP-based APCr 275 (196–348) 105 (93–129) 99 (87–154)

p ≤ 0.001 p > 0.05 p > 0.05
  D-dimer antigen (FbDP) 127 (101–154) 74 (48–92) 74 (57–94)

p ≤ 0.05 p ≤ 0.01 p ≤ 0.05
  F 1 + 2 antigen 163 (131–193) 77 (68–83) 97 (76–114)

p ≤ 0.001 p ≤ 0.001 p > 0.05
Levels
  Fibrinogen activity 119 (113–126) 107 (97–116) 99 (93–107)

p ≤ 0.001 p > 0.05 p > 0.05
  Prothrombin antigen 113 (96–134) 110 (88–123) 118 (108–141)

p ≤ 0.05 p > 0.05 p ≤ 0.01
  Protein C activity 111 (107–125) 99 (88–102) 99 (91–106)

p ≤ 0.001 p > 0.05 p > 0.05
  Protein S activity 73 (67–80) 107 (101–116) 103 (96–117)

p ≤ 0.001 p > 0.05 p > 0.05
  Free TFPI antigen 55 (46–58) 85 (77–101) 83 (80–92)

p ≤ 0.001 p ≤ 0.01 p ≤ 0.001
  Antithrombin activity 95 (90–99) 99 (94–110) 102 (95–107)

p ≤ 0.01 p > 0.05 p > 0.05
  t-PA antigen 52 (43–68) 92 (75–104) 90 (60–104)

p ≤ 0.001 p > 0.05 p > 0.05
  $E-Selectin antigen 80 (74–88) 101 (96–114) 92 (82–105)

p ≤ 0.001 p > 0.05 p > 0.05

Paired statistics: Wilcoxon signed rank test
From Kluft et al. reproduced with permission from Elsevier
aEvaluated number of individuals with data from all sampling points
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Fig. 12.10 Changes in ETP-based APC resistance (a), D-Dimer (b), and prothrombin fragment 
1.2 (c), in the presence of 5 or 10 mg E4 + 3 mg DRSP versus 20 μg EE + 3 mg DRSP. The global 
marker of coagulation inhibition test (ETP-based APC resistance) and of coagulation activation 
(D-Dimers and prothrombin fragment 1.2) demonstrates considerable differences of EE versus 
E4 in association with the same dose of DRSP. EE causes major procoagulatory changes, while E4 
does not. (Modified from Kluft et al. 2017 with permission from Elsevier)
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12.5.2  Fifteen Milligram E4 Has No Impact on Hemostasis 
in Postmenopausal Women

E4 relief is a prospective, multicenter, randomized, placebo-controlled, double- 
blinded, dose-finding study in both hysterectomized and non-hysterectomized post-
menopausal women. The primary objective was to select the optimal effective oral 
dose of E4 for the treatment of VMS in postmenopausal women. Secondary efficacy 
objectives included the evaluation of safety, the effects of different doses of E4 on 
vulvar and vaginal atrophy (VVA scoring system; maturation index), bone biomark-
ers, and health-related quality of life. No significant changes in any markers of 
coagulation or angiotensinogen were documented in the 250 women receiving for 
12 weeks 2.5, 5, 10, or 15 mg E4 (Mithra data on file).

Taken altogether these phase 2 clinical data indicate that E4 is a unique mole-
cule, which does not appear to increase the risk of thrombosis in that it does not 
affect coagulation factors when compared to effects elicited by orally administered 
classical and synthetic estrogens.

12.6  Conclusion

Experimental and clinical observational and prospective randomized trials indicate 
that estrogens convey multiple benefits. Their use is also associated with unwanted 
side effects. For example, women using COCs or oral HRT have an increased inci-
dence of DVT and PE. There is also an increased incidence of stroke among post-
menopausal women treated with oral HRT. The identification of safer estrogenic 
compounds for HRT and for combined oral contraceptives (COCs) that would 
selectively preserve the beneficial effects of estrogens on symptoms of menopause, 
the bone, and urogenital system while reducing their unwanted side effects is largely 
needed. In particular, the precise delineation of the activity/safety profile of E4 
requires both preclinical and clinical studies. This estrogen is human (primate) spe-
cific and synthesized in large amounts (3–5 mg/day) by the human fetus. Selected 
by natural evolution, this fetal estrogen acts selectively in tissues, with mixed ago-
nist and antagonist activities. This NEST (Native Estrogen that has Selective action 
in Tissues) property is the consequence of the selective activation by E4 of the 
nuclear ERα and of the blockade of the membrane ERα as demonstrated by com-
bined genetic and pharmacological approaches [37, 85].

This review has summarized the preclinical (and limited clinical) information 
about the impact of E4 on the vascular system. The impact of E4 on the vascular 
system may be summarized in one integrated concept (Fig. 12.11). The membrane 
ERα is neither necessary nor sufficient for eliciting beneficial effect of estrogens 
on arteries (i.e., protection against neointimal hyperplasia, atheroma, hyperten-
sion, and induction of FMR). E4 by selectively activating the nuclear ERα is able 
to convey, at least in animal models, all the beneficial vascular effects of E2. In 
contrast to E2, E4 does not enhance endothelial NO production but does not alter 
the flow- induced vasodilation, the most potent physiological stimulus of NO pro-
duction. This neutrality could confer an advantage in a tumoral context, as E4 
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does not enhance tumoral angiogenesis in contrast to E2 and may even antagonize 
this unwanted effect elicited by E2. Finally, E4 may induce an arterial vasodila-
tion by a guanylate cyclase dependent mechanism. In clinical studies, E4 in con-
trast to EE and E2 has a minimal impact on the synthesis of hemostasis parameters 
and of liver proteins induced by estrogens, including SHBG and 
angiotensinogen.
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Fig. 12.11 The key role of nuclear ERα activation in controlling the E4 vascular effects. The 
beneficial actions of ERα activation by E4 on atheroma, hypertension, neointimal hyperplasia and 
arterial remodeling all rely on nuclear ERα. ERα membrane-initiated signaling is not stimulated by 
E4 which does not enhance tumoral angiogenesis (reproduced with permission modified from 
Guivarc’h et al. 2018)
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E4, a fetal estrogen, which is devoid of thrombogenic activity but carries the 
vascular beneficial effects of E2 17β, may prove to be an efficacious and safer estro-
gen for clinical use. Phase 3 clinical studies in progress should contribute to further 
confirm these encouraging data.
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13Vascular Effects of Progestogens

Xiangyan Ruan and Alfred O. Mueck

13.1  Clinical Endpoint Studies

About 30 observational studies suggest that estrogen(E)-only and, with a more lim-
ited evidence, combined HRT are associated with a significant reduction in cardio-
vascular mortality and morbidity. Most studies have been performed before the 
Women’s Health Initiative (WHI) [1, 2], but also newer studies suggest cardiovas-
cular prevention if HRT is early started. For example, a recent Danish randomized 
case-control study including only patients between 45 and 58 years did found after 
10 years a significantly reduced risk of mortality, heart failure, or myocardial infarc-
tion, without any apparent increase in risk of cancer, venous thromboembolism, or 
stroke [3].

This evidence, however, has not been supported by randomized placebo- 
controlled studies summarized in Table 13.1 with clinical endpoints or with coro-
nary arteriography or intima-media thickness measurements at the carotid artery 
(CIMT) as primary indirect clinical endpoints, resp.

The most important trial, the Women’s Health Initiative (WHI), which allows the 
assessment of a progestogen effect based on clinical endpoints by comparison of 
estrogen(E)-only with a combined HRT, has used medroxyprogesterone acetate 
(MPA) added to conjugated equine estrogens (CEE) [1]. In the CEE-only arm, a 
trend to reduction of coronary heart disease (CHD) was found in the age group of 
50–59 years missing scarcely a significance [2]. Although the most recent follow-up 
of 18 years in both groups did not demonstrate an increased mortality [4], neither 
total nor specific (cardiovascular, cancer) mortality, this difference of risk between 
the cohorts during the interventional phase of WHI points at a crucial role of 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11355-1_13&domain=pdf
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Table 13.1 Randomized placebo-controlled interventional studies investigating the risk of arte-
rial cardiovascular diseases during HRT

n (ITT) 
(incl. 
Placebo) HRT (dosage/day) Remarks

1. Studies with clinical endpoints (myocardial infarction, stroke)
WHI Women’s Health Initiative 

study
Combined arm 16.608 CEE 0.625 mg/

MPA 2.5 mg
Estrogen-only arm 10.739 CEE 0.625 mg

WISDOM Women’s International Study 
of long Duration Oestrogen 
after Menopause

5.700 (1)

HERS I Heart and Estrogen/progestin 
Replacement Study (Teil I)

2.763 CEE 0.625 mg/
MPA 2.5 mg

ESPRIT EStrogen for Prevention of 
ReInfarct Trial

1.017

PHASE Papworth HRT AtheroSclerosis 
Estrogen study

255 Estradiol 80 μg/
NETA 120 g

(2)

WHISP Womens’ Hormone 
Intervention Secondary 
Prevention study

100 Estradiol 1 mg/
NETA 0.5 mg

WEST Women’s Estrogen for Stroke 
Trial

664 Estradiol 1 mg

2. Studies with indirect endpoints (3)
2.1 Coronary angiography (primary endpoint)
ERA Estrogen/progestin 

Replacement and 
Atherosclerosis trial

309 CEE 0.625 mg/
MPA 2.5 mg

WAVE Women’s Angiographic 
Vitamin and Estrogen/
progestin trial

423 CEE 0.625 mg/
MPA 2.5 mg

(4)

WELLHART Women’s Estrogen/progestin 
Lipid-Lowering Hormone 
Atherosclerosis Regression 
Trial

226 Estradiol 1 mg//
MPA 5 mg seq.

2.2 Carotid Intima Media Thickness (primary endpoint)
PHOREA Postmenopausal HOrmone 

REplacement against 
Atherosclerosis

321 Estradiol 1 mg/
gestodene 
0.025 mg

(5)

HERS B Heart and Estrogen/progestin 
Replacement Study using B 
Mode

362 CEE 0.625 mg/
MPA 2.5 mg

OPAL Osteoporosis Prevention and 
Arterial effects on Livial

866 Tibolone 2.5 mg; 
CEE 0.625 mg/
MPA 2.5 mg

EPAT Estrogen in Prevention of 
Atherosclerosis Trial

222 Estradiol 1 mg
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progestogen addition, which can antagonize the beneficial cardiovascular protective 
effect regarding the risk of CHD.

Most other studies do not allow to conclude about the progestogen effect because 
they do not compare with E-only medication. From the studies listed in Table 13.1, 
the two most recent studies, the KEEPS (Kronos Early Estrogen Prevention Study) 
[5] and the ELITE (Early versus Late Intervention Trial with Estradiol) studies [6], 
are remarkable because they demonstrate not only the possibilities but also the limi-
tations of clinical cardiovascular research.

13.2  KEEPS and ELITE Studies

In KEEPS [5] 727 healthy menopausal women within 3 years since last menstrual 
period (mean age 52.7 years) were recruited and followed during 4 years with either 
low-dose CEE (0.45 mg/day) or patch estradiol (E2) (50 μg/day) with oral proges-
terone (200 mg for 12 days per month) or placebo. HRT had no significant effect on 
CIMT progression or on the CAC (coronary artery calcification) score.

In ELITE [6] 643 healthy postmenopausal women were stratified less than 
6  years or 10 or more years past menopause receiving oral E2 (1  mg daily) or 

Table 13.1 (continued)

n (ITT) 
(incl. 
Placebo) HRT (dosage/day) Remarks

KEEPS Kronos Early Estrogen 
Prevention Study

727 Estradiol 0.025 mg; 
CEE 0.3 mg

(6)

Progesterone 
100–200 mg seq.

ELITE Early versus Late Intervention 
Trial with Estradiol/
progesterone

643 Estradiol 1 mg/
progesterone 
100 mg

(6)

ITT Intent to Treat Analysis
CEE conjugated equine estrogens, NETA norethisterone acetate, MPA medroxyprogesterone 
acetate
Remarks:
(1)  WISDOM: in plan n = 32.000 patients, different HRT regimens, but was stopped in Oct 2002 

due to recruitment problems caused by WHI results
(2)  PHASE: transdermal HRT: 2 weeks E2 patch releasing 80 μg/day, sequential combi patch, 

releasing additionally 120 μg NETA/day
(3)  Various studies with lipids and/or markers of glucose metabolism as indirect study endpoints, 

e.g., PEPI (Postmenopausal Estrogen/Progestin Intervention Trial) (n  =  596): CEE-only 
(0.625 mg/day) vs. CEE + seq. MPA (10 mg/day; 12 days) vs. CEE + cont. MPA (2.5 mg/day) 
vs. CEE + seq. Progesteron (200 mg/day; 12 days) vs. Placebo

(4) WAVE: additional study-arm vitamine E (400 E/day) plus vitamine C (500 mg/day)
(5)  PHOREA: use of gestodene monthly or 3-monthly (long-cycle); study indeed only single-blind 

design
(6) KEEPS, ELITE: must recent studies as described within the text
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placebo. Women with uterus also received progesterone (45 mg) as a 4% vaginal gel 
(10 days per month) in the E2 group, in the placebo group placebo gel. The CIMT 
was measured every 6 months during a median 5-year follow-up period. Among 
women less than 6 years past menopause, the mean CIMT increase was signifi-
cantly lower, and also the absolute CIMT values were lower compared to the women 
10 years or more past menopause. CT values of coronary-artery calcium, total ste-
nosis, and plaque (secondary endpoints) did not differ significantly between the 
placebo and the E2 group in either postmenopause stratum.

In summary the results of ELITE suggest a small effect of primary cardiovascu-
lar prevention if HRT is early started which has been suggested in about 30 obser-
vational studies and in experimental research (“Window of opportunity”), whereas 
in KEEPS no effect could be demonstrated, perhaps because the women have been 
too healthy for any preventive estrogen effect. Important seems that in both studies 
obviously progesterone did not antagonize the cardiovascular preventive effect of 
estradiol, which, however, needs “historical” conclusion comparing with other stud-
ies using E-only.

From several observational studies, a lower risk using E-only compared to com-
bined HRT can be suggested, e.g., from the analysis of Danish registry (n = 698.098), 
the highest risk for myocardial infarction was concluded for combined HRT regi-
mens, whereas lower or no increased risk was found with cyclic combined or unop-
posed estrogen regimens [7].

Mechanisms of the potential negative progestogen action cannot be concluded 
from clinical studies although there is evidence that they may be very important: 
The 1.5–3-fold increased risk of cardiac and stroke death in the first year after stop 
of HRT, shown in a huge cohort of Finnish women (n = 432.775) [8] treated with 
HRT between 1994 and 2013 and compared with the age-matched female back-
ground population, can be explained by reactive vasoconstrictory effects and/or 
destabilization of arterial plaques, both mainly dependent on the progestogen com-
ponent as suggested from experimental studies (see below).

13.3  Importance of Direct Vascular Effects

In contrast to clinical endpoint studies, the differential effect of the various proges-
togens in terms of vascular effects has been demonstrated in numerous studies, e.g., 
the well-known negative effect of androgenic progestogens on HDL-cholesterol or 
different actions in the glucose metabolism. Here only should be mentioned that 
many studies on metabolic effects using HRT have been performed showing in sum-
mary a more neutral metabolic action if progesterone or its isomer dydrogesterone 
have been used.

Progestogens can be characterized according to their partial effects on the 
androgen, glucocorticoid, and mineralocorticoid receptor. Vascular systems can be 
influenced positively or negatively based on these “partial” progestagenic effects. 
For an advanced differentiated assessment in vascular systems, the research cur-
rently is strongly focused on so-called vascular active biochemical markers, since 
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it is expected that risk assessment and monitoring during therapy is possible by 
means of simple and cost-saving measurement of blood concentrations of these 
biological mediators, comparable to the measurements in the lipid and carbohy-
drate system for prediction of a cardiovascular risk. The main mechanism of the 
cardioprotection of estrogens appears to be a direct effect on the vasculature via 
those vascular active biomarkers resulting in an improvement of endothelial func-
tion and inhibition of atherogenesis, summarized in Fig.  13.1. The beneficial 
E-effects mostly are antagonized by addition of synthetic progestogens, whereas 
progesterone and its isomer dydrogesterone mostly react “neutral,” like in the met-
abolic systems [9–11].

Since the net effect on all those vasoactive markers, responsible for the clinical 
action, is complex and difficult to predict, these more “neutral” progestogens 
should be preferred in cardiovascular-risk patients. Recent research especially has 
focused on the neutral or even beneficial effects of progesterone [12–18]. This 
may be explained that it is more and more used in HRT based on clinical observa-
tional studies suggesting that combining natural progestogen with E2 may also 
reduce the risk of venous thromboembolism and especially of breast cancer, 
according also to official guidelines, for example, of the International Menopause 
Society [19].

In the following the action of those vasoactive markers and some typical exam-
ples of different progestagenic effects, based on own investigations and selected 
from the literature of more than 100 experimental studies on this issue, are described. 
Action of estrogens and progestogens on all of the following various markers has 

Smooth muscle cells ß

Estrogens

Vasodilatation

Cell - proliferation

Inflammatory 
mechanisms

Cellular interaction 

Endothelium-dependent

Non-endothelium-dependent

Endothelium-regeneration
mechanisms Ý

Cytokines ß Ý 

NO-Synthetase Ý 

Adhesion molecules ß

Platelet aggregation /- adhesion ß

Fig. 13.1 Direct vascular effects of estrogens. Note: All effects can be influenced by addition of 
progestogens, mostly antagonizing the estrogen effect dependent on type and dosage of the proges-
togen (see text)
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been described, and mostly a beneficial (i.e., suggesting cardiovascular preventive) 
effect of estrogen was seen antagonized by synthetic progestogens, with the excep-
tion of inflammatory markers where results have been controversial.

13.3.1  Effects of the Most Important Vascular Biomarkers

13.3.1.1  Markers with Effect on Vasotonus
Nitric oxide (NO) is known to be the strongest vasodilatator. It also acts antiaggrega-
tory, antiproliferative, antiinflammatoric, and antioxidative [20]. Since the half- 
lifetime is very short, direct measurement is very complex. Therefore indirect 
measurements of the oxidation products, i.e., nitrite and nitrate, or of the second 
messenger cGMP are performed which can reflect NO production. Prostacyclin, 
like NO synthesized in the endothelium, also has strong vasodilative and antiaggre-
gatoric effects [21]. Its counterpart, thromboxane, is produced mainly in thrombo-
cytes. The ratio of prostacyclin to thromboxane can reflect the overall positive or 
negative effect on vasotonus. Endothelin is one of the most as yet known vasocon-
strictory compounds. It is mainly synthesized in the vascular endothelial cells and 
has direct effects on the vascular smooth muscle cells [22].

13.3.1.2  Pro-inflammatory Markers
The inflammatory marker C-reactive protein (CRP) has gained attention as inde-
pendent marker of upcoming coronary events and may be also a mediator in 
atherogenesis, because it elicits numerous negative direct effects on the vascula-
ture [23].

The cytokine interleukin-6 (IL-6) is a potent inducer of the hepatic acute phase 
response and hence a regulator of CRP and may have a key role in the etiology of 
coronary heart disease [24]. Adhesion molecules play a crucial role in the early 
stages of atherogenesis [25]. These molecules mediate the adhesion, rolling and 
tethering of leucocytes on endothelial cells. Chemokines, such as the monocyte- 
attracting protein-1 (MCP-1), are synthesized by vascular cells in the follow-up of 
inflammatory processes in order to recruit monocytes using their chemotacting 
properties [26]. Thus, the activity of this molecule is decisive in the early stages of 
atherosclerosis.

13.3.1.3  Markers for Plaque Stabilization
Plaque stabilization has been shown to be important in preventing acute coronary 
syndromes such as myocardial infarct or stroke. Several factors contribute to plaque 
stabilization; these include collagenases such as matrix metalloproteinase-1 (MMP- 
1) which can be synthesized by macrophages and endothelial cells [27].

Increased serum concentrations of plasminogen activator inhibitor-1 (PAI-1) 
shift the fibrinolytic/coagulatory balance toward an increased risk for arterial throm-
bosis and may accelerate arterial thrombosis following plaque rupturing. It may be 
an independent risk factor for cardiovascular diseases [28].
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13.4  Examples of Progestogen Effects on Vascular 
Biomarkers

Simoncini et al. investigated the effects of progesterone (P), MPA, dydrogesterone 
(DYD), and its dihydro-metabolite (DHD) on endothelial synthesis of NO and char-
acterized the signaling events [29]. DYD alone or in combination with E2 resulted 
in neutral effects. DHD and P enhanced eNOS through the regulation of the ERK 
1/2 mitogen-activated protein kinase cascade and potentiated also eNOS induction 
by E2. On the contrary, MPA did not trigger eNOS enzymatic activation and 
decreased the extent of eNOS induction by E2.

These findings clearly support the concept that the more natural progestogens 
that act “neutral” or even beneficial and synthetic progestogens can antagonize vas-
cular positive E-effects and/or can induce vasoconstrictory mechanism. In contrast 
the vasodilative genomic and non-genomic effects of progesterone, increasing 
endothelial NO production and enhancing E2-induced vasodilatation, have been 
seen in a variety also of other recent studies whereby obviously membrane-bound 
steroid receptors and secondary reduction of calcium entry in smooth muscle cells 
seem to play a decisive role [12–18]. This clearly must lead to the recommendation 
to use the natural progestogen in cardiovascular-risk patients!

Regarding other biomarkers of endothelial function and atherosclerotic plaque 
characteristics, we compared the effects of MPA vs. NET on E2-induced changes in 
human female coronary endothelial cell cultures [30]. E2 induced a significant 
increase of endothelial prostacyclin (suggesting vasodilative effects) and enhanced 
the production of the MMP-1, which is crucial for atherosclerotic plaque stability, 
and was able to significantly decrease the synthesis of endothelin, PAI-1, E-selectin, 
and intercellular adhesion molecule-1. Neither MPA nor NET addition negatively 
interfered with these E2-induced benefits. However, MPA, but not NET, antago-
nized the E2-induced significant reduction of TNF-alpha-stimulated MCP-1 synthe-
sis, so contrary effects of synthetic progestogens can exist regarding early stages of 
atherosclerosis. However, in the PEPI study, CEE combined with progesterone sig-
nificantly lowered serum MCP-1 levels, suggesting a neutral effect of natural pro-
gesterone also regarding this marker [31]. Different effects of synthetic progestogens 
on arterial plaques and markers for plaque stabilization, respectively, have been 
seen also in other experimental studies [32, 33].

We also tested the effect of tibolone compared with E2-only and E2 combined 
with progestogens on the production of the following markers in endothelial cells 
from human female coronary arteries [34]: eNOS, prostacyclin, endothelin, PAI-1, 
E-selectin, intercellular adhesion molecule-1 (ICAM-1), MCP-1, and pro-MMP-1. 
Tibolone, its 3-hydroxy metabolites, E2/NET, E2/MPA, and E2 alone had similar 
significant but mostly smaller effects on markers tested like E2/NET and E2/MPA 
suggesting that also tibolone can exert cardiovascular preventive effects.

Interestingly we could demonstrate that addition of a statin can additively 
increase the beneficial effects of E2-induced production of prostacyclin and NO and 
E2-induced reduction of endothelin production in human female coronary artery 
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cells [35] (Fig. 13.2). These enlarged positive effects will increase the chance that 
antagonizing effects of added progestogen will not neglect the beneficial estrogen 
action. The combination of estrogen with statin for therapy of postmenopausal 
women is of interest because both substance classes exert beneficial effects not only 
on the lipid profile but also on the vasculature, and combined therapy may decrease 
additively the cardiovascular risk. This has been suggested in HERS [36] and in a 
large observational study (n = 40.958 statin users) of the Karolinska Institute in 
Sweden [37].

However, the results in clinical studies are controversial. Negative effects of 
MPA [38] or NETA [39] regarding the E2-induced increase of nitrate/nitrite levels 
have been observed in postmenopausal women. But a Finnish study [40] did not see 
any effect of NETA added to oral or transdermal E2, whereas our own study [41] 
showed antagonizing effect of oral NETA but not of transdermal NETA (using 
combi-patches) added to oral or transdermal E2, resp. In another own study compar-
ing E2valerat-only and E2valerat combined with dienogest prospectively, we did 
not find any significant difference of cGMP (NO) production suggesting a vascular 
neutral effect of dienogest added to estrogen regarding protective vasodilating 
mechanisms [42].

We think we can explain some of those controversial data. In terms of beneficial 
effects, it always has to be considered that the preconditions are intact vascular 
cells and results may vary not only due to the type and dosages of the hormones but 
also due to the different atherosclerotic stages of the vessels. To investigate the 
endothelial potency of vasodilatation (perhaps the most important mechanism for 
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Fig. 13.2 Stimulation of prostacyclin in human vascular endothelial coronary cells comparing 
statin, E2-only, and the combination. Note: Modified according Mueck AO et al. [35]. Using the 
combination of statin+E2, resulting in an enlarged positive additive effect, will increase the chance 
that the possible negative impact of added progestogen will not neglect the beneficial cardioprotec-
tive estrogenic action
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cardiovascular protection during HRT), we compared healthy postmenopausal 
women (n = 22) vs. postmenopausal patients with coronary artery disease (CAD) 
(n = 26), diagnosed by coronary arteriography, within two paralyzed, randomized, 
double-blind, placebo-controlled crossover studies [43]. Application of 4 mg sub-
lingual estradiol (E2) increased the cGMP production in both crossover studies sig-
nificantly higher compared to placebo during bicycle ergometry, which reflects a 
standardized vasoconstrictory stress situation like adding vasoconstrictory-acting 
progestogens. But the most important result was that the absolute amount of increase 
of NO production was threefold higher in the healthy group. Thus the results in 
clinical studies, likewise also regarding other vascular biomarkers, may be strongly 
dependent from the preconditions of vascular function using estradiol (e.g., regard-
ing vasodilatation) and progestogens (e.g., regarding vasoconstriction).

13.5  Summary and Practical Recommendations

Although evidence strongly supports some of these markers as predictors of acute 
events, it remains to be established that modifying circulating levels of these mark-
ers will influence outcomes. Therefore, routinely measurement presently cannot be 
recommended, and it has to be stressed that vasoactive biochemical markers only 
“surrogate” on clinical effects and never can replace clinical studies.

Despite of these limitations, in the future also vascular markers may become a 
tool to predict risk and could be most useful to monitor therapy, especially as soon 
as the measurement will be able to be performed quickly and cost-sparingly like 
metabolic markers such as lipids. Although also lipids are “only” “surrogate mark-
ers,” their measurement in most guidelines is recommended as first-line to predict 
risk. In analogy vascular markers may follow for the recommendation in the clinical 
routine! Our above described ergometry experiment with assessment of those mark-
ers during stress situation could be a standardized test for the endothelial function 
in risk patients.
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14Sex Differences, Progesterone, 
and Ischemic Stroke

Michael Schumacher and Rachida Guennoun

14.1  Introduction

The incidence, prevalence, and outcomes of ischemic stroke differ between women 
and men, whereas hemorrhagic stroke seems not to vary according to sex [1, 2]. 
Women have a higher lifetime risk of ischemic stroke, and male patients are on aver-
age younger than female patients when they get their first stroke [3, 4]. Women are 
indeed considered as being protected during their fertile years by their ovarian hor-
mones [5–7]. However, women have in general worse stroke outcomes than men, 
and they may also respond differently to stroke therapies [5, 8]. It is interesting to 
note that the incidence of ischemic stroke has decreased between the years 1993 and 
2010 but that this trend seems to be primarily driven by a decrease in ischemic 
stroke in men [2].

When discussing sex differences in ischemic stroke, the focus is largely on the 
estrogens. For example, in the case of menopausal hormone treatment (HT), syn-
thetic progestins or progesterone are only considered for protecting the uterus 
against estrogen-induced hyperplasia, but their potential additional health benefits 
and protective effects on the brain are only rarely taken into consideration. There is 
however an extensive preclinical literature documenting the neuroprotective effi-
cacy of progesterone [9–11].

Considering sex differences in stroke only in the context of ovarian hormones 
seems far too limited. As discussed in this review, different sources of steroid hor-
mones, including adrenal steroids and neurosteroids synthesized within the brain, 
are likely to influence the incidence and outcome of ischemic stroke. Recently, we 
uncovered the importance of endogenous brain progesterone in the resistance of the 
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brain to ischemic injury. We also showed that progesterone, a major female repro-
ductive hormone, is an important cerebroprotective neurosteroid in males [12]. A 
consequence of the local synthesis of progesterone by neural cells is that its circulat-
ing levels not necessarily reflect its brain levels. In fact, very little is known concern-
ing changes in neurosteroids [13].

As shown by results of the “Framingham Heart Study,” stroke risk raises with 
age, but it is important to note that the increase is gradual until the age of 50 in both 
women and men. It is only around age 75 that the incidence of stroke becomes com-
parable between both sexes, that is, long after the beginning of menopause. Stroke 
risk only becomes higher in women than in men by the age of 80 [14]. It is impor-
tant to remind here that testicular androgens also have an impact on cardiovascular 
events in men, although their precise role remains controversial.

In addition to hormonal aging, other factors appear to be involved in the age- 
dependent increase in stroke. In menopausal women, ischemic stroke risk has been 
linked to abdominal adiposity, elevated levels of triglycerides and cholesterol, 
enhanced insulin resistance, and increased blood pressure [15]. Besides stroke, obe-
sity is related to several other disorders including diabetes, sleep disorders, hyper-
tension, and atherosclerosis [16–18]. These comorbidities present a challenge for 
the rehabilitation of stroke patients [19]. Interestingly, the deposition and distribu-
tion of adipose tissues differ between men and women [20]. When compared with 
women, men show more visceral adipose deposits, which are associated with car-
diovascular risk. In contrast, women before menopause have more subcutaneous 
adipose deposits, a feature associated with lower cardiovascular risk. However, after 
menopause, the decrease in estrogens leads to a shift in favor of the visceral fat, 
comparable to that seen in men, and in a concomitant increase in cardiovascular 
risks [21]. It is of note that the way for metabolic dysfunctions, cardiovascular prob-
lems, and generalized inflammation is paved by decreased ovarian functions [22]. 
Another risk factor is the elevated blood pressure in women after menopause. 
Whereas blood pressure is in general lower in premenopausal women than in men, 
the prevalence of hypertension increases in women after menopause [23]. In addi-
tion to these systemic health factors, age-dependent changes in brain structure and 
function add to the increased vulnerability to ischemic stroke. Alterations include 
degenerative processes, structural changes in white matter, small-vessel diseases, 
reduced brain weight, and the intraneuronal accumulation of proteins such as tau 
and α-synuclein [24].

14.2  Ischemic Stroke Incidence and Cardiovascular Events 
in Women and the Role of Steroids

A systemic review of observational studies examining the risk of ischemic 
stroke in women with premature menopause or bilateral oophorectomy con-
cluded that the lack of endogenous ovarian hormones is associated with an 
increased risk of ischemic stroke. Importantly, age at menopause appeared to be 
a more important risk factor than its cause, either early ovarian insufficiency or 
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surgical intervention [25]. In the “MAYO Clinic Cohort Study of Oophorectomy 
and Aging,” the increased risk of stroke after bilateral oophorectomy before the 
age of 45 years could be reduced by estrogen therapy, pointing to a role of estro-
gen deprivation [26].

These observations are consistent with a protective role of estrogens in stroke, at 
least in women younger than age 50 years. Conversely, for postmenopausal women, 
the Women’s Health Initiative (WHI) clinical trials reported deleterious effects on 
ischemic stroke for HT with estrogen alone or in combination with a progestin [27, 
28]. More than 26,000 postmenopausal women were enrolled in this prospective 
and randomized trial, which comprised two arms: women receiving oral conjugated 
equine estrogens (CEE, 0.625  mg/day) together with the synthetic progestin 
medroxyprogesterone acetate (MPA, 2.5  mg/day) to protect the uterus against 
hyperplasia and women with prior hysterectomy receiving CEE alone. It is interest-
ing to note that one of the inclusion criteria for the WHI was the absence of climac-
teric symptoms.

A subgroup of about 8300 women aged 65 or older from the two arms of the 
WHI were included in the Women’s Health Initiative Memory Study (WHIMS) 
over a 2-year period to evaluate the effects of CEE + MPA or CEE alone on the 
incidence of mild cognitive impairment (MCI) or dementia. Neither HT prevented 
age-related cognitive decline when compared with placebo, but instead slightly 
increased the risk for both endpoints [29–31]. Of the WHIMS participants, about 
1400 were examined by MRI for subclinical cerebrovascular disease as a possible 
cause of cognitive decline. Total ischemic lesion volume was a primary outcome. 
Hormone therapy was not associated with a significant increase in ischemic brain 
lesion volume relative to placebo [32]. However, brain MRI scans revealed slightly 
greater brain atrophy in women receiving CEE with or without MPA [33].

Questions raised by this large trial, its limitations, and the resulting confusion 
have been extensively discussed [34, 35]. One major concern was the late initiation 
of the HT, for the majority of women one to two decades after the onset of their 
menopause. Stratification of the WHI results by years since menopause indeed 
showed that starting HT earlier than 10 years from the last menstrual period was 
associated with less risk of coronary heart disease. Consistently, preclinical studies 
in nonhuman primates had provided evidence that estrogen treatment was effective 
in slowing the progression of coronary artery atherosclerosis only when adminis-
tered soon after surgical menopause. These observations led to the emergence of 
the “timing hypothesis,” suggesting that HT initiated during early menopause may 
slow the progression of atherosclerosis but that the cardiovascular benefits of HT 
may be lost several years later [36]. In contrast, the slight increase in stroke risk 
by HT appeared to be independent of years since menopause: the stroke hazard 
ratio was 1.23 for women receiving HT within less than 10 years since menopause 
and younger than 60 years, corresponding to 8 more strokes per 10,000 person 
years [37].

Other serious issues with the WHI trials were the elevated dose of orally admin-
istered conjugated equine estrogens (CEE, 0.625 mg/day) and the associated syn-
thetic progestin, medroxyprogesterone acetate (MPA, 2.5 mg/day), known for its 
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deleterious effects on the vascular and nervous systems. In addition to its binding to 
the progesterone receptors (PR), MPA has agonistic activity on both androgen and 
glucocorticoid receptors and inhibits the beneficial actions of estradiol [13, 38–42]. 
Thus, MPA has properties very distinct from natural progesterone.

Both the type of hormones used and their modes of administration are important 
to be considered. Thus, different types of progestins show different risks of venous 
thromboembolism (VTE), whereas natural micronized progesterone and pregnane 
derivatives appear safe [43]. A similar situation has been reported for ischemic 
stroke. In a case-control study, the use of natural progesterone, in contrast to a series 
of progestins, was not associated with increased stroke risk in postmenopausal 
women [44]. Another multicenter case-control study has documented the impor-
tance of the mode of administration of estrogens for the risk of VTE in postmeno-
pausal women. Thus, transdermal estrogen was found to be safer with respect to 
thrombotic risk than oral estrogen [45]. As an explanation, orally administered ste-
roids enter the enterohepatic circulation, and during their first-pass through the 
liver, they stimulate the production of inflammatory and procoagulant proteins, 
associated with increased risk of venous and arterial thrombosis [46, 47].

Observations related to the timing, formulation, dose, and route of delivery of 
HT provided the context for the recent “Kronos Early Estrogen Prevention Study” 
(KEEPS) and the “Early Versus Late Intervention Trial” (ELITE) [48]. The KEEPS 
trial tested the hypothesis that initiation of HT within 3 years of menopause would 
reduce the progression of atherosclerosis as determined by changes in carotid 
intima-media thickness (CIMT) and coronary artery calcification. For this trial, a 
lower dose of oral CEE was used than in the WHI trial (0.45  mg/day versus 
0.625 mg/day), and instead of MPA, micronized natural progesterone was used to 
protect the uterus against hyperplasia (200 mg/day per os, 12 days per month). An 
additional group of women received transdermal natural estradiol instead of CEE 
(50 μg/day) together with progesterone. Importantly, in contrast to the WHI, the 727 
women enrolled in the KEEP trial had low cardiovascular risk profiles. After 4 years 
of treatment, no adverse cardiovascular events were observed: progression of CIMT 
did not differ among the treated and placebo groups, and coronary arterial calcifica-
tion tended to be reduced in the hormone-treated groups. Moreover, the HT had no 
longer-term effects on vascular function [49, 50]. It should be noted that after oral 
CEE and transdermal estradiol, serum levels of estradiol and estrone remained in 
the low picomolar range, and the doses may not have been sufficient for efficient 
vasoprotection [48]. However, climacteric symptoms, in particular hot flashes, night 
sweats, and sleep problems, were improved by both oral CEE and transdermal estra-
diol combined with natural progesterone [51, 52].

The ELITE trial was specifically designed to test the “timing hypothesis.” It was 
a randomized, double-blind, placebo-controlled trial enrolling women who were 6 
or 10 years past menopause. Oral estradiol (1 mg/day) with intermittent vaginal 
progesterone was administered for 5 years. Again, main outcomes were changes in 
CIMT and coronary arterial calcification. The mean age of women enrolled in the 
early group was 55 years and in the late group 65 years [53]. The rate of progression 
of CIMT was significantly lower in women in the early group who were treated 
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during 5  years with estradiol compared with placebo. However, the increase in 
CIMT did not differ in the late group between women treated with estradiol or pla-
cebo. Coronary arterial calcification was similar among groups and was not affected 
by HT [54].

14.3  Ischemic Stroke Incidence in Men

In men, like in women, stroke rates markedly increase from the age of 50 onward 
[14]. However, in contrasts to the ovaries, there is no abrupt decline in testicular 
activity, but levels of testosterone instead gradually decrease in men from about 
40 years onward [55, 56]. It is however important to be aware that the age- dependent 
decline in circulating testosterone shows very large interindividual differences. 
Already by the age of 60, the incidence of hypogonadal testosterone in men is 
around 20% [56].

The influence of testosterone on the incidence of stroke remains controversial. 
Because young men have a higher incidence of stroke than women, elevated levels 
of testosterone have been suspected to represent a risk factor. However, there is little 
evidence for this assumption, and the established link between anabolic steroid 
abuse and cardiovascular pathologies does not provide information on the role of 
endogenous natural testosterone [57]. Conversely, the age-dependent increase in the 
incidence and severity of stroke in men indicates protective effects of androgens. 
Nevertheless, in spite of reported benefits of the therapeutic normalization of low 
testosterone levels [58], concerns have been raised about the cardiovascular safety 
of testosterone therapy in aging men [59].

14.4  Differences Between Women and Men in Stroke 
Outcomes

The previous sections dealt with stroke prevalence and incidence. What about isch-
emic stroke outcomes, which reflect vulnerability to infarction, capacity of recov-
ery, and responses to therapeutic intervention? In fact, it is well-known that sex and 
gonadal hormones have a considerable impact on stroke outcomes [60]. In general, 
women are doing worse than men. Moreover, women and men respond differently 
to stroke therapeutics [5, 8].

Thrombolytic treatment with tissue plasminogen activator (tPA) has been shown 
to have greater efficacy in women, but this difference only resulted from the fact that 
placebo-treated women fared worse than men and that sex differences were no lon-
ger observed after tPA treatment [61, 62]. Likewise, in another trial testing pro- 
urokinase as a thrombolytic agent, women showed a larger treatment effect, 
annulling the worse outcome for untreated women when compared with men [63]. 
In addition to lysis of the thrombus, endovascular thrombectomy has become a stan-
dard of care for large vessel ischemic stroke since 2015 [64]. A recent meta-analysis 
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revealed that thrombectomy with a retriever stent benefits patients with acute isch-
emic stroke irrespective of their sex [64].

A small clinical trial showed that oral administration of the antibiotic minocy-
cline was efficient in male but not in female stroke patients [65]. Remarkably, in a 
previous preclinical study using a mouse model of middle cerebral artery occlusion 
(MCAO), minocycline reduced infarct volume in males, but was ineffective in 
females [66]. Another preclinical example of sex-dependent responses to protective 
treatments was the observation that an antagomir to the microRNA Let7f, which 
targets IGF-1 signaling, was effective in intact female rats but not in males or ovari-
ectomized females after ischemic stroke. This finding suggests that ovarian hor-
mones affect miRNA actions [67]. These examples highlight the importance of 
considering sex differences in translational stroke research [68]. Particularly intrigu-
ing are sex differences in glial and neuroinflammatory responses after experimental 
ischemic stroke [69, 70]. It is conceivable that the omission of sex as an experimen-
tal or clinical variable may have contributed to the failure of translating stroke thera-
pies into clinical practice [71].

14.5  Progesterone Is Cerebroprotective After Ischemic 
Stroke in Experimental Animal Models

Twenty-five years ago, Donald Stein showed that progesterone protects the brain of 
both female and male rats against traumatic injury [72, 73]. Particularly promising 
was the finding that the administration of progesterone reduced edema and brain 
damage in rats when its administration was delayed until 24 h after injury [74]. 
Later, it has been speculated that elevated levels of endogenous brain progesterone 
may contribute to the early resistance of the brain to traumatic damage and to the 
extended window of opportunity [75].

Cerebroprotective effects of progesterone were also demonstrated after occlu-
sion of the middle cerebral artery (MCAO) in male rats and mice, an experimental 
model of ischemic cerebral stroke [76–78]. In this model, blood flow through the 
medial cerebral artery is interrupted by an occluding filament, either transiently fol-
lowed by reperfusion or permanently. The translational significance of transient 
MCAO has been discussed because of abrupt reperfusion after removal of the 
obstructing filament, which contrasts with the more gradual reperfusion after throm-
bolytic treatment of ischemic stroke patients. However, since the recent advent of 
endovascular thrombectomy as a therapeutic intervention of choice, transient 
MCAO may be considered as a model of choice for testing the preclinical neuropro-
tective efficacy of molecules [79, 80].

Although rapid recanalization by removing the clot from the obstructed brain 
vessel is critical for clinical outcomes, complementary cerebroprotective strategies 
remain an important unmet medical need. Indeed, increasing the resistance of neu-
ral cells to oxygen and glucose deprivation and reducing neuroinflammatory 
responses may allow to prolong the narrow therapeutic window of just a few hours 
for restoring the blood flow [81, 82]. Protective therapies are also needed to reduce 
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brain damage and vasogenic edema caused by reperfusion. In particular the endo-
vascular methods expose patients to ischemic reperfusion injury [83, 84]. It is inter-
esting to note here that so far no pharmacological agent has yet reached the clinics 
for improving the viability of neurons and glial cells, whatever the neurological 
condition.

A meta-analysis of experimental stroke studies, limited to rats and mice, has 
assessed the outcomes of progesterone treatments according to sex, age, and spe-
cies [85]. This extensive review revealed that administration of exogenous proges-
terone significantly reduced infarct volume in male rats and mice. Most studies 
(11/19) involved young male animals, and none of them have used gonadally 
intact young females. Interestingly, data suggested that progesterone may lack 
efficacy in ovariectomized females. This indicates that additional ovarian factors 
may influence stroke outcomes in response to progesterone [85]. The results of 
one study suggested that progesterone may exert different protective effects 
whether it is administered to young ovariectomized female mice or to aged 
females with intact ovaries [86].

The studies conducted in male rats have provided important informations. 
Treatment with progesterone improved neurological outcomes and inflammatory 
responses following cerebral ischemia not only in young but also in middle-aged 
and very old (24  months) animals [87–91]. Time-window studies showed that 
progesterone still exhibits substantial cerebroprotection when administered as late 
as 6 h after MCAO, but not after 24 h [89, 92]. As for TBI, it has been proposed 
that endogenous brain progesterone may contribute to the wide therapeutic win-
dow [78].

14.6  Progesterone Is an Endogenous Hormone 
and Neurosteroid in Both Females and Males

The ovaries are the main source of circulating progesterone. In women, levels of 
progesterone are low during the follicular phase of the menstrual cycle (about 
1–3 nM) and are markedly increased during the luteal phase (about 20–40 nM) [93, 
94]. In female mice and rats, the reproductive cycle of 4–5 days is named the “estrus 
cycle” and is subdivided into proestrus, estrus, diestrus-1, and diestrus-2 (the latter 
two are also named metestrus and diestrus, respectively) [95]. Reference values for 
changes in steroid levels during the mouse and rat estrus cycle were recently 
obtained by sensitive and specific gas chromatography–tandem mass spectrometry 
(GC–MS/MS) method [96]. Highest levels of progesterone, produced by the pla-
centa, are reached during pregnancy [97]. In both humans and rodents, progesterone 
levels reach 200–400 nM by the end of gestation [98–100].

Not only the ovaries and placenta but also the adrenal cortex produces significant 
amounts of circulating progesterone in humans and rodents. Like corticosterone in 
rodents and cortisol in humans, both synthesis and secretion of progesterone by the 
adrenal glands are stimulated by adrenocorticotropic hormone (ACTH) and thus 
respond to stress [101]. In men, circulating levels of progesterone are in the low 
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nanomolar range, but they may play an important role in health. Regrettably, the 
role of progesterone in men has so far not attracted much attention, and for this 
reason, it has been qualified as the “forgotten hormone in men” [102]. Importantly, 
progesterone secretion by the adrenal glands is markedly increased in men in 
response to a variety of stressors [103, 104]. After TBI, circulating progesterone 
even transiently reached concentrations comparable to luteal levels in women, but 
returned to low basal nanomolar levels several hours later [105].

In addition to the steroidogenic endocrine glands, progesterone is also by neu-
rons and glial cells in the nervous system. To refer to their site of synthesis, steroids 
synthesized in the brain have been named “neurosteroids” [106, 107]. In addition to 
their de novo synthesis from cholesterol, progesterone and its metabolites can be 
synthesized within the nervous system from circulating precursors: progesterone 
can be formed from circulating pregnenolone, 5α-dihydroprogesterone (5α-DHP) 
can be derived from circulating progesterone, and allopregnanolone can be derived 
from circulating progesterone or 5α-DHP [108].

It is important to realize that variations in progesterone levels within the brain 
may reflect changes either in  local synthesis or in circulating levels. Steroid hor-
mones produced by the gonads and adrenal glands indeed easily cross the blood–
brain barrier by transmembrane diffusion [109, 110]. They also rapidly diffuse 
throughout the nervous tissues because of their low molecular weight and lipid solu-
bility. So far, no conditional knockouts of neurosteroid biosynthetic pathways have 
been generated, and compelling evidence for the synthesis of progesterone and its 
metabolites within the nervous system mainly comes from the following findings: 
(1) expression and activity of enzymes involved in their biosynthesis; (2) the pres-
ence of progesterone and its metabolites in nervous tissues after removal of the 
peripheral steroidogenic glands; (3) changes in neurosteroid levels independent of 
changes in circulating hormone levels; and (4) the uncovering of endogenous 
neurosteroid tones affecting neuronal excitability [10, 106, 108, 111–113].

14.7  Brain Metabolism of Progesterone 
and Cerebroprotective Effects of Allopregnanolone

Progesterone is converted in the brain to 5α-dihydroprogesterone (5α-DHP) by 
two steroid 5α-reductase isoenzymes. These enzymes have multiple steroid sub-
strates characterized by a 3-keto group and a Δ4,5 double bond, including proges-
terone, deoxycorticosterone, and testosterone. The type I isoenzyme is the major 
form in the brain [114]. It is widely expressed in the rat brain at all stages of 
development, whereas the type II enzyme shows a more restricted distribution 
[115, 116]. Both neurons and glial cells convert progesterone to its 5α-reduced 
metabolites [117].

Progesterone and 5α-DHP are ligands of the intracellular progesterone receptors 
(PR) and regulators of gene transcription in neural cells [118] (Fig. 14.1). Specific 
functions of 5α-DHP in the brain seem likely as its endogenous levels are elevated 
and selectively and strongly upregulated in response to trauma and ischemic injury 
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[12, 78]. Older studies suggested specific regulatory functions of 5α-DHP for neu-
roendocrine mechanisms [119, 120].

The metabolite 5α-DHP is further converted in the brain to allopregnanolone by 
NADPH-dependent cytosolic aldo–keto reductases (AKR) (Fig.  14.1). In rats, 
5α-DHP is converted to allopregnanolone by a single AKR isoform, named the 
3α-hydroxysteroid dehydrogenase (3α-HSD), whereas in humans and mice, there 
are multiple and less selective AKR isoforms [121]. Whereas the 5α-reduction of 
progesterone is an irreversible reaction, allopregnanolone can be converted back to 
5α-DHP by NAD+-dependent membrane-associated short-chain dehydrogenases/
reductases, acting in vivo as 3α-hydroxysteroid oxidases [122, 123]. This is impor-
tant, as the conversion back to 5α-DHP is a mechanism by which allopregnanolone 
could activate PR-dependent gene transcription [118].

In the brain, the 3α-HSD has been proposed to be restricted to glial cells [124]. 
However, a study of the distribution of 5α-reductase type I and 3α-HSD mRNA 
expression in the mouse brain has shown that both enzymes colocalize in principal 
glutamatergic neurons of the cerebral cortex, hippocampus, and olfactory bulbs and 
in glutamatergic output neurons of the thalamus and amygdala. Both enzymes are 
also present in GABAergic output neurons of the striatum and thalamus as well as 
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Fig. 14.1 Synthesis and metabolism of progesterone. The translocase (TSPO), the former periph-
eral benzodiazepine receptor, is involved in the transport of cholesterol from the cytoplasm to the 
inner mitochondrial membrane. At the level of the inner mitochondrial membrane, cholesterol is 
converted to pregnenolone by cytochrome P450scc, which cuts its carbon side chain. Pregnenolone 
is then metabolized to progesterone by the 3β-hydroxysteroid dehydrogenases (3β-HSD). 
Progesterone is irreversibly converted to 5α-dihydroprogesterone (5α-DHP) by the 5α-reductases. 
In neural cells, both progesterone and 5α-DHP bind to the intracellular progesterone receptors 
(PR), which regulate gene expression after binding to progesterone response element (PRE). The 
PR can also directly interact with membrane-associated kinases in the extranuclear compartment. 
5α-DHP is metabolized by a 3α-hydroxysteroid dehydrogenase (3α-HSD) to allopreg-
nanolone, a potent positive modulator of GABAA receptors
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in cerebellar Purkinje neurons, consistent with an autocrine/paracrine modulation of 
GABAA receptor signaling by locally produced allopregnanolone. Surprisingly, in 
this study, none of the enzymes were detected in astrocytes, previously considered 
to be a major source of 5α-reduced progesterone metabolites [125]. Another immu-
nohistological study reported the presence of the two 5α-reductase isoenzymes and 
the 3α-HSD in neurons, astrocytes, and oligodendrocytes of the male rat spinal cord 
[126]. It is important to stress that there exists no specific 3α-HSD inhibitor, the 
frequently used indomethacin, or MPA being nonspecific. The only way to inhibit 
the formation of allopregnanolone is to inhibit the upstream 5α-reductase with 
drugs such as finasteride. It is thus not easy to distinguish between the effects of 
5α-DHP and allopregnanolone, both metabolites being moreover interconvertible.

Whereas progesterone and 5α-DHP are ligands of PR in neural cells, allopreg-
nanolone does not bind to the receptors but is instead a positive modulator of 
GABAA receptors [127] (Fig.  14.1). In the brain, the majority of fast inhibitory 
neurotransmission is mediated by GABAA receptors, which harbor a surprisingly 
large number of allosteric drug-binding sites for small molecules, including benzo-
diazepines, barbiturates, anesthetics, and steroids [128]. In 1986, it was shown that 
allopregnanolone (3α,5α-tetrahydroprogesterone) is part of the positive modulators 
of GABAA receptors [129]. This discovery provided a mechanistic explanation for 
some of the rapid effects of progesterone, in particular its anxiolytic, antidepressant, 
aesthetic, anticonvulsant, and analgesic effects. However, the interaction of allo-
pregnanolone with GABAA receptors remained enigmatic until 2006, when finally 
two steroid-binding sites, located within the transmembrane domains of the α- and 
β-receptor subunits and distinct from the benzodiazepine binding site, were identi-
fied [130, 131].

Over the past years, much progress has been achieved in understanding how the 
potentiation of GABAA receptors by allopregnanolone affects neuronal excitability. 
Thus, allopregnanolone modulates both synaptic and extrasynaptic GABAA recep-
tors, and variations in brain levels of allopregnanolone result in important changes 
in neuronal activity [132]. While synaptic GABAA receptors mediate rapid phasic 
inhibition of postsynaptic currents, the extrasynaptic receptors mediate a particular 
type of persistent inhibition of neuronal excitability, termed “tonic inhibition” [133, 
134]. The extrasynaptic GABAA receptors differ from their synaptic counterparts by 
their subunit composition and pharmacological and functional properties [132]. For 
example, extrasynaptic GABAA receptors containing the δ subunit are insensitive to 
a variety of benzodiazepines, but are sensitive targets for allopregnanolone. 
Accordingly, δ subunit knockout mice show reduced sensitivity to neuroactive ste-
roids [135, 136].

It has been proposed that allopregnanolone may mediate the cerebroprotective 
effects of progesterone after MCAO. This assertion was supported by the finding 
that administration of allopregnanolone was more potent than progesterone in atten-
uating cerebral damage after MCAO at single dose tested [137]. Both progesterone 
and allopregnanolone were also efficient in attenuating dysfunctions of the blood–
brain barrier and in reducing neuroinflammatory responses [138]. The conversion to 
allopregnanolone has thus been considered as a key step in the cerebroprotective 
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actions of progesterone. However, potential mechanisms relaying the protective 
effects of allopregnanolone remain elusive. Decreased neuronal excitability by 
allopregnanolone- activated GABAA receptors could be involved. In support of the 
hypothesis are the observations that benzodiazepines are neuroprotective after isch-
emic injury in rodents and that extracellular levels of GABA are increased in 
response to cerebral ischemia [139–141].

14.8  Multiple Target Proteins of Progesterone and Their 
Potential Role in Cerebroprotection

In addition to its effects mediated via allopregnanolone, progesterone itself acts at 
multiple targets in the brain. The best characterized are the intracellular progester-
one receptors (PR). There exist two isoforms, named PR-A and PR-B, which are 
transcribed from two distinct promoters of a single gene [142, 143]. In the rat and 
mouse brain, both isoforms are widely expressed, but surprisingly, their specific 
functions have never been studied. This could however be done, as PR isoform- 
specific knockout mice are available since many years [144]. As already mentioned, 
both progesterone and 5α-DHP activate gene transcription in neuronal cells via PR 
[118]. Importantly, PR are expressed in the brain of both sexes [145, 146].

PR are well-known as hormone-dependent nuclear transcription factors. 
However, they can also interact with membrane-associated kinases and directly acti-
vate extranuclear signaling pathways [147] (Fig. 14.1). The regulation of signaling 
kinases by PR may play a particularly important role in the brain. In fact, outside the 
hypothalamus, neuronal PR are mainly located in axons and dendrites and at the 
level of synapses, thus far away from the nucleus [148]. Membrane translocation of 
PR, as for the other steroid receptors, involves palmitoylation of a highly conserved 
amino acid domain within the ligand-binding domain [149].

In addition to the intracellular PR, progesterone binds to many other target pro-
teins within the cytoplasm and at the level of the cellular membrane. These include 
progesterone receptor membrane component 1 (PGRMC1) and the seven trans-
membrane domain receptors (mPRs) coupled to G proteins [150–152]. PGRMC1 
has been shown to play an important role in the protective effects of progesterone in 
the brain, in particular via the stimulation brain-derived neurotrophic factor (BDNF) 
release [153]. More recently, it has been shown that the miRNA let-7i negatively 
regulates expression of PGRMC1 and BDNF and that treatment with a let-7i 
antagomir increases the cerebroprotective efficacy of progesterone after MCAO in 
ovariectomized female mice [154]. These results suggest a role of PGRMC1 in pro-
gesterone stroke protection.

Attention should also be paid to the mPRs, which comprise five isoforms 
encoded by distinct genes [155]. This is because of their wide distribution in the 
central nervous system and the neural cell-specific regulation of their expression. 
For example, in the normal mouse or rat brain, mPRα is mainly located in neurons. 
However, in response to traumatic brain injury, its expression is induced in oligo-
dendrocytes, astrocytes, and reactive microglia, suggesting a role in neural 
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responses to injury [156]. Importantly, mPRs only show low affinity for selective 
and potent progestin ligands of the classical intracellular PR [155, 157].

14.9  A Key Role of the Intracellular Progesterone Receptors 
in Cerebroprotection

Progesterone thus acts in the brain via multiple signaling mechanisms. According to 
the general consensus, allopregnanolone plays a key role in the cerebroprotective 
effects of progesterone. However, studies using male knockout mice have recently 
placed the intracellular PR in front of the stage. In homozygous total PR knockout 
mice (PR−/− mice), the vulnerability of the brain to ischemic damage was indeed 
markedly increased. Importantly, invalidation of a single allele of the PR gene 
(PR+/− mice) was sufficient to significantly increase the infarct volume [78]. This 
observation suggested that PR expression levels may even be a limiting factor for 
the cerebroprotective efficacy of progesterone. The greater resistance of wild-type 
mice to ischemic lesions in comparison to PR knockout mice was observed up to 
24 h after MCAO and most likely involved endogenous brain progesterone signal-
ing via PR. Prolonged cerebroprotection required the administration of exogenous 
progesterone. The effective dose (8 mg/kg) resulted in plasma levels reaching those 
of pregnancy. Again, progesterone therapy failed to be protective in PR knockout 
mice, consistent with a central role of the receptors [78].

Two important questions needed to be addressed after these experiments: (1) Does 
endogenous brain progesterone play a role in the resistance to damage shortly after 
the ischemic insult? In both sexes, neural cells of the adult brain are indeed exposed 
to significant levels of progesterone, either derived from the ovaries in females or in 
both females and males from the adrenal glands and from local synthesis (the neuros-
teroid concept). (2) Do brain PR play a key role in the cerebroprotective effects of 
progesterone? To answer these questions, we selectively invalidated PR in the brain 
of male and female mice using Cre–loxP recombination (PRNesCre mice). Brain and 
plasma steroid levels were analyzed at different times after MCAO using sensitive 
and selective gas chromatography–tandem mass spectrometry (GC–MS/MS) [12].

In the male brain, levels of PR-active progesterone and 5α-DHP were rapidly and 
transiently upregulated between 1 and 24 h after MCAO, together reaching late preg-
nancy-like levels of about 200 nM (Fig. 14.2). 5α-DHP showed the greatest upregu-
lation but only in the brain, not in plasma. This observation strongly suggested an 
increase in the local synthesis of 5α-DHP by neural cells in response to ischemia. 
Elevation of progesterone and 5α-DHP contributed to the resistance of neural cells to 
ischemic damage as the brain-specific invalidation of PR resulted in increased infarct 
volume and functional deficits already at 6 h after MCAO [12] (Fig. 14.3).

Unexpectedly, in contrast to males, progesterone and 5α-DHP were not signifi-
cantly upregulated after MCAO in the female brain. However, invalidation of brain 
PR also resulted in increased brain infarct size in females, although to a lesser extent 
than in males, demonstrating a role of brain PR in the resistance to ischemic damage 
for both sexes. Somehow, the low brain levels of progesterone and 5α-DHP in 
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females were sufficient for providing protection, pointing to additional cerebropro-
tective mechanisms in females. An auxiliary endogenous cerebroprotective agent 
may be estradiol, despite the fact that similar low brain levels of the hormone were 
measured in both sexes and that they were not increased in response to 
MCAO. Females may indeed be more sensitive to the cerebroprotective effects of 
estradiol than males because estrogen receptor α (ERα) is rapidly upregulated in the 
ischemic brain of females but not males [158, 159]. In addition, estrogens may 
potentiate the cerebroprotective effects of progesterone in females.

As reviewed above, age is the most important risk factor for stroke and also a prog-
nostic marker for poor outcomes [160]. Concordantly, preclinical studies report worse 
stroke outcomes in aged animals [161]. Our study confirmed that infarct volumes are 
larger and neurological deficits more severe in aging (12–14 months old) than in young 
(3  months old) mice. Notably, the brain-specific invalidation of PR also increased 
infarct size and aggravated neurological impairment in aging males and females [12] 
(Fig.  14.3). Thus, endogenous PR-dependent cerebroprotective mechanisms remain 
operational during aging. Previous studies had already shown that treatment with exog-
enous progesterone remains protective in aging rodents of both sexes [86, 87, 91].

Post-MCAO time (hrs)

0

20

40

60

80
***

***
**

* *

ng
/g

Male brain

Post-MCAO time (hrs)

0

20

40

60

80

* *

ng
/m

l

Male plasma

CTL
0

20

40

60

80

Post-MCAO time (hrs)

ng
/g

Female brain

Post-MCAO time (hrs)

0

20

40

60

80

* ***

ng
/m

l

Female plasma

246421 CTL 246421

CTL 246421 CTL 246421
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14.10  The Role of Brain Progesterone Receptors 
in Cerebroprotection: Implications for Contraceptive 
Progestins

The identification of intracellular PR as major targets for the cerebroprotective 
effects of progesterone after ischemic brain injury has paved the way for the use of 
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synthetic progestins in neuroprotective strategies. Indeed, synthetic progestins 
used for hormonal contraception or for the treatment of endocrine disorders have 
been designed to target PR. Moreover, most progestins are almost certainly not 
converted to GABAA receptor active metabolites with allopregnanolone-like prop-
erties. Thus, if the cerebroprotective actions of progesterone were to be mediated 
exclusively by allopregnanolone and the modulation of GABAA receptors, then 
synthetic progestins would not be expected to be useful for promoting the viability 
of neural cells.

Additional cerebroprotective health benefits have been demonstrated for the 
PR-selective and potent 19-norpregnane derivative Nestorone, developed for hor-
monal contraception in women and men [162, 163]. Nestorone is only poorly 
metabolized in the brain, as demonstrated by GC-MS, and its 3α,5α-metabolite tet-
rahydronestorone exhibited only limited activity on GABAA receptor-evoked 
responses [164]. However, at a 100-times lower dose than progesterone, the admin-
istration of Nestorone significantly decreased infarct volume and deficits in motor 
coordination assessed by the rotarod test [78], thus confirming a key role of PR.
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15Atherogenesis: Estrogen Induction 
of Polysialylated nCAM (PSA-nCAM) 
Blocks Monocyte Capture by Vascular 
Endothelial Cells
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Cardiovascular disease (CVD) is the leading cause of death in women, as well as 
men. However, prior to menopause, women have a lower incidence of CVD than 
men [1]. This is reversed after the menopause [2]. It has long been known that estro-
gen treatment of postmenopausal women lowers risk factors for CVD [3–10]. 
Recent studies have shown that prompt estrogen treatment of postmenopausal 
women also reduces indicators of CVD, carotid artery intimal-medial thickness 
(CIMT) [11], and coronary artery calcium (CAC) [12]. Recent studies also show 
reduced CVD deaths in young estrogen-treated women [13].

Epidemiologic studies show that premature menopause is accompanied by fewer 
cardiovascular deaths if estrogen replacement is promptly started [4]. A retrospec-
tive study showed that Chinese women on MHT for hot flushes, usually starting 
within a few years of menopause have less atherosclerosis than equally aged, non- 
treated women [14]. Randomized prospective studies show that women starting 
MHT within 5 years of the menopause (6 years after the last period) have less CIMT 
than placebo [10]. And, in the WHI observational study, women on ET have less 
CAC and cardiac deaths than untreated women of the same age [12, 13].

Primate studies done in Clarkson’s laboratory indicated that estrogen blocks ath-
erogenesis in oophorectomized female monkeys and this effect depends on starting 
the estrogen treatment early, before plaque has formed [15]. This has been born out 
in studies in women [10, 16].

Thus, evidence supports that estrogen replacement treatment is cardioprotective, 
but only when begun before significant plaque has formed in the vessels. The mech-
anism of this action of estrogen is what this chapter is about.

As mentioned above, there is solid evidence that estrogen improves risk factors 
such as lipids. However, during 4 years of treatment of menopausal women with 
MHT/ET that lowered lipids and improved other risk factors, our randomized study 
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of the effects of MHT/ET was not able to show a decrease of the CIMT compared 
to the placebo groups [17]. In light of the evidence that estrogen prevents ASVD, we 
entertained the possibility that improvement of risk factors is not the only mecha-
nism and that local actions at the vascular level could also play roles in atheropro-
tection by estrogen.

In previous studies, we had identified possible estrogen action at the level of the 
interaction of the endothelium and circulatory monocytes. Working with Clarkson 
and colleagues, we showed that human and monkey artery endothelium expresses 
the enzyme estrogen synthetase (aromatase) and estrogen receptor immunoreactiv-
ity [17]. We had previously shown the expression of aromatase and estrogen recep-
tors by human monocytes/precursors [18]. We combined this information with our 
understanding of mechanisms involved in the in-migration of circulating monocytes 
through the immune-brain barrier [19] and their formation into brain macrophages, 
the microglia [20], to formulate a novel explanation of role of estrogen in the cap-
ture of circulating monocytes by the vascular endothelium that initiates atherogen-
esis [21].

The accumulation of plaque in the vascular wall is initiated by vascular/perivas-
cular inflammation and is characterized by the formation of lipid-laden plaques 
beneath the endothelium. This involves subendothelial low-density lipoprotein 
(LDL) accumulation which results in endothelial cell activation and chronic inflam-
mation. Hypertensive pulses may also traumatize blood vessels. Cytokine signals 
(IL-1, TNFα) from the injured vessel recruit monocytes from the circulation. The 
activated monocytes adhere to the endothelial cells and penetrate the intimal layer 
of the vessel as macrophages. The macrophages may become foam cells in the mass 
termed “plaque” [22–26]. The majority of all deaths from CVD are secondary to 
infarctions/thromboses caused by deteriorating atherosclerotic vascular plaque or 
are due to vascular stenosis caused by plaque-based occlusion of vessels [1]. It is 
increasingly recognized that due to their smaller coronary vessels and other factors, 
women may be at special risk from the development of plaque, per se, and become 
symptomatic before there is deterioration and leakage of plaque content so often 
seen during coronary thrombosis in men [27].

15.1  The Role of Sex Steroids in Blocking Monocyte 
Tethering and Capture

Cell adhesion is a general phenomenon that is critical to the activities of all cells. 
The molecules P-selectin, vascular cell adhesion molecule 1 (VCAM-1), intercel-
lular adhesion molecule 1 (ICAM-1), neural cell adhesion molecule (nCAM), and 
P-selectin glycoprotein ligand-1 are molecules that have proven to be important in 
monocyte recruitment and plaque formation [22–26].

As indicated above, we showed that estrogen receptor and aromatase are present 
in the vascular endothelium and monocytes that are subject to these signals from 
inflamed vessels. Therefore, we considered an attack on the nexus of atherogenesis 
by estrogen could involve blocking the arrest/adhesion of circulating monocytes in 
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response to vascular inflammation (see Fig. 15.1). As part of developing the rationale 
for this approach, we searched for the molecular means by which estrogen might 
regulate monocyte availability, especially during periods of vascular inflammation.

15.2  Arresting Circulating Monocytes by Cell-to-Cell 
Tethering

Prior to monocyte adhesion to endothelial cells, it is necessary to arrest them as they 
roll past the area of adhesion (Fig. 15.1). One of the means by which organs harmo-
nize the movements of adjacent cells is to form molecular bridges between the 
involved cells [27]. Neural cell adhesion molecule (nCAM) is one of the most 
widely studied molecules involved in such “molecular tethering.” The distal extra-
cellular domain of nCAM forms electrostatic bonds with the distal domains of 
numerous molecules in the glycoprotein family, including nCAM species. The basis 
for this bonding is the counter-axial complementarity of nCAM distal domains that 
allows the electrochemical attraction. This may result in tethering one molecule to 
another, the so-called zippering (Fig. 15.2). While nCAM to nCAM zippering is 
most widely studied in the central nervous system, it is not limited to the nervous 
system [28]. For example, zippered distal domains of nCAM molecules protruding 
from the membranes of rolling monocytes that are in proximity to stationary endo-
thelial cells form a multitude of tethers that arrest the monocytes and allow adhesion 
molecules to reel the monocytes onto the endothelial surface [23–27].

Adhesion,
crawling and
entry into the sub-
endothelial space
(media) of monocytes

Atheroma plaque of
monocytes-cum-foam cells

Plaque rupture and thrombus
formation

P. Libby Am J Cl Nutr 2006 83 (2):456S-460S

a

b

c

Fig. 15.1 Libby’s depiction of the role of inflammation in the capture and participation of mono-
cytes in the development of vascular plaque

15 Atherogenesis: Estrogen Induction of Polysialylated nCAM (PSA-nCAM) Blocks…



236

nCAM zippering is dependent on the proximity of the two involved molecules, 
addition of space weakens the electrostatic bond. This may be accomplished by 
post-translational sialylation, the insertion of sugars onto the domain. There are 
three nCAM sialylases, one for each nCAM species. Addition of the hydrophilic 
sugars increases the distance between the polysialylated nCAM (PSA-nCAM) mol-
ecules, diminishing the ability to form or maintain tethers [28, 29].

15.3  Estrogen Induction of nCAM Sialylation

We showed that nCAM and PSA-nCAM are expressed in human and rodent vascu-
lar endothelium, that the enzymes needed to sialylate nCAM are also present, and 
that their expression appeared to be regulated by estrogen [30]. To assess the role of 
estrogen, we tested whether cultured human vascular endothelium cells express 
nCAM and whether estradiol induces polysialylation of that nCAM during the cul-
ture of human umbilical vein endothelial cells (HUVEC). There was a strong induc-
tion of PSA-nCAM expression, shown in Fig.  15.3. This was blocked by 
co-incubation of the endothelial cells with the estrogen receptor antagonist (ERA) 
fulvestrant (Fig. 15.4) [31].
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Fig. 15.2 (a) The structure on nCAM molecules. (b) The four types of nCAM molecules. (c) The 
formation of nCAM to nCAM electrostatic bonds that can result in cell-to-cell tethers. The extra-
cellular domain of nCAM projects away from the cell. The most distal (Ig modules) domain of the 
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Polysialic acid-neural cell adhesion molecule in brain plasticity: from synapses to integration of 
new neurons. Brain Res Rev 56:101–18

F. Naftolin



237

15.4  Our Hypothesis

Based on the above, we proposed that estradiol can, by inducing sialylation of 
nCAM to form PSA-nCAM, abort electrostatic bonding that is the basis of mono-
cyte to endothelial tethering. This could allow circulating monocytes to pass vascu-
lar areas of inflammation without capture, and the lack of captured monocytes 
would limit the amount of vascular plaque.

Park H, et al. Reproductive sciences 2010 17:1090-8.

10 mM

Fig. 15.3 Estradiol-induced polarized expression of PSA-nCAM in the glycocalyx of two human 
umbilical vein cells. The bottom cell is turned away, so that the polarized PSA-nCAM staining is 
out of focus

Control

c
E2 10-8 M

Park H, et al. Reproductive sciences 2010 17:1090-8.
E2 + SERM

Fig. 15.4 Estradiol induces sialylation of human umbilical vein endothelial cells. This is blocked 
by co-incubation with the SERM fulvestrant. Ir-PSA-nCAM is seen as perinuclear and membrane 
staining in the center panel
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15.5  Testing the Hypothesis

We cultured coronary vascular endothelial cells, pretreated them with test com-
pounds, and observed the effects on monocyte capture. After reaching confluence (a 
“lawn”), we added the test compounds overnight. We then tested for capture of 
monocytes by pouring a fixed number of green fluorescent protein-expressing 
human monocytes onto the lawn of endothelial cells and waited for 40 min to allow 
capture of monocytes. We then washed off the unbound monocytes and, using a 
fluorescence microscope, counted the monocytes bound to the endothelial cells 
(Fig.  15.5). In each treatment, the level of induction of PSA-nCAM was docu-
mented by immunohistochemistry. To assess the effect of inflammatory cytokines 
on the system, we co-incubated the endothelial cells with TNFα and compared this 
with control media alone. Since there was no apparent effect of the co-incubation 
with TNFα (Fig.  15.6), the addition of TNFα was not continued during the 
experiments.

15.6  Estrogen-Related Sex Steroids Induce nCAM Sialylation 
and Curtail the Number of Endothelium-Bound 
Monocytes

Amounts of estradiol, testosterone, dehydroepiandrosterone (DHEA), and dihy-
drotestosterone when incubated with cardiovascular endothelial cells from men and 
women significantly inhibited the binding of macrophages to treated endothelial 
cells (Figs. 15.6, 15.7, and 15.8). While estradiol generally had the greatest effect, 
the other steroids were also effective. In these proof of principle experiments, there 
was no clear sex difference in responses.

The effect of preincubation with estradiol was blocked by co-pretreatment with 
the estrogen receptor antagonist fulvestrant. In the case of testosterone, the effect on 
monocyte binding was inhibited by the androgen receptor blocker finasteride. 
Pretreatment with dehydroepiandrosterone (DHEA) was blocked by trilostane, the 
enzyme that blocked by conversion of DHEA to androstenedione and thence to 
estrogen [32].

- Pore on fluorescent
monocytes (activated
THP1 cells) for 40 min,
wash and count adherent
fluorescent cells

- Growing a lawn of
endothelial cells and
treating int with sex
steroids ± receptor blocker

Monocyte

Endothelial cell

Fig. 15.5 Experimental 
design to test the effects of 
sex steroids on the nexus 
of atherogenesis (adhesion 
of human monocytes to 
endothelial cells)
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Pretreatment with all steroids was accompanied by increased endothelial cell 
expression of immunoreactive PSA-nCAM (ir-PSA-NCAM) (Fig. 15.8).

Since DHEA and testosterone are metabolized to estrogen and aromatase and 
estrogen receptors are expressed in vascular endothelial cells, these results are con-
sistent with an interaction with estrogen receptors being the root cause of blockade 
of monocyte binding by endothelial cells.

Of interest, the ring A-reduced androgen, dihydrotestosterone, was as effective 
as the other steroids in inducing polysialylation of nCAM and blocking monocyte 
binding. While this is compatible with the presence of androgen receptors, there is 
an alternative explanation that is associated with estrogen receptor action; DHT is 
metabolized to androstanedione, which binds to estrogen receptors [33–36]. This 
seems likely since androgen receptor knockout studies showed the inability of DHT- 
treated vascular endothelial cells to form tubes, which might have been due to the 
inability of the cells to form nCAM tethers that allowed their three-dimensional 
formation [37]. Resolution of this possibility will require the co-incubation of the 
DHT with the ER antagonist SERM, as was done with each of the other steroids.
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Fig. 15.6 From Curatola et al. [32], with permission. Initial, method-proving incubations includ-
ing TNF as an inflammatory cytokine. In the absence of an effect of TNFα on the capture of mono-
cytes, further incubations did not include added cytokines. Here we show the action of preincubation 
of physiological levels of estradiol and dihydrotestosterone (DHT) on monocyte capture. The addi-
tion of DHT was to avoid action via the estrogen receptor. The monocyte capture of DHT is com-
mented upon in the discussion
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Fig. 15.7 From Curatola et al. [32], with permission, showing the result of incubating monocytes 
on a lawn of (female) human arterial endothelial cells (HAEC) and washing away the non-adherent 
cells after 40 min. The antiestrogen SERM fulvestrant blocked the E2 (estradiol) effect, but not the 
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In these preliminary studies, preincubation of the endothelial cells with the inflam-
matory cytokine, tumor necrosis factor alpha (TNFα), did not affect the number of 
monocytes bound. While there are several possibilities to explain this apparent lack of 
an inflammatory response by the endothelial cells, the answer may be related to the 
lack of subintimal stroma in our preparation, as stromal cells are targeted by TNFα 
[38]. If we are to realize the full potential of sex steroids to affect the capture of circu-
lating leukocytes, further studies should test whether a layer of (vascular) stromal cells 
beneath the endothelial cell layer responds to TNFα and whether this increases the 
blockade of monocyte binding induced by estrogen. Alternatively, there may not have 
been sufficient disturbance of the endothelial cells in our static model [39]. Finally, the 
monocytes were not pretreated with either the test steroid or the cytokine, which may 
have stifled the response. Both possibilities will be rectified in future studies.

15.7  Conclusions

In addition to estrogen’s well-known positive effects on risk factors for atherogen-
esis, there is a case for direct effects of estrogen and other sex steroids on the actual 
process of atherogenesis. We have shown repeatable, dose-related induction of 
sialylases and PSA-nCAM in human vascular (coronary arterial and umbilical) 
endothelial cells, and preincubation of human male and female coronary artery 
endothelial cells with estradiol and other estrogen-associated sex steroids dimin-
ished the number of monocytes captured by the endothelium. Estrogen’s ability to 
prevent monocyte adhesion via induction of PSA-nCAM offers a novel molecular 
and translational explanation for a clinical phenomenon (estrogen-related cardio-
protection) that has been observed for decades. The similar effects of other sex ste-
roids on this experimental model may be explained through their relationship with 
estrogen receptor binding. While more study is required, it appears that breaking the 
very nexus of atherogenesis, as portrayed by Fig. 15.9, may account for some of the 
cardioprotective effects of estrogen (Fig. 15.10).

Control Estradiol

DHEADHT

Fig. 15.9 Immunoreactive PSA-nCAM expression by human female coronary artery endothelial 
cells following 10-h incubation with test substances. Representative micrographs showing density 
of PSA-nCAM staining in red. The cell nuclei are stained blue with DAPI. From [32], with permis-
sion. The line measures 10 μm
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Women: When to Begin the Hormone 
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and Nilson Roberto de Melo

16.1  Introduction

Cardiovascular disease (CVD) is the main cause of death worldwide. More people 
die of CVD than of any other causes.

In both sexes and at any age, the risk of developing a cardiovascular disease is influ-
enced by numerous factors, such as plasma concentration of lipids and lipoproteins, 
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uric acid and fibrinogen, carbohydrate intolerance or diabetes mellitus, obesity, hyper-
tension, family history, and habits such as smoking and a sedentary lifestyle.

In women, postmenopause further increases the relative risk of a cardiovascular 
disease.

Prevention is achieved through an early reduction in risk factors and changes in 
lifestyle, weight, and blood pressure. With this end in view, it is essential that gyne-
cologists and cardiologists work together as a team [1].

Addressing the menopausal woman’s cardiovascular health, JoAnn Manson [2] 
stressed the need for personalized medicine to allow the identification of appropri-
ate candidates for menopausal hormone therapy (MHT).

She maintained that biological and/or clinical characteristics could modify the 
response to MHT and, therefore, that some women are more suitable candidates 
than others to receive the treatment. Hence, it is important to personalize the 
optimal dose, the formula, and the administration route. In addition, it is essen-
tial to determine the MHT effects on the cardiovascular disease early on, assess 
whether there is a particular group of women whose risk of CVD may increase 
or diminish with therapy, and clarify the differences between the research proto-
cols according to the MHT administration route in relation to the cardiovascular 
system.

16.2  Basic Research Work

In their basic investigation using animal models with Monas, Clarkson et  al. [3] 
demonstrated, as shown in Fig. 16.1, the effect of estrogens on coronary artery dis-
ease according to time of MHT initiation.

Effect of estrogens on atherogenesis in
non-human primates: Time of initiation

Premenopausal years

Ovariectomy
Plaque area

(% of placebo)

Atherogenic diet

Atherogenic
diet

~ 6 year human
equivalent

Healthy diet

Healthy diet

Time

Healthy diet
+CEE

CEE + atherogenic diet

↓ 0%

↓50%

↓70%CEE + atherogenic diet

Postmenopausal years

Fig. 16.1 Cardiovascular and metabolic risks and benefits. Adapted from Clarkson TB. 
Menopause. 2013 Mar;20(3):342–53
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The findings indicate the importance of initiating MHT immediately after meno-
pause to allow for the removal of atheromatous plaques from a larger area.

In these animal models, according to the graph in Fig. 16.2, it can be seen that if 
MHT is undergone early on and continuously, the atheromatous plaques do not 
increase, whereas if the treatment initiates later on, progression is not only unhin-
dered, but it also has a harmful effect. This is essentially due to estrogen-induced 
enzyme stimulation of matrix metalloproteases, which destabilizes the plaques and, 
therefore, poses a risk of embolism and its consequences (Fig. 16.2).

Mendelsohn et al. [4] reported the effect of estrogens (E2) on arteries in early 
menopause in comparison with late menopause as can be seen in Fig. 16.3.

It is clearly demonstrated that, in early menopause, estrogens produce an increase 
in vasodilation, a reduction in inflammatory factors, and a slowdown in the progres-
sion of the atherosclerotic lesion. On the other hand, in late menopause, estrogens can 
be seen to have the reverse effect, that is, a decrease in vasodilation, an increase in 
inflammatory factors, and greater instability in the atherosclerotic plaques (Fig. 16.3).

16.3  Clinical Trials

What do randomized controlled clinical trials, such as the Women’s Health Initiative 
(WHI), show us?

In WHI, 64% of the enrolled women were older adults with more than 10 years 
of menopause. Furthermore, over 36% were hypertensive, 50% had been smokers, 
and most were obese, all of which features are risk factors for CVD [5].

Timing hypothesis for postmenopausal hormone therapy:
Its origin, current status, and future.

Without MHT

Early and continuous MHT

Late MHT

Age (years) 45-5535-45 55-65 >65

MHT

MHT

Adventitia

Fibrous cap Necrotic core

Mural thrombus

MMP-9 MMP-9
Media

Internal elastic
lamina

Fatty streak / plaque

Fig. 16.2 Timing hypothesis for postmenopausal hormone therapy: its origin, current status, and 
future
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This is the reason WHI is not an ideal study for assessing MHT and primary 
prevention of CVD.

Contrariwise, observational studies, such as the cohort study of nurses [6], and 
randomized clinical studies, such as KEEPS [7] and ELITE [8, 9], recruited younger 
women with a healthier and more intact vascular endothelium, more favorably 
responsive to estrogen action.

Among the randomized controlled clinical trials of secondary prevention of CVD 
and MHT, that is, studies including patients with a history of CVD, we found HERS 
[10] and ERA [11]; we should also include WHI [5]. Though the latter was initially 
considered a study of primary prevention, in fact, it should not have been, given the 
aforementioned characteristics of its population.

Among the randomized controlled clinical trials of primary prevention of CVD 
and MHT, we found KEEPS [7], ELITE [8], and the DANISH STUDY [12]. We 
also included the observational cohort study of nurses in this group [6].

Taylor and Manson suggested a complex interplay of vasomotor symptoms, 
MHT, and cardiovascular risk [13].

The results of the stratified secondary analysis of WHI show that conjugated 
equine estrogens (CEE) alone may be associated with a diminished risk of CVD in 
women in the 50–59 age range.

In Table 16.1 and in Graph 16.1, Rossouw et al. [14] point out the risks as well 
as the metabolic and cardiovascular benefits of MHT according to age and time 
since menopause.

Effect of MHT in early and established atherosclerosis
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It can be seen that women did not have an increase in cardiovascular risk if MHT 
was initiated within 10 years of menopause and if they were under 60 years of age 
(RR 0.48 [CI 0.20–1.17] for CEE and RR 0.88 [CI 0.54–1.43] for CEE and medroxy-
progesterone acetate [MPA]).

Santen et al. [15] at a wide-ranging consensus with the participation of endocri-
nologists, gynecologists, basic and clinical researchers, etc. concluded that basic 

Table 16.1 Cardiovascular and metabolic risks and benefits

CHD events by age and time since menopause in the WHI studies
CEE CEE/MPA
RR (Cl) RR (Cl)

Age (year)
  50–59 0.63 (0.36–1.09) 1.29 (0.79–2.12)
  60–69 0.94 (0.71–1.24) 1.03 (0.74–1.43)
  70–79 1.13 (0.82–1.54) 1.48 (104–2.11)
p value for trend 0.12 0.70
Time since menopause (year)
<10 0.48 (0.20–1.17) 0.88 (0.54–1.43)
10–19 0.96 (0.64–1.44) 1.23 (0.85–1.77)

≥20 1.12 (0.86–1.46) 1.66 (1.14–2.41)

p value for trend 0.15 0.05

Adapted from Rossouw JE, et al. JAMA. 2008;299:1426

Both arms of the WHI study showed a graded increase in coronary heart disease risk
with age and years since menopause at the start of hormone use.

In fact, for the young age group, less than 10 years in menopause, there was a non-significant increase
in number of cardiac events, but there is a significant increase with more than 20 years of menopause.

Years since
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Hazard Ratio
(95%CI)
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> 20
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<10
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0 0.5 1.5 2.0 2.51.0
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MHT: Is there a window of opportunity to start?

CEE + MPA

Graph 16.1 Effect of estrogens on atherogenesis in non-human primates: time of initiation
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sciences, animal models, and observational studies support the hypothesis that MHT 
prevents atherosclerosis and reduces coronary events. Additionally, the analysis of 
subgroups suggests that the little benefit or the small increase in risk seen in CVDs 
in the WHI is the result of MHT use by elderly women or postmenopausal women.

A group of researchers of the WHI study [16], most of whom were epidemiologists, 
wanted to determine whether the effects of CEE, used alone by a group of female vol-
unteers with a previous hysterectomy, would remain after the end of the treatment. To 
this end, they obtained a written statement of informed consent from 7645 women who 
had received CEE or placebo and followed them up until August 2009 (totaling 
75 months), which means an analysis spanning 10.7 years of follow-up.

The age-stratified results are of considerable interest. The cohort was divided into 
three age groups: 50–59, 60–69, and 70–79 years. It should be emphasized that taking 
CEE is much more favorable to younger than to older women. For the former, with the 
exception of those taking placebo, it meant fewer CVDs and acute myocardial infarc-
tions (AMI), fewer breast cancers, fewer mortalities, and fewer events contributing to 
the global index of chronic diseases. These data, when translated into absolute num-
bers, indicate that for every 10,000 women under 60 receiving CEE, there is an 
expected fallout of 12 AMIs, 13 deaths, and 18 events lowering the global index.

In 2012, Hodis et al. [17] published a study emphasizing the hypothesis that there 
is a time for preventing coronary disease with HT and they reached the conclusion that 
an early rather than a later prescription conditions the beneficial effects of HT. They 
further stressed that to maximize the beneficial effects of MHT on CVD and minimize 
risks, treatment should start during the “window of opportunity,” that is, before age 60 
and/or with less than 10 years of menopause and continue for 6 years or more.

16.4  Clinical Trials in Primary Prevention of CVD

The recent randomized controlled clinical trials in primary prevention are the 
following:

 1. ELITE (Early vs. Late Intervention Trial with Estradiol) [8]
 2. KEEPS (Kronos Early Estrogen Prevention Study) [7]
 3. DOPS (Danish Osteoporosis Prevention Study) [12]

16.4.1  ELITE (Early vs. Late Intervention Trial with Estradiol) [8]

The ELITE study, whose chief researcher was Howard Hodis, enrolled 643 women. 
The inclusion criteria and the design were as follows:

• Women <6 or >10 years since menopause
• Serum estradiol <25 pg/ml
• Amenorrhea >6 months
• Oral estradiol (1 mg/day) or placebo with 4% vaginal progesterone gel or pla-

cebo for 10 days/month
• Assessment of the carotid intima-media thickness and of coronary calcification
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The hypothesis being tested was whether 17β-estradiol could reduce atheroscle-
rosis progression with therapy initiating in the immediate postmenopausal period 
when the endothelium is still healthy as opposed to a later initiation when the endo-
thelium is unresponsive. Ultrasonography enables the measurement of the changes 
taking place in carotid thickness, and cardiac computed tomography (CCT) quanti-
fies coronary artery calcium and arterial lesions.

The ELITE was specifically designed to test the hypothesis of “time of initia-
tion” of MHT in relation to atherosclerotic progression and cognitive changes in 
postmenopause. It was a double-blind, placebo-controlled study in which women 
were randomized according to their time of menopause (<6  years, n  =  271 or 
>10 years, n = 370) prior to enrollment in the study. The first results with respect to 
atherosclerosis pertained to the progression of the carotid intima-media thickness 
following 5–6 years of 1 mg/day of oral 17β-estradiol with or without 4% vaginal 
progesterone gel in contrast with placebo.

The second results relative to atherosclerosis included the CCT scans with or 
without contrast enhancement taken of the participants who completed the study.

In 2016, the final results of the ELITE studies were published [9]. They empha-
sized that estradiol use was associated with a slower progression of subclinical ath-
erosclerosis than placebo (measured as CIMT) when MHT started within 6 
postmenopausal years, but not when it began 10 or more years after menopause.

Estradiol had no significant effect on atherosclerosis as measured by CCT in any 
of the groups of postmenopausal women.

The ELITE study provided evidence substantiating the hypothesis that multiple 
benefits are obtainable when MHT begins around the onset of menopause (“time 
hypothesis” or “window of opportunity”) and that MHT does not increase the car-
diovascular risk in healthy and recently menopausal women [9].

The authors maintain that further evidence is needed to support the relationship 
between MHT duration and cardiovascular events. They also stress that more stud-
ies of micronized natural progesterone and of synthetic progestins are necessary.

16.4.2  KEEPS (Kronos Early Estrogen Prevention Study) [7]

The KEEPS study is another study of primary prevention, whose working hypoth-
esis was that there is a “window of opportunity” in early menopause for hormone 
therapy to have a cardioprotective effect.

The study had the following objectives:

 – To determine the effects of MHT started by 737 recently menopausal women 
(mean age: 52 years) on atherosclerotic progression

 – To compare the effects of CEE via the oral route (OR) and of E2 via the transder-
mal route (TD) with placebo in relation to risk factors for CVD and venous 
thromboembolism (VTE)

 – To assess the safety of micronized natural progesterone

The KEEPS found that, in the treatment groups, neither the oral route nor the 
transdermal route affected arterial pressure in contrast with the high CEE doses 
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used in the WHI. The oral route was associated with an increase in HDL-chol and a 
decrease in LDL-chol, albeit with a rise in TG. The transdermal route was neutral 
relative to the biomarkers with the additional advantage that it improved sensitivity 
to insulin (insulin resistance decreased) as calculated by HOMA-IR [7].

During the 48 months of hormone replacement therapy (HRT) vs. placebo, there 
were no effects on atherosclerosis progression as measured by carotid ultrasound 
and there was a tendency toward diminished accumulation of coronary calcium as 
quantified by CCT.

The conclusion was that HRT with the doses used in the population of healthy 
recently menopausal women neither slows down nor speeds up atherosclerosis pro-
gression as assessed by imaging. The study showed the favorable effects of MHT in 
recently menopausal women. The need for individualizing decision-making with 
respect to MHT is stressed, given that the oral and the transdermal routes have dif-
ferent effects and different women have different symptom profiles and treatment 
priorities [7].

16.4.3  DOPS (Danish Osteoporosis Prevention Study) (Effect 
of Hormone Replacement Therapy on Cardiovascular 
Events in Recently Menopausal Women: 
Randomized Trial) [12]

The DOPS is a study of 1006 healthy recently menopausal women aged 45–58 years, 
502 of whom received HRT. These were divided into two groups, as follows: Group 
1, 2/1 mg of 17β E2 + 1 mg of norethisterone acetate (NETA), 10 days, and Group 
2, 2 mg of E2/day (hysterectomized); and 504 comprised the control group.

The objective was to evaluate the long-term effect of MHT on CVD in recently 
menopausal women, and the endpoints were mortality, heart failure, and AMI.

This study is considered the first randomized controlled clinical trial of healthy 
women treated in immediate postmenopause with 17β E2 and NETA, and it is the 
only one with 10 years of randomized treatment. In addition, the women were fol-
lowed up for 6 more years after the end of therapy [12].

The findings suggest that starting MHT in early menopause reduces the risk of a 
combined endpoint of mortality, AMI, and heart failure. Early initiation of MHT 
and its prolonged use did not increase the risk of breast cancer or cerebrovascular 
accident (CVA).

16.5  The International Menopause Society (IMS) Comments 
on the Danish Study [12]

Commenting on DOPS, Prof. Howard Hodis said it was the only randomized con-
trolled study (RCT) designed for the long term and which included women close to 
menopause for the MHT. He added that it provided evidence that the preventive 
benefits surpassed the risks and that the study confirmed the data accumulated in the 
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last 50 years indicating that MHT reduces CVD and mortality when prescribed for 
women in immediate postmenopause.

He went on to say that the study produced additional evidence to contradict the 
concept that “a lower dose and for the shortest possible time” is preferable. This 
postulate, which never had a scientific basis, can keep women from obtaining the 
benefits associated with long-term use of MHT: a reduction in cardiovascular dis-
eases, bone fractures, and total mortality [12].

Prof. John Stevenson remarked that the study, which had a 16-year follow-
up, had no significant adverse events. This is evidence that MHT, when pre-
scribed for women around the onset of menopause, in the long term produces 
consistent benefits as demonstrated by other studies. The importance of this 
study is its long duration, its initiation in early menopause, and its therapy indi-
vidualization [12].

16.6  Consensus on MHT and CVD

In 2012, experts from the most representative societies related to menopause (the 
American Society for Reproductive Medicine, the Asia Pacific Menopause 
Federation, the Endocrine Society, the European Menopause and Andropause 
Society, the International Menopause Society, the International Osteoporosis 
Foundation, and the North American Menopause Society) got together and wrote a 
short and simple document about the points of consensus on MHT.

This Global Consensus Statement on Menopausal Hormone Therapy was pub-
lished in specialty journals such as Maturitas [18] and the most important CVD- 
related points are the following:

 – The RCT and observational studies, along with meta-analyses, show that estro-
gens, as those used in MHT, may reduce CVDs and the causes of mortality in 
women younger than 60 and with less than 10 years of menopause.

 – The data on estrogens + progestogens in this population show a similar tendency, 
but some RCTs did not find a significant increase or decrease in CVDs.

In 2016, a revision of this consensus was published with the inclusion of 
FLASCYM (Federación Latinoamericana de Sociedades de Climaterio y 
Menopausia) [19] aiming to update and broaden the previous consensus points.

It corroborates MHT, including tibolone and the association of conjugated equine 
estrogens (CEEs) with a SERM (bazedoxifene), as the most effective therapy for 
treating vasomotor symptoms associated with menopause. However, the benefits 
outdo the risks when women start therapy before age 60 or with less than 10 years 
of menopause.

It emphasizes the difference between ET and combined MHT, the difference in 
risk of VTE and ischemic stroke between the oral and transdermal routes, and the 
fact that MHT should be individualized and its duration should be a function of 
treatment objectives and safety issues.
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16.7  Final Considerations

 – In the menopausal transition, the risk of a CVD increases.
 – Hormonal changes increase the vulnerability of the cardiovascular system.
 – The gynecologist is the primary care physician for:

• Identifying the risk factors for CVD
• Educating women to age in a healthy way
• Treating or preventing the progression of emerging CVDs

 – The MHT poses no danger to the cardiovascular system; on the contrary, if it is 
given to the right woman and at the right time, it may reduce the risk of CVD: the 
“window of opportunity” should be emphasized.

 – Every woman is unique and has her own risk profile; thus, MHT should be tai-
lored to her and her preferences, adjusting to the responses.

 – If followed, these recommendations should lead to a better quality of life and 
increase the life expectancy of our patients.
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17HRT for the Primary Prevention 
of Coronary Heart Disease

John C. Stevenson

17.1  Introduction

Coronary heart disease (CHD) is a leading cause of death in women. Many risk fac-
tors for CHD are common to both men and women [1], and treatment of conditions 
such as diabetes mellitus, hypertension and abdominal obesity will contribute to the 
primary prevention of CHD. Of the lifestyle factors, smoking is the most important 
as it has now been shown that even one cigarette per day is associated with a major 
increase in cardiovascular disease [2]. The loss of ovarian function at the meno-
pause leads to an increase in CHD [3], and this chapter will examine the effects of 
hormone replacement therapy (HRT) in the primary prevention of CHD.

17.2  Metabolic Effects of HRT

Low-density lipoprotein (LDL) cholesterol is a proven causal factor of atherosclero-
sis [4], and estrogen replacement results in a decrease in total and LDL cholesterol 
[5]. High density lipoprotein (HDL) cholesterol is associated with a reduction in 
CHD particularly in postmenopausal women [6], and estrogen also induces an 
increase in HDL cholesterol [5]. These effects are greater with oral than with trans-
dermal estrogen. Triglycerides are an independent risk factor for CHD, more so in 
women than in men [7]. Triglycerides are increased with oral estrogen but decreased 
with transdermal estrogen administration [5]. Estrogen effects on lipids and lipopro-
teins may be modified by progestogen administration. Androgenic progestogens 
such as norethisterone acetate (NETA) and medroxyprogesterone acetate (MPA) can 
blunt the increase in HDL but may also blunt the increase in triglycerides induced by 
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oral estrogens [5]. This is also seen to a lesser extent when bazedoxifene is used in 
place of a progestogen [8]. Non-androgenic progestogens such as micronized pro-
gesterone and dydrogesterone do not impede the increase in HDL [9]. Elevated lipo-
protein (a) is another independent risk factor for CHD [10], and its levels are reduced 
by HRT [9, 11]. Thus overall HRT has a favourable impact on lipids and lipoproteins, 
but the types of hormones and routes of administration can be tailored to achieve the 
best effects according to the individual’s lipid profile.

Insulin resistance is another important metabolic risk factor for CHD [12]. Oral 
oestradiol improves glucose tolerance and reduces insulin resistance more than trans-
dermal oestradiol [13]. High-dose, but not low-dose, conjugated equine estrogens can 
impair glucose tolerance. These effects on glucose and insulin metabolism can be mod-
ified by the addition of progestogens. Androgenic progestogens such as NETA [13] 
and MPA [14] increase insulin resistance, whilst non-androgenic progestogens such as 
micronized oral progesterone [15] and dydrogesterone [16] are neutral in this respect.

Increased central fat and abdominal obesity are directly related to the develop-
ment of cardiovascular disease [17]. HRT reduces the central deposition of body fat 
[18], thus reversing the effect of menopause on body fat distribution. Oral estrogens 
increase coagulation activation and are associated with a transient increase in 
venous thromboembolism (VTE) [19]. This is avoided with the use of transdermal 
estrogen [20] and possibly reduced with low-dose oral estrogen.

17.3  Vascular Effects of HRT

Estrogen induces vasodilatation by a number of different mechanisms. It acts 
directly on the vascular endothelium to increase nitric oxide synthase levels and 
hence the production of nitric oxide (NO), a potent vasodilator [21]. NO is involved 
in the regulation of blood pressure, platelet function, inhibition of vascular smooth 
muscle proliferation and expression of adhesion molecules. Estrogen reduces the 
release of the potent vasoconstrictor, endothelin-1 [22]. It also inhibits calcium 
channels and activates BKCa channels, both of which are vasodilatory [23]. 
Estrogen reduces angiotensin-converting enzyme activity [24] and is usually associ-
ated with small decreases in blood pressure. The addition of drospirenone, a proges-
togen with antimineralocorticoid effects, results in a further decrease in blood 
pressure [25]. Estrogen has a dose-dependent effect on matrix metalloproteinases 
(MMPs) which are involved with vascular remodelling [26]. Thus high-dose estro-
gen can induce a large increase in MMPs which could potentially destabilise athero-
matous plaques, but at lower doses the smaller increase in MMPs may normalise the 
remodelling processes and potentially reduce atheroma formation.

17.4  HRT Effects on CHD Incidence

Many observational studies have shown that postmenopausal HRT use is associated 
with a 40–50% reduction in cardiovascular outcomes, primarily CHD events. This 
is well illustrated by the Nurses’ Health Study where a reduction in coronary events 
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was seen soon after initiation of therapy and persisted for up to 10 years of use [27]. 
There is also good evidence that HRT use is associated with reduced CHD mortal-
ity. In a study of over 90,000 women, those initiating HRT below age 60  years 
showed a significant reduction in CHD death, whereas in those initiating HRT above 
age 60 years, the reduction was non-significant [28]. To compliment this finding, 
another study using Finnish national registry data examined the effects of stopping 
HRT on cardiovascular outcomes [29]. The standardised mortality ratios of 330,000 
postmenopausal women who discontinued HRT were compared with those expected 
for the general population. A significant increase in mortality was seen during the 
first year after HRT cessation, but thereafter returned to that expected. When the 
standard mortality ratios of these women who ceased HRT use was compared with 
those of women continuing HRT rather than the general population, the mortality 
was higher during the first year following HRT cessation and was still significantly 
increased beyond the first year. This is probably due to the continuing CHD benefit 
of HRT for those remaining on the treatment. What is not known from the registry 
data is whether the women discontinuing HRT did so abruptly or gradually. This 
issue is clearly very important and has yet to be addressed, but it seems biologically 
more likely that sudden cessation of HRT would have a more adverse outcome.

17.5  HRT Effects on CHD Surrogates

Numerous studies looking at the effects of HRT on surrogate outcomes for CHD 
have been conducted. A series of studies of cynomolgus macaques gave rise to the 
concept of the timing hypothesis or window of opportunity for CHD prevention. In 
an initial study [30], monkeys were given a normal diet, made surgically menopausal 
and then given an atherogenic diet and randomised to either conjugated equine estro-
gens or placebo. At the end of the study, the amount of atheromatous plaque was 
reduced by 70% in the estrogen group compared with placebo. In a second study 
[31], the monkeys were put on an atherogenic diet to induce atheroma formation 
before being made surgically menopausal. They continued on the atherogenic diet 
and were randomised to either conjugated equine estrogens or placebo. At the end of 
this study, the estrogen group still had 50% less atheromatous plaque than the pla-
cebo group. In a third study [32], the monkeys were made surgically menopausal and 
put onto an atherogenic diet, but there was then a delay of the equivalent of 6 human 
years before being randomised to conjugated equine estrogens or placebo. At the end 
of this study, there was no difference in atheromatous plaque between the estrogen 
and placebo groups. These studies suggested that intervention with HRT fairly soon 
after the menopause is needed to get CHD benefit. There are human studies which 
support this timing hypothesis. A clinical trial of healthy women in the early post-
menopausal period showed less progression of atheroma as assessed by ultrasound 
measurement of carotid artery intima-media thickness in those randomised to oral 
oestradiol compared with placebo [33]. In the ELITE trial comprising almost 650 
healthy postmenopausal women treated for around 6 years, oral oestradiol 1 mg daily 
reduced carotid artery atheroma progression if initiated within 6 years of the onset of 
menopause, whilst no such effect was seen in those initiating treatment beyond 
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10 years postmenopause [34]. However, no effect was seen on coronary artery cal-
cium scores. The KEEPS trial enrolled over 700 women within 3 years of menopause 
onset and randomised them to either conjugated equine estrogens 0.45  mg daily, 
transdermal oestradiol 50 μg or placebo [35]. After 4 years, there was no difference 
between the groups in terms of carotid artery intima-media thickness changes or 
those of coronary artery calcification scores. It has been suggested that the women 
were too healthy to show any change in atheroma development.

A highly accurate epigenetic marker of ageing has been studied in large popula-
tions of women to assess the effects of menopause [36]. It was found that HRT use 
was associated with a lower epigenetic age compared with non-users. Recently a 
cross-sectional study has been conducted in postmenopausal women looking at car-
diac structure and function, which are markers of subclinical cardiovascular disease 
[37]. Postmenopausal women participating in the UK Biobank who were free of 
known cardiovascular disease and had undergone cardiac magnetic resonance imag-
ing were included. Five hundred and thirteen women had used HRT for 3 or more 
years, whilst 1091 women were non-users. The groups were of similar age at meno-
pause. The HRT users had significantly smaller left ventricle and left atrium vol-
umes, which have been linked to favourable cardiovascular outcomes.

17.6  HRT Effects on CHD Clinical Endpoints

Several randomised clinical trials have been conducted for both primary and second-
ary prevention of CHD events. The secondary prevention trials have not shown any 
significant reduction in coronary outcomes, but in all of these studies, the doses of 
estrogen used were inappropriately high for the age of the populations [38]. It remains 
possible that different types of hormones, doses and routes of administration could 
have different outcomes. The largest primary prevention randomised clinical trial was 
the Women’s Health Initiative (WHI) [39]. 16,608 postmenopausal women, mean age 
63 years, were randomised to conjugated equine estrogens 0.625 mg plus MPA 2.5 mg 
daily or placebo. After 5.6 years of intervention, there was no overall benefit for CHD 
events with the HRT. In the WHI estrogen alone arm, 10,739 hysterectomised women, 
mean age 63 years, received conjugated equine estrogens 0.625 mg alone or placebo. 
After 7.2 years of intervention, there was no significant difference between estrogen 
and placebo groups in the primary outcome of myocardial infarction or coronary 
death. However, there was a significant reduction in coronary interventions and in a 
composite CHD outcome in those initiating estrogen treatment below age 60 years 
compared with placebo, and these women were subsequently shown to have less coro-
nary atheroma than those who had taken placebo [40]. Furthermore, with long-term 
follow-up post-intervention in those women initiating estrogen alone treatment below 
age 60 years, there was a significant reduction in CHD events compared with placebo 
[39]. The Danish Osteoporosis Prevention Study (DOPS) was a 10 year prospective 
clinical trial of over 1000 women in the early postmenopause which randomised 
healthy women to oral oestradiol 2 mg daily plus NETA if non-hysterectomised, or to 
no treatment [41]. There was an additional 6 year observational post-trial follow-up. 
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Women on HRT had a significant reduction of a composite endpoint of myocardial 
infarction, death or hospital admission with heart failure, although the number of 
events was small because of the relatively young age of the participants. A meta-
analysis of 23 randomised clinical trials of HRT versus placebo or no treatment 
included over 39,000 women [42]. Those initiating HRT below age 60 years or within 
10 years of menopause had a one-third reduction in the endpoint of myocardial infarc-
tion or death. Those initiating HRT above age 60 years or beyond 10 years of meno-
pause had an increase in events during the first year but then showed a 20% reduction 
after 2 years. A more recent meta-analysis of 19 randomised clinical trials of HRT 
versus placebo or no treatment included over 49,000 women [43]. Those initiating 
HRT within 10 years of menopause had a 50% reduction in the endpoint of myocar-
dial infarction or death, whilst there was no significant change in those initiating HRT 
beyond 10 years postmenopause. The optimal duration of HRT use for CHD preven-
tion remains to be determined, but need not necessarily be lifelong. Women who took 
part in randomised placebo-controlled trials of HRT for prevention of postmenopausal 
bone loss in the early postmenopause and subsequently had no further treatment were 
followed for up to 15 years [44]. Those women who had been randomised to HRT and 
took it for 2–3 years had significantly less aortic calcification and cardiovascular death 
subsequently than those randomised to placebo.

17.7  HRT and Safety Issues

Finally, there is growing evidence for the safety of HRT. In the DOPS trial there was 
no increase in adverse outcomes with HRT, including stroke, VTE and all cancers 
including breast cancer, during the 16 years of intervention plus observational fol-
low- up [41]. A Bayesian meta-analysis of HRT and all-cause mortality in women 
below age 60  years participating in randomised trials of HRT included 16,000 
women from 19 trials [45]. There was a significant reduction in mortality in HRT 
users of around 25%. A Cochrane review showed a reduction in all-cause mortality 
of 30% in women initiating HRT within 10 years of the onset of menopause [43]. 
For all ages, there was a neutral effect (RR 1.0, CI 0.89–1.12). These findings are 
also reflected by the 18-year follow-up of the WHI trials [46]. For all ages there was 
a neutral effect on all-cause mortality in both the estrogen-progestogen and estrogen 
alone arms (pooled treatment arms HR 0.99, CI 0.94–1.03). For women initiating 
estrogen alone treatment below age 60 years, there was a significant reduction of 
21% in all-cause mortality (HR 0.79, CI 0.64–0.96). A treatment that reduces the 
chance of dying can hardly be regarded as unsafe!

17.8  Conclusions

HRT has well-established effects on metabolic risk factors for CHD.  There are 
mainly beneficial changes in lipids and lipoproteins, glucose and insulin metabo-
lism, body fat distribution and arterial function. These changes should result in 
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decreases in CHD. However, a number of factors need to be considered if HRT is to 
be of benefit. The age at initiation of HRT is very important. Although the greatest 
benefits of CHD event reduction are seen in those initiating treatment close to the 
onset of menopause, initiating HRT at later ages does not necessarily result in over-
all CHD harm. Many of the cardiovascular effects of estrogen are dose-dependent, 
and the appropriate dose at initiation must be chosen for the age of the women, the 
older the woman the lower the dose. Had lower starting doses been used in the older 
women in some of the clinical trials, it is possible that cardiovascular harm would 
have been avoided and perhaps cardiovascular benefit could have been seen. The 
route of administration of HRT could be important, particularly in terms of athero- 
thrombotic events. Nonoral estrogen administration has less adverse effects on 
coagulation activation compared with oral administration, although this could in 
part also be related to dosage. There may be differences in CHD outcomes accord-
ing to the type of progestogen used in HRT. Androgenic progestogens can have 
adverse metabolic and vascular effects which are not seen with non-androgenic pro-
gestogens. The totality of current data suggests that HRT is beneficial for the pri-
mary prevention of CHD in postmenopausal women. Doses of hormones at initiation 
should be appropriate for the age of the woman, whilst the types of hormones and 
their route of administration also need to be considered to optimise the treatment for 
the individual.
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18.1  Introduction

The drastic reduction in the circulating levels of estrogens along the menopausal 
transition triggers a list of symptoms, where hot flashes (HF) constitute a frequently 
reported episode. Women describe hot flashes as a sudden feeling of heat affecting 
the upper body, trunk, head, and neck and spreading upwards or, less frequently, 
downwards. The whole phenomenon is described as a heat wave, which is accom-
panied by sweating and reddening of the skin, and that persists for short intervals, 
of minutes or even seconds. HF present during day and night and, when intense 
enough, affect the quality of sleep and provoke frequent waking-up episodes.

The prevalence of HF changes as a function of a series of variables, including the 
ethnic origin, climate, diet, the attitude to women’s role regarding reproduction, etc. 
(for a review, see [1]). Also, the intensity varies, with some women reporting only 
night sweats or very slight forms, which do not alter the quality of life.

One interesting feature of HF is the accompanying vascular reactivity, which has 
been taken by investigators to use the more general and descriptive designation of 
vasomotor symptoms (VMS). Indeed, HF develop an initial vasodilation, occurring 
as a response to the heat wave, and are followed by subsequent vasoconstriction. 
These changes have been connected by some authors with altered function of the 
autonomic nervous system and associated with metabolic dysfunctions [2]. 
Accordingly, the question has been raised of whether a link might exist between 
susceptibility to VMS and the risk for cardiovascular disease (CVD).

The connections between HF and CVD, two apparently different categories, 
might be based in the well-known association between endothelial dysfunction and 
atherosclerotic risk, as shown in the 1980s and 1990s of the past century [3]. Based 
on those assumptions, pioneering work by British investigators showed that women 
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suffering VMS had altered vasomotor responses, specifically diminished response 
to cold [4, 5], and increased blood flow in the upper limb during flushing episodes 
[6]. In a more recent study, Sassarini et  al. found that subcutaneous vessels of 
women who flushed had a greater response to both endothelium-dependent and 
endothelium-independent vasodilator stimuli [7] than matched controls. Of specific 
interest, flushers had lower levels of high-density lipoprotein cholesterol (HDL-C) 
and apoA1 and higher levels of intercellular adhesion molecule-1 (ICAM-1). These 
changes have contributed to the conception that HF might be related with cardiovas-
cular risk. Those changes might have an impact in cardiovascular risk and, second-
arily, in other systems in the body.

18.2  Central Nervous System and HF

Women with HF do not appear to have lower levels of circulating estrogens than 
asymptomatic postmenopausal women, although the issue has not been adequately 
investigated. The main limiting factor is methodological, because very sensitive 
technology is required to adequately discriminate estrogen concentration when it is 
already low. In any case, and whichever the conditioning factor, the increased blood 
flow in the skin of women with HF involves neural mechanisms, either the reduction 
of the sympathetic-dependent constrictor action or the increase in the sympathetic 
cholinergic-dependent vasodilator activity.

There are abundant data suggesting that the narrowing of the thermoneutral zone 
in symptomatic women is associated with increased central noradrenergic activa-
tion. For example, neurons in the arcuate nucleus of symptomatic women are hyper-
trophied and show an increased expression of neurokinin B and kisspeptin 
(Fig. 18.1). The changes have been observed in female monkeys subjected to ovari-
ectomy (for a review, see [8]). These neurons are involved in the regulation of GnRH 
pulses as well as in the induction of puberty.

It is of interest that work with rodent models has shown that projections of these 
neurons extend to the median preoptic nucleus, a crucial element in the CNS path-
way regulating heat dissipation. All those neurons express the neurokinin-3 receptor 
(NK3R), which has been shown a role in the HF phenotype. Indeed, a recent clinical 
trial has made evident that women treated with an antagonist to the NK3R experi-
ment a reduction in the number and severity of HF [9].

18.3  HF and Risk of Cardiovascular Disease

The link between vascular tone and atherosclerosis initiation and progression has 
raised questions about an association between HF and cardiovascular risk. The stud-
ies showing a differential response of vascular reactivity in women with HF [4, 6, 
7], added to alterations in the lipidogram and higher levels of ICAM-1, have fed the 
hypothesis of a higher cardiovascular risk in women with HF. Subsequent cross- 
sectional American studies, like the Study of Women’s Health Across the Nation 
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(SWAN), have confirmed association of VMS with established cardiovascular risk 
factors, like altered lipidogram or hypertension [10, 11].

Meanwhile, post hoc analyses from other American studies, like the Women’s 
Health Initiative (WHI) and the Heart and Estrogen/Progestin Replacement Study 
(HERS), showed that the association between hormone therapy (HT) and risk for 
CVD was modified not only by age but also by HF [12, 13]. Since then, several 
groups of investigators have increased their interest into the topic and have provided 
a wealth of extremely valuable data.

In a cross-sectional study, Lambrinoudaki et al. found that the carotid intima- 
media thickness (IMT), a recognized biomarker of atherosclerosis, was increased in 
women with HF as compared with matched controls of women with no or mild 
HF. The association was independent from well-known cardiovascular risk factors 
or circulating estrogen levels [14].

The SWAN study, which includes women who have been followed longitudi-
nally for several years, has provided a wealth of interesting data. Subclinical param-
eters, including vascular reactivity or atherosclerosis imaging at the carotid (IMT) 
or the coronary (coronary artery calcium, CAC), have been explored and contrasted 
with the HF phenotype. Both cross-sectional and longitudinal studies, led by the 
group of R Thurston at the University of Pittsburg, have confirmed the association 
of VMS with subclinical atherosclerosis indicators (for a review, see [15]). 
Furthermore, longitudinal studies have disclosed that duration of VMS was more 
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Fig. 18.1 There is hypertrophy of neurons expressing KiSS-1, NKB, substance P, dynorphin, and 
ERa mRNA in the infundibular nucleus concomitant with the decline of estrogens during meno-
pause. Kisspeptin and NKB stimulate GnRH gene expression. With permission from Rance 
N. Peptides 2009; 30:111. Permission conveyed through Copyright Clearance Center, Inc.
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clearly determining the association with CVD risk indicators, the association being 
then replicated in other big cardiovascular studies, like the Women’s Ischemia 
Syndrome Evaluation (WISE) [16]. These data are consistent with studies that along 
the latter years have shown an association between the fall in estrogens and initial 
steps of atherosclerosis, such as endothelial function parameters [17].

In a more sophisticated step, Thurston and cols have prospectively followed a 
group of 300 non-smoking midlife women in the MsHeart Study. VMS were 
recorded with the use of electronic digital diaries and physiologic monitoring with 
appropriate sensors. The study confirmed that VMS were related with IMT values 
and plaque identification, and that the association was above traditional CV risk 
factors or circulating estrogens [18].

18.4  Conclusion

Evidence in favor of VMS as marker of cardiovascular vulnerability accumulates as 
a result of studies from different groups. Despite so, the key question of the patho-
physiological link remains elusive. Some data suggest that it is the VMS during the 
early menopause that seem determinant. This hypothesis agrees with recent data 
giving relevance to the lipid changes during the initiation of menopause transition 
as a key determinant variable for later IMT increase [19]. The assumption might be 
that, if the menopausal transition seems a vulnerability window, and changes in 
lipids and other cardiovascular risk factors seem to occur in association with VMS 
during that period, a potential link might exist. Parallel to lipid changes, some stud-
ies have found that alterations in the control mechanisms in the autonomic nervous 
system, with increased sympathetic or reduced parasympathetic control of heart rate 
variability, occur during HF.  Those changes in the autonomic system have been 
linked with cardiovascular risk [20]. But, still, the association of VMS with those 
lipid or nervous system changes is not clearly understood.

Another option might consider the sequence of altered vascular wall reactivity 
leading to atherosclerosis, an interpretation already maintained for years to explain 
the estrogenic protective role. There are abundant data showing the association of 
VMS with vascular reactivity dysfunctions, but, still, more consolidated evidence is 
required.
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19.1  New Evidence to Support the Benefit of HRT 
in Mortality Risk

Observational studies consistently show that women who choose to use HRT have 
reduced overall mortality risk compared to women who do not use HRT [1, 2]. 
Consistent with these long-term observational studies have been randomized trials 
in which women who are recently menopausal, e.g., similar to the women in obser-
vational studies, when randomized to HRT versus placebo showed a reduction in 
total mortality. In a meta-analysis of 30 randomized controlled trials, a significant 
39% reduction in total mortality was detected in women who were on average aged 
54 years when randomized to HRT compared to placebo [3].

New epidemiological studies and clinical trials indicate that HRT reduce CVD 
incidence and mortality risk among recently menopausal women [2]. A large obser-
vational study with follow-up of almost half a million HRT users demonstrates that 
in estradiol-based HRT users, the risk for cardiac death was reduced up to 54% 
compared to the age-matched background population [4]. In absolute terms, of 1000 
women using any HRT for at least 10 years, the risk reductions would mean 19 
fewer cardiac deaths. Furthermore, the younger the women were at the initiation of 
HRT, the smaller was their CVD mortality risk [5]. These findings demonstrate that 
60 years of age at the initiation of HRT is not a threshold age, but the earlier the 
HRT had been started, the smaller was the cardiac mortality risk (Fig. 19.1). This is 
in line with the fact that atherosclerotic changes start to develop already in premeno-
pausal age. Thus, these data support the “timing hypothesis” but not the “window 
hypothesis” since cardiac mortality risk increase was not detected when HRT was 
initiated after 60 years of age.
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In several sub-analyses of the WHI study, HRT appears to provide CVD protec-
tion if initiated close to menopause. Risk ratios of cardiac events were (HRT vs. 
placebo) 0.89, 1.22, and 1.71 for women randomized at <10 years, 10–19 years, and 
20 or more years past menopause, respectively [6]. In the very recent WHI publica-
tion, total and cause-specific mortality during 18-year follow-up were reported [7]. 
When examined by 10-year age group comparing women aged 50–59 years to those 
aged 70–79 years, the ratios for all-cause mortality were 0.61 (95% CI, 0.43–0.87) 
during the intervention phase and 0.87 (95% CI, 0.76–1.00) during cumulative 
18-year follow-up. Furthermore, younger women (aged 50–59 years) tended to have 
lower risk than older women for mortality due to CVD, particularly those with 
estrogen only treatment. These WHI results together with other recent data [2] uni-
formly witness for the cardioprotective effect of estradiol-based HRT regimens 
when initiated among recently menopausal healthy women.

19.2  Discontinuation of HRT and Cardiovascular 
Mortality Risk

Although many women need to treat vasomotor symptoms with HRT for several 
years, biannual or even annual HRT pause has become a routine practice to evaluate 
if a woman could manage without HRT. Long-term consequences of HRT discon-
tinuation have been assessed, e.g., in the WHI study, revealing that 3 years after 
HRT cessation, the overall mortality was significantly increased in women origi-
nally assigned to estrogen + progestin treatment relative to those who were assigned 
to placebo and who were at least 80% compliant with intervention [8]. In the HERS 
post-trial 2.7-year follow-up, women originally assigned to estrogen had a 3.3-fold 
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higher rate of ventricular arrhythmia requiring resuscitation compared with those 
women assigned to placebo [9]. A recent large-scale population study showed that 
women who discontinued estradiol-based HRT compared to women who continued 
it had a greater risk of cardiac death within the first post-HRT year [10, 11]. 
Furthermore, these risk elevations were markedly higher in women who had been 
younger than 60 years at the initiation or discontinuation of HRT use (Table 19.1). 
Thus, discontinuation of postmenopausal HRT may be associated with increased 
risk of cardiac death during the first posttreatment year, particularly in women who 
discontinue HRT close to menopause. The deaths reflect only a minor part of total 
burden of these diseases, since for each woman who dies from cardiac cause, 
approximately 5–10 women will survive and continue living with different physical 
and mental incapacities. These findings question the safety of annual discontinua-
tion practice to evaluate whether recently menopausal symptomatic women could 
manage without HRT.

19.3  Conclusions

New research data have accumulated after the original WHI publications, which 
uniformly indicate that estradiol-based HRT provide primary prevention of CVD 
and cardiac mortality. Although the treatment of vasomotor symptoms should 
remain the primary indication for HRT use, in order to get a concomitant cardiac 
benefit, HRT should be started soon after the onset of menopause. The safety of 
annual or biannual pausing to test the persistence of vasomotor symptoms is poten-
tially dangerous, because acute withdrawal of HRT may predispose to cardiac 
events.

Table 19.1 Risk of cardiac 
mortality in women during 
first post-HRT year in 
relation to HRT exposure 
duration and age at the HRT 
initiation or discontinuation, 
as compared with age- 
matched HRT users

HT exposure
≤5 years >5 years
SMR (95% CI) SMR (95% CI)

HT initiation
  <60 years 1.42 

(1.09–1.82)
0.99 (0.89–1.11)

  ≥60 years 0.91 
(0.75–1.09)

1.81 (0.51–1.21)

HT discontinuation
  <60 years 1.55 

(1.16–2.04)
2.13 (1.48–2.96)

  ≥60 years 0.91 
(0.76–1.09)

0.92 (0.82–1.03)

The numbers are standardized mortality ratios and confidence 
intervals (CI). When the CI does not overlap 1 the finding is 
significant (bold)
SMR standardised mortality ratio
Modified from Ref. [11]
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Health

Sven O. Skouby

20.1  Introduction

As many as 80% of women experience subjective menopausal vasomotor symp-
toms (VMS), and in a number of cases, these are sufficiently unpleasant to signifi-
cantly impair the quality of life [1, 2]. The frequency and severity of VMS peak in 
the late perimenopause and early postmenopausal years, with large ethnic and racial 
variation in prevalence, frequency, and severity of symptoms [3]. Obesity has been 
found to be a key risk factor for perimenopausal, but not postmenopausal 
VMS. Women with higher abdominal adiposity, particularly subcutaneous adipos-
ity, are more likely to report VMS in the early and late perimenopause [4]. Recent 
genome-wide association studies (GWAS) have identified over 44 genetic variants 
that are associated with age of onset of natural menopause. Genes linked with 
menopause can be classified into three major groups: genes implicated in genome 
stability (DNA repair), immune function, and mitochondrial biogenesis. Biological 
and epidemiological data indicate that reproductive performance, age at menopause, 
and longevity are interlinked through common genetic factors, which play a pivotal 
role in DNA repair and genome maintenance, which has been linked before with the 
process of aging [5]. Studies also suggest a possible link between genetic polymor-
phisms and prevalence and severity of VMS. These involve variants in genes encod-
ing estrogen receptor alpha [6, 7] and single-nucleotide polymorphisms involved in 
the synthesis and metabolism of estrogens, such as those affecting enzymes (like 
sulfotransferase and aromatase) related to synthesis of and conversion to more or 
less potent estrogens [8]. These polymorphisms may alter sex steroid hormone 
activity, but it is unknown whether these genetic determinants exert their effects 
centrally or peripherally [9]. Of note the decline in estrogen production has more 
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threatening long-term health implications in that it is closely associated with the 
development of osteoporosis and the increased risk of cardiovascular disease 
(CVD), the main cause of death in the Western world, and, as a consequence, a 
major public health issue. Abundant RCTs have demonstrated that estrogen repre-
sents the most effective treatment for menopausal symptoms including vasomotor, 
psychologic, and related issues including impaired cognition, sleep, and irritability, 
resulting in decreased quality of life [10, 11]. Higher doses are associated with 
enhanced efficacy. In women with an intact uterus, treatment with estrogen only is 
associated with an elevated risk of endometrial neoplasia with dose and duration of 
treatment directly related to the magnitude of this risk. When adequate progestogen 
is combined with estrogen, risk of endometrial neoplasia is not higher than in 
untreated women [11]. Oral and transdermal estrogen formulations have compara-
ble efficacy in treating menopausal symptoms [12], and with the exception of estriol 
products, all systemic estrogen (17 beta estradiol and conjugated estrogen) formula-
tions are approved for treatment of vasomotor symptoms.

However, the Women’s Health Initiative (WHI) hormone therapy trials [13, 14], 
especially the trial involving estrogen plus progestin, completely changed the 
understanding of the risks and benefits of hormone therapy and reinforced the 
importance of assessing numerous outcomes. Cardiovascular disease risk was 
increased rather than decreased as was the risk of thromboembolic disease.

The relationship of hormone therapy to breast cancer was complex and confusing, 
and for the first time, differences in outcomes other than endometrial cancer risk 
were identified based on the administration of combination hormone therapy vs. 
estrogen only, with combination therapy increasing the likelihood of breast cancer 
and estrogen only seemingly having no effect. In addition, instead of a reduction in 
mortality, there was no significant effect on life expectancy among hormone users vs. 
nonusers. More questions than answers were raised including (a) why were the mor-
tality results of previous cohort studies, e.g., the Nurses’ Health Study [15], so differ-
ent from the results of the WHI randomized trials; (b) why were the outcomes from 
combination therapy with estrogen plus progestin compared with estrogen only dif-
ferent; and (c) are there differences in the health benefits of hormone therapy for 
women based on the age or time since menopause when the hormone therapy was 
started. The only certainty is that controversy remained as to the risks and benefits of 
different hormone therapy preparations for women of different risk profiles.

20.2  The Present Tense: The Lesson Learned from the WHI

20.2.1  The Role of Personalized Medicine

Several clinical factors, including a women’s age, time since menopause, baseline 
vascular health, risk for breast cancer, biomarker levels, and genetic predisposition, 
appear to modulate health outcomes on hormone therapy. As a consequence per-
sonalized medicine should be applied with special reference to tailoring HT includ-
ing pharmacodynamics and pharmacokinetics of the different available hormonal 
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agents because pharmacogenomics is one aspect of personalized medicine that has 
the potential to impact all areas of medicine, including HT. The goal of pharmacoge-
nomics is to use genetic information to predict how an individual will respond to a 
drug, with the ultimate objective of aiding clinicians in selecting the right drug, in the 
right dose, at the right time, for every patient in order to ensure drug efficacy and to 
avoid adverse drug reactions. Estrogen is the most effective treatment for vasomotor 
and other symptoms related to menopause, and the current approach to individu-
alizing HT includes consideration of the severity of the menopausal symptoms, a 
personalized risk assessment, and the patient’s personal preferences [16]. Typically, 
dosing is targeted toward symptom relief, but there is significant variability in the 
doses required for symptom relief among women. For women experiencing primary 
ovarian insufficiency (<40 years) or early menopause (<45 years), estrogen therapy 
is needed not only for symptom management but also protection against the poten-
tial long-term adverse health consequences of early estrogen deprivation, includ-
ing increased risk for cardiovascular disease, osteoporosis, dementia, parkinsonism, 
mood disorders, sexual dysfunction, and early death [17]. Environmental and bio-
logical factors may also impact menopausal symptoms, including body mass index, 
tobacco, alcohol or caffeine use, stress, anxiety, a history of recent abuse, or adverse 
childhood experiences [18]. Further work is required to understand the mechanisms 
by which these environmental and biologic factors affect menopausal symptoms. 
They may be independent variables or may be intertwined with genetic variation in 
gene-environment interactions. The strongest factors that have been found to modify 
CVD risk while taking HT and that appear to help identify better vs. worse candi-
dates for HT use are age, time since menopause onset, LDL cholesterol and other 
lipid levels, metabolic syndrome, and Factor V Leiden genotype (Table 20.1) [19].

20.2.2  Influence of Age and Time Since Menopause

The WHI analyses reveal that age or time since menopause influences the relation 
between HT and CHD. In analyses pooling data across both trials, HT-associated 
RRs for CHD were 0.76 (95% CI 0.50–1.16), 1.10 (95% CI 0.84–1.45), and 1.28 
(95% CI 1.03–1.58) among women who were <10, 10–19, and ≥20 years past the 
menopausal transition at study enrollment, respectively (p, trend = 0.02). Among 
women aged 50–59, estrogen only was associated with significant reductions in the 
secondary endpoint of coronary revascularization (RR = 0.55; 95% CI 0.35–0.86) 
and a composite endpoint of MI, coronary death, or coronary revascularization 
(RR = 0.66; 95% CI 0.44–0.97), but CHD risk reductions were not seen for ages 
60–69 or 70–79. Overall, HT appeared to have a beneficial or neutral effect on CHD 
in women closer to menopause (who are likely to have healthier arteries) but a 
harmful effect in later years [20]. In the Early Versus Late Intervention Trial with 
Estradiol (ELITE), 643 postmenopausal women free from cardiovascular disease 
were stratified according to time since menopause (<6 years [early] vs. ≥10 years 
[late]) and were randomly assigned to receive either estrogen such as 17β-estradiol 
(E2) (plus micronized progesterone vaginal gel for women with a uterus) or placebo 
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over a median of 5 years. The primary outcome was atherosclerosis progression 
measured by means of ultrasonography such as carotid-artery intima-medial thick-
ness (CIMT). As compared with placebo, estrogen treatment resulted in a signifi-
cantly lower rate of atherosclerosis progression among early postmenopausal 
women but not among late postmenopausal women. The results were similar regard-
less of whether the women also received progesterone [21]. There was no signifi-
cant difference between estradiol and placebo in either the early or the late 
postmenopause stratum with regard to a secondary outcome, measurement of ath-
erosclerosis by cardiac computerized tomography (CT) at the end of the study; how-
ever, this assessment was performed in only a subset of women, and no baseline 
measures were available. These data are of keen biologic interest, because they 
suggest that favorable pharmacodynamic responses of receptors in the vasculature 
to estrogen may be lost with lack of exposure to estrogen and of note prior to the 
initiation of the HT, genetic variations in the innate immunity pathway were found 
to be associated with CIMT and coronary arterial calcification (CAC) [22].

20.2.3  Low Dose Versus High Dose

The primary indication for HT is relief of vasomotor symptoms. Individual risks 
and benefits should be weighed, and the lowest effective hormone dosage be cho-
sen. For many women, low-dose (<2  mg oral E2/<100  g transdermal E2) or 

Table 20.1 Selected biomarkers to aid risk stratification for HT decision-making (Adapted from [19])

Biochemical markers:
•   Lipids (serum LDL cholesterol, LDL/HDL ratios, triglyceride levels, Lp(a), 

27-OH-cholesterol, apolipoprotein levels)
•  Inflammatory markers (high-sensitivity C-reactive protein [hsCRP], interleukin-6, tumor 

necrosis factor alpha, leukocyte count)
•  Adipokines (adiponectin, leptin, retinol binding protein-4 [RBP4])
•  Endothelial markers (E-selectin, P-selectin, ICAM, VCAM)
•  Glucose tolerance markers: fasting glucose, insulin, HOMA-IR, IGF-1, and biomarkers of 

metabolic syndrome
•  Matrix metalloproteinases
•  Hemostatic markers (D-dimer, factor VIII, von Willebrand factor, homocysteine, fibrinogen, 

tissue factor pathway inhibitor or acquired activated protein C resistance)
•  Sex steroid hormone levels, sex hormone binding globulin level
Genetic markers:
•  Factor V Leiden
•  Glycoprotein IIIa leu33pro
•  Gene variants in ABO blood group
•  Estrogen and progesterone receptor polymorphisms
•  Gene variants related to sex hormone biosynthesis
•  Gene variants related to sex hormone metabolism
•  Gene variants related to sex hormone signaling
•  Genome-wide association studies (GWAS) and exome sequencing for gene discovery
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ultralow- dose HT (<1 mg oral E2/<50 mcg E2) may be sufficient to decrease vaso-
motor symptoms, but not necessarily to guarantee fracture prevention. Low- and 
ultralow- dose combined HT has been successfully used in clinical trials but has not 
been introduced for general use until 2011 [23]. Since then, fixed oral combined 
ultralow- dose HT containing 17β-E2 has been available as well as patches with 
varying low- dose 17β-E2. Efficacy and safety were assessed in a 52-week, random-
ized placebo-controlled trial in 313 postmenopausal healthy women aged 54 years 
on average. Participants were randomized to (1) 0.5  mg 17β-E2 combined with 
2.5 mg dydrogesterone, (2) 1 mg 17β-E2 combined with 5 mg dydrogesterone, or 
(3) placebo. Both ultralow-dose and low-dose HT significantly reduced moderate to 
severe vasomotor symptoms [24]. Similarly, the 24-week, randomized, placebo-
controlled trial CHOICE demonstrated a significant reduction of vasomotor symp-
toms by 0.5 mg 17β-E2 combined with either 0.1 mg or 0.25 mg norethindrone 
acetate (NETA), in 577 postmenopausal healthy women aged 55.5 years on average 
[25]. Possibly, ultralow-dose HT might be a compromise for those women who are 
more critical toward HT but in whom alternative and complementary medicine 
strategies have not been successful. Comparable to standard-dose and low-dose HT, 
bleeding events may occur when initiating ultralow-dose HT and may require indi-
vidual dosage adjustments. For women treated with high- or standard-dose HT, 
switching progressively to low-dose and then to ultralow-dose HT may be a good 
way to lower hormone dosage without compromising vasomotor symptom relief 
before stopping HT as soon as it is needed no more. To date, there are no direct 
head-to-head trials comparing long-term safety of standard-dose, low-dose, and 
ultralow-dose HT.  It appears reasonable to assume that a lower hormone dosage 
would be associated with fewer estrogenic and especially progestogenic side effects 
as well as fewer safety concerns, but this has not been conclusively demonstrated. 
So far, for example, the Nurses’ Health Study has demonstrated a lack of increased 
risk of stroke for ultralow-dose treatment with conjugated estrogens (CEE) [26]. In 
a nested case- control study based on the United Kingdom’s General Practice 
Research Database, no increased risk of stroke has been observed in users of trans-
dermal HT containing low doses of estrogen, whereas, in users of oral HT, risk was 
dose-dependent. A more recent review has shown that transdermal estrogens are not 
associated with a higher risk of recurrent venous thromboembolism among post-
menopausal women and that, for oral HT, the dose of estrogens is an important 
determinant of the thrombotic risk among postmenopausal women using HT [27]. 
However, until there are clinical studies demonstrating a better long-term safety 
profile for low-dose or ultralow-dose HT, risks associated with long-term standard-
dose HT are most wisely also applicable to ultralow-dose HT despite the biological 
discrepancies.

20.2.4  Estrogen only Therapy

Looking at the main results from the Heart and Estrogen/progestin Replacement 
Study (HERS) [28] and the WHI [20], most participants were postmenopausal 
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American women with at least some degree of comorbidity, and mean participant 
age in most studies was over 60 years. In relatively healthy postmenopausal women 
combined continuous HT increased the risk of a coronary event (after 1 year’s use: 
from 2 per 1000 to between 3 and 7 per 1000), venous thromboembolism (after  
1 year’s use: from 2 per 1000 to between 4 and 11 per 1000), and stroke (after 3 
years’ use: from 6 per 1000 to between 6 and 12 per 1000). Estrogen only HT 
increased the risk of venous thromboembolism (after 1–2 years’ use: from 2 per 1000 
to 2–10 per 1000; after 7 years’ use: from 16 per 1000 to 16–28 per 1000), stroke 
(after 7 years’ use: from 24 per 1000 to between 25 and 40 per 1000), but reduced the 
risk of breast cancer (after 7 years’ use: from 25 per 1000 to between 15 and 25 per 
1000) and did not increase the risk of coronary events at any follow-up time.

Analysis of the entire follow-up period (i.e., intervention plus post-intervention 
phases) of the WHI estrogen only trial also found more favorable effects for myo-
cardial infarction (MI) and CHD in younger, compared with older, women. For MI, 
the RRs associated with randomization to estrogen only were 0.54 (0.34–0.86), 1.05 
(0.82–1.35), and 1.23 (0.92–1.65) for ages 50–59, 60–69, and 70–79, respectively 
(p, interaction = 0.007). Results were similar for CHD [20].

20.2.5  Progestins Not Only One Class

Progesterone and progestogens are nonselective ligands for the progesterone recep-
tor and bind also with other steroid receptors, with agonistic or antagonistic effects 
according to the structure of the molecule. Their half-life and metabolism are also 
different, progesterone being rapidly degraded with a short half-life. Progestogen 
compounds of combined estrogen-progestogen therapy include both progesterone 
(the bioidentical compound synthesized and secreted by the ovary) and synthetic 
compounds named progestins, which are derived from either progesterone (preg-
nanes and 19-norpregnanes) or testosterone (19-nortestosterone). Pregnane deriva-
tives consist of different molecules, including dydrogesterone, medrogestone, 
chlormadinone acetate, cyproterone acetate, and medroxyprogesterone acetate 
(MPA). Norpregnane derivatives include nomegestrol acetate, promegestone, 
trimegestone, and nestorone. Finally, nortestosterone derivatives consist of ethinyl-
ated derivatives, nonethinylated derivatives, spironolactone derivatives, and tibo-
lone. Nortestosterone ethinylated derivatives are composed of estranes (including 
especially norethisterone acetate) and gonanes, which are preferentially used in 
contraceptive pills. Nortestosterone nonethinylated derivative (dienogest) and spi-
ronolactone derivative (drospirenone) are also used in contraception.

As an HT compound, progestogens are always combined with estrogens and are 
almost exclusively administered by the oral route. However, across countries, med-
ical practices regarding HT use may present important differences in terms of 
chemical structure and route of administration. In France, women are preferen-
tially prescribed transdermally administered 17β-E2 combined with micronized 
progesterone. By contrast, oral CEE combined with MPA are often used in the 
United States.
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20.2.6  Differential Effects of Progestogens on Thrombosis Risk

As progestogens consist of several compounds with different pharmacologic prop-
erties and all, when added to estrogens for women with an intact uterus, reduce 
the increased risks of endometrial hyperplasia and cancer, randomized controlled 
trials that are able to assess the main effects of a progestogen or to compare dif-
ferent progestogens are scarce. In the PEPI (Postmenopausal Estrogen/Progestin 
Interventions) trial, MPA was administered either sequentially or continuously, and 
these two hormone regimens were compared with micronized progesterone or no 
progestogen. Results showed similar changes in fibrinogen across different active 
groups, with neither an effect of addition of a progestogen nor a specific effect of 
different chemical structures [29]. A few years later, Lobo et al. [30] conducted a 
large trial with different doses of CEE alone or combined with MPA and did not 
highlight any evidence for a specific effect of MPA on hemostatic parameters. At 
the same time, van Baal et al. [31] and Post et al. [32, 33] investigated the impact of 
dydrogesterone and trimegestone, a pregnane and a norpregnane derivative, respec-
tively. Here, they also found no difference in their effects on hemostasis and pooled 
the two groups receiving opposed oral estrogens for some specific analyses. In 
another study, the main effect of gestodene, a testosterone derivative, was assessed 
by comparing changes in hemostatic parameters between two arms consisting of 
oral estrogens either alone or combined with this progestin [34]. This was the only 
study that found a decrease in protein C in the opposed oral estrogen group but not 
in the estrogen only group.

Overall, randomized controlled trials did not consistently detect any specific 
effect of progestogen on hemostasis among postmenopausal women using oral 
estrogens. Nevertheless, this absence of association does not necessarily imply that 
progestogens have no effect. It could be partly explained by a lack of statistical 
power and/or a dilution effect caused by the concomitant use of oral estrogens that 
activate blood coagulation by themselves and might then hide the specific effect of 
progestogens. A cross-sectional study on postmenopausal HT and hemostasis sug-
gested that norpregnane derivatives and micronized progesterone could have a dif-
ferential effect on APC resistance and blood coagulation activation when combined 
with transdermal estrogens [35]. In addition, clinical data support a differential 
effect of pharmacologic classes of progestogens on thrombotic risk [36, 37]. Further 
data on the biological and clinical effects of progestogens are therefore needed, 
especially in the context of transdermal estrogen use.

20.2.7  Oral Versus Non-oral Administration Forms

As already pointed out, estrogen dose and routes of administration vary in regard to 
their risks. Lower doses are associated with less adverse effects like breast tenderness 
or uterine bleeding and may have a more favorable risk-benefit ratio than standard 
doses. Transdermal estrogen is preferred to the oral route, as the latter is subject to 
first-pass hepatic metabolism which promotes prothrombotic hemostatic changes in 
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factor IX, activated protein C resistance, and tissue-plasminogen activator [38]. 
Furthermore, observational data from the Estrogen and Thromboembolism Risk 
(ESTHER) multicenter case-control study of thromboembolism among postmeno-
pausal women demonstrated an odds ratio for venous thromboembolism in users of 
oral estrogen to be 4.2 (95% CI, 1.5–11.6) and 0.9 (95% CI, 0.4–2.1) for transdermal 
estrogen, compared to nonusers [36]. In accordance, 22 studies were included in 
meta-analyses (nine case-control studies, nine cohort studies, and four randomized 
controlled trials). As compared to control groups, VTE risk was not increased with 
non-oral HT, including users of estrogens and estrogens plus progestins (OR 0.97 
[0.9–1.06]), non-oral estrogen therapy (ET)-only (OR 0.95 [0.81–1.10]), and non-oral 
combined estrogen-progestin therapy (OR 0.92 [0.77–1.09]). Conversely, increased 
risk of VTE was observed as compared with control groups in users of oral HT, includ-
ing users of estrogens and estrogens plus progestins HT (OR 1.72 [1.47–2.01]), oral 
ET-only (OR 1.43 [1.34–1.53]), and combined oral estrogen- progestin HT (OR 2.35 
[1.9–2.9]). The comparison of non-oral vs. oral HT showed increased VTE risk with 
oral HT (OR 1.66 [1.39–1.98]) [39]. The authors consider the quality of the evidence 
produced in their meta-analyses which is low to moderate, and further clinical trials 
are needed to sort out the impact of different types of progestin and different estrogen 
doses and administration routes on VTE risk. However, this approach has been 
endorsed by the American College of Obstetricians and Gynecologists, as gynecolo-
gists were recommended to take into consideration the possible thrombosis-sparing 
properties of transdermal forms of estrogen therapy [40].

20.3  Conclusion

Ideally, HT should be initiated in the perimenopause or early postmenopause, but 
not 10 or more years after menopause as atherosclerotic changes are likely to have 
occurred by then, increasing, for example, the risk of myocardial infarction. 
However, the choice of a particular modality should be guided by the patient’s risk 
profile, other symptoms, and preferences considered for each patient during the 
decision-making. We have to date wider repertoire of agents for successful treat-
ment than ever. This report has focused on vascular health and reviewed the evi-
dence on the role of pharmacology and pharmacogenomics in tailoring the use of 
hormone therapy to appropriate candidates in order to develop a personalized 
risk- benefit prediction model that takes into account clinical and genetic factors. 
The proposed personalized approach to HT decision-making has also the potential 
to improve the quality of health care including also “patient-centered” outcomes 
such as sense of well-being and quality of life. However, due to the complexity of 
both the estrogen pharmacodynamic and pharmacokinetic pathways, and the 
many additional variables reviewed here that may be of importance, large studies 
will be required to develop genetically based algorithms for estrogen administra-
tion/dosing.

US Preventive services Task Force (USPSTF) process. The introduction of con-
tinuous combined ultra-low-dose MHT enlarge our possibilities to individualize the 
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treatment of symptomatic postmenopausal women. Thus, the risk can be avoided of 
serum hormone fluctuations arising from the previous practice of splitting tablets or 
cutting patches to reduce the hormone dosage of low-dose MHT.
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