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Preface

Neurodegenerative diseases represent one of the main global health burdens and one of the
public health priorities in the Western world. Due to population ageing, this health problem
around the globe is increasing. Aetiology of neurodegenerative diseases is unclear, and ther-
apeutic approaches are very limited and individually diverse. Therapy is a subject of con-
stant modification during progression of these diseases, and pharmacotherapy is limited to
very few drugs available.

Neurodegenerative diseases are diversely affecting men and women during their lifetime.
One of the differences between male and female population appears due to sex hormone
alterations that affect initiation of neurodegenerative processes. Not enough studies are fo-
cused on sex hormones in neurodegenerative diseases. Their potential therapeutic role in
neurodegenerative processes has been largely neglected in comparison to other therapeutic
research. Non-genomic action of sex hormones, their protective role and their modulatory
effects on neural tissues are becoming more important with epidemiologic data on the sex-
related differences. Also, sex hormones acting as neuroactive steroids show pleiotropic ef-
fects that enable neuroprotection, neuroplasticity, neuron survival and regeneration and
reduce excitotoxicity.

Potential new therapeutic approaches based on sex hormone effects are described in the
present publication. As such, 17-beta-estradiol, DHT, pregnenolone and DHEA can be consid-
ered as neurosteroids, enabling neuroprotection also against neurodegenerative processes.

The book starts with a chapter describing the molecular mechanisms of sex hormones in the
nervous system, dividing them into “classical”, i.e., intracellular or genomic effects, and
non-classical or non-genomic membrane receptor effects. Some steroids are capable of in-
ducing rapid neurotransmitter-like effects, similar to those of dopamine or glutamate that
alter the activity of the neuronal systems via different receptors. Sex hormones according to
their pleiotropic effects can be considered neuro-protectants and anti-excitotoxicity agents.

As such, 17B-estradiol is a neurosteroid agent in the central nervous system that shows ben-
eficial effects against many critical steps in neurodegeneration, from initiation to the pro-
gression of neuronal cell death. 17p-estradiol can protect the vulnerable neurons of the
central nervous system as an anti-inflammatory and antioxidant agent. A translational effort
that represents its powerful neuroprotective potential is appropriate for clinical setting as a
neurotherapeutic drug that ensures therapeutic efficacy and clinical safety. In chapter two,
authors studied 10p3,173-dihydroxyestra-1,4-dien-3-one (DHED) as potential therapeutic
leading drug.
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In chapter three it is discussed that other potential neuroactive steroids, dehydroepiandros-
terone (DHEA) and its sulphated metabolite DHEA-sulphate (DHEA(S)), are potent modu-
lators of neurogenesis, neuronal growth and differentiation, and neuroprotection. Its serum
concentrations decrease with age, with lowest concentrations at the time of onset of neuro-
degenerative processes. Pathology expressed as cognitive decline, age-related neurological
disorders and dementia and others may, in part at least, be attributed to decreased secretion
of DHEA that acts probably through diminished glutamate-induced excitotoxicity.

Chapter four presents how oestrogenic pharmacotherapy can be applied in many neurode-
generative disorders. Oestrogens delay the onset of frontotemporal dementia (FTLD) in pre-
menopausal women compared to age-equivalent men and may provide neuroprotection in
the early postmenopausal period. Oestrogens possess regulatory role in attenuating the mi-
croglia hyperactivation in response to cell stress that might trigger an overexpressed inflam-
matory response. Acting as microglia stabilizer, oestrogens preserve the homeostasis of both
the ubiquitin-proteasome degradation system and lysosome-autophagy recycling system.

Crucial period for triggering the potential degenerative changes in women is perimeno-
pause. It is defined by menstrual cycle and endocrine changes in ovarian-pituitary-hypo-
thalamic feedback relationships, inaccurate oestrogen levels and decreased progesterone
levels. These changes in women are most commonly experienced as mild cognitive impair-
ment, anxiety, irritability, mood swings and depression. In chapter five it is discussed how
oestrogens and other shifted hormones influence all these changes including depression and
depressive-like behaviour through interactions with neurotrophic factors and through an in-
fluence on the serotonergic system.

Chapter six shows how in perimenopausal period, endocrine and neural degenerative
changes overlap, and thus perimenopause is a “critical period” in neuro-ageing, when the
neurodegenerative processes may initiate. In Alzheimer’s disease, metabolic and inflamma-
tory changes are characterized, with onset during menopausal transition and early years of
menopause. Endocrine, neural and metabolic pathways due to endocrine changes are pre-
senting new insights into the AP-centric AD pathogenesis. The following chapter presents
the link between Sex Hormones and Alzheimer’s Disease . Alzheimer’s disease is one of the
most studied neurodegenerative diseases characterized by brain pathological changes, i.e.,
amyloid plaque accumulation and neurofibrillary tangle deposition, synaptic loss, neuronal
death and brain atrophy in later stages. These changes result in progressive memory and
cognitive decline. Oestrogens, progesterone and androgens are important for AD pathogen-
esis, and their effect to the brain results in gender susceptibility to the disease. Sex hormones
play an important neuroprotective role against AD development, mild cognitive impair-
ment and AD progression. Hormonal replacement therapy in AD treatment may represent a
new strategy for the development of personalized, gender-specific AD management.

In chapter eight authors show that higher incidence of Parkinson’s disease is present in post-
menopausal compared to premenopausal women of similar age, suggesting that oestrogens
possess neuroprotective effects. Melatonin alone or in combination with L-DOPA protects
nigrostriatal dopaminergic loss induced by 6-OHDA in a rat Parkinson’s disease model and
improves motor ability and biological alterations, compared with the results of L-DOPA-on-
ly-treated rats. Rats treated with L-DOPA and melatonin showed decreased dyskinesia and
showed better performance at motoric tests. L-DOPA and melatonin co-administration in
oestrogen native animals resulted in reduced dyskinesia through the conservation of some
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functional dopaminergic cells, which in turn imply a well-preserved neuropil of a less de-
nervated striatum.

Brain-modulated body homeostasis and behaviours such as motivation, reward, memory
and movement control are complex processes, regulated also by dopaminergic neurons,
which can be stimulated by several triggers throughout the life. The homeostasis issue is
discussed in detail in chapter nine. For example, early exposure to sex hormones or endo-
crine disruptors during critical period of neuronal development affects dopaminergic path-
ways permanently for later life, producing some potential subjugation to mental disorders
such as drug addiction. Present knowledge on neurodegeneration in Parkinson’s and Alz-
heimer’s diseases exposed neuroprotective effects of estradiol.

In chapter ten authors present how despite their therapeutic benefits, anabolic steroid abuse
has spread for improvements on physical appearance and performance. The illicit use of
anabolic AS has been correlated with several adverse effects, such as cardiovascular, endo-
crine, reproductive and neurobehavioral dysfunctions. Declines on cognitive and mnemonic
performance have been demonstrated due to steroid abuse. These neurological dysfunctions
are correlated to neuronal apoptosis in the hippocampus and cortex as well as in induced
neurodegeneration. It is considered to be a prognostic factor for neurodegenerative diseases.
Pathophysiological mechanisms that have been linked to the anabolic steroid-induced neu-
rotoxicity are redox imbalance and pro-apoptotic pathways. Abuse of anabolic steroids is
also a potential risk factor for the development of Alzheimer’s disease.

Androgens are essential for male physical activity and normal erectile function, a topic pre-
sented in chapter eleven. Age-related testosterone deficiency is considered a risk factor for
erectile dysfunction. Testosterone affects nitric oxide production and phosphodiesterase
type 5 (PDE-5) expression that preserves smooth muscle contractility by regulating both
contraction and relaxation. Interestingly, testosterone deficiency is related to neurological
diseases that lead to erectile dysfunction. Testosterone replacement therapy is widely used
to treat patients with testosterone deficiency. PDE-5 inhibitors, L-citrulline and/or resvera-
trol therapy might be effective therapeutic options for testosterone deficiency-induced erec-
tile dysfunction.

In the following chapter, chapter twelve, hormone replacement therapy in women that may
enable delayed onset of neuro-ageing and neurodegenerative diseases is described. Such
therapy during perimenopause is potential protectant against Alzheimer’s disease. Oestro-
gens, progesterone and androgens, with their connections to cholinergic, GABAergic, sero-
tonergic and glutamatergic signalling, are involved in women’s brain functioning through a
variety of mechanisms. These agents can modulate/protect plasticity, glucose and ATP me-
tabolism, ketones, insulin resistance and inflammation of the ageing brain through blood-
brain-barrier disruption, microglial aberrant activation and neural cell survival/loss.
Endocrine, neural and metabolic pathways are giving new insights into the sequential view
of AP in AD pathogenesis. In perimenopause, prevention and treatment can maintain wom-
en’s neurological health.

Among other sex hormones, progesterone, a steroid hormone secreted by the corpus lu-
teum and formed after ovulation, is described for its practical use in veterinary medicine in
chapter thirteen. Progesterone maintains the continuity of pregnancy. Progestogens can be
used also for oestrus synchronization in farm animals, i.e., cows and heifers. Similarly, they
are used for oestrus synchronization during the breeding season or outside the breeding

Xl
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season in small ruminants. Progesterone treatment contributes to the resolution of the
anoestrus by rearranging hypothalamic functions in cattle with follicular cysts. In addition,
lactation can be successfully induced in cows with a combination of oestrogen and proges-
terone for 7 or 10 days. The oxidative stress index in the luteal phase, when progesterone is
high in ruminants, is higher than in the follicular phase.

The last chapter describes the sex hormones modulation in the inner ear. Interactions between
sex hormones and the structure and function of the inner ear are important especially in hear-
ing impairment and balance disorders. Innovative treatments on hearing loss, tinnitus, au-
tophony and dizziness resulted from the changes in oestrogen and progesterone levels. The
presence of oestrogen receptors a and 3 has earlier been shown in the inner ear of mice and
rats, where oestrogen receptor expression correlates with the protection of auditory function.
Evidence for the treatment of sex hormone-induced symptoms is principally restricted to case
reports and retrospective studies. Recognition and understanding of sex hormone-related in-
ner ear problems will allow otologists to notice and better manage these patients.

The chapters in the book provide an overview of the past and current knowledge on the role
of sex hormones in brain functioning, mental disorders and neurodegenerative diseases. The
book is interesting for highly profiled clinicians and biomedical researchers, clearly describ-
ing new knowledge and therapeutic potential for the sex hormones based therapies. The book
will help them expand their knowledge on modulation of sex hormones in neurodegenerative
processes and diseases, thus opening new questions for readers’ further investigations.

Gorazd Drevensek
University of Ljubljana, Faculty of Medicine, Ljubljana, Slovenia
University of Primorska, FAMNIT, Koper, Slovenia



Chapter 1

Cellular and Molecular Mechanisms of the Effects of
Sex Hormones on the Nervous System

Slavi Delchev and Katerina Georgieva

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71140

Abstract

The mechanisms of the action of sex steroid hormones on the nervous system are related
to both classical, intracellularly mediated effects and non-classical membrane effects due
to binding to membrane receptors. Some steroids are capable of inducing rapid neu-
rotransmitter-like effects, similar to those of dopamine or glutamate that alter the activity
of neuronal systems via different types of receptors. The neuroactive steroids are endog-
enous neuromodulators synthesized in the brain and rapidly affecting neuronal excit-
ability. Sex steroids exert many pleiotropic effects in the nervous system: they modulate
main neurotransmitter systems, promote the viability of neurons, play an important role
in myelination, and influence cognitive processes. Estradiol protects neurons from exci-
totoxic damage and increases neuronal survival. Progesterone stimulates neurological
and functional recovery. Androgens also exhibit a wide array of neuroprotective effects
in motoneurons, including supporting cell survival, axonal regeneration, and dendritic
maintenance. Despite the considerable increase of sex hormones and neurosteroids
research in recent years and the ongoing discovery of biochemical mechanisms of action,
their role in neurodegenerative processes remains not well determined.

Keywords: sex hormones, neurosteroids, genomic effects, non-genomic effects,
neuroprotection, neurodegenerative diseases

1. Introduction

Sex hormones are synthesized from cholesterol mainly in the gonads and adrenal cortex. In
the brain, different sex steroids can also be further metabolized to different neurosteroids or
be produced anew in neurons and glial cells, with an even more potent effect on the nervous
system. The mechanisms of action of the sex steroid hormones on the brain are related to both
classical, intracellularly mediated effects and non-classical (non-genomic) membrane effects

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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due to their binding to membrane receptors. Some steroids are capable of inducing rapid
neurotransmitter-like effects. Sex steroids exert diverse pleiotropic effects on the nervous sys-
tem: they modulate major neurotransmitter systems, promote the viability of neurons, play an
important role in myelination, and influence cognitive processes. Estradiol increases neuronal
survival and recovery. It protects neurons from excitotoxic damage, amyloid 8 (Ap) toxicity,
oxidative stress, and glucose deprivation. The defense induced by estrogens is mediated by
complex mechanisms. Progestins have also been found to exert neuroprotective effects simi-
lar to those of estrogens. Androgens exhibit a wide range of neuroprotective effects in moto-
neurons, including supporting cell survival, axonal regeneration, and dendritic maintenance.
The relationship between sex steroids and the brain-derived neurotrophic factor (BDNF) has
garnered a growing interest due to the role BDNF plays in the pathogenesis of neurodegen-
erative diseases.

2. Steroidogenesis

Sex hormones are steroid compounds synthesized from cholesterol mainly in the testes, ova-
ries, and adrenal cortex. The male sex hormones (androgens) and female sex hormones (estro-
gens and gestagens) have a common biosynthetic pathway (Figure 1).

The final product of the steroidogenesis of sex hormones depends on whether or not specific
metabolizing enzymes are available in the respective cell [1]. The sex steroids in human blood
include androgens (testosterone, dehydroepiandrosterone (DHEA), dehydroepiandrosterone
sulfate (DHEAS), androstenedione, and dihydrotestosterone), estrogens (estradiol, estriol,
and estrone), and gestagens (progesterone and 17a-hydroxyprogesterone). The major male
hormone, testosterone, is produced by the Leydig cells in the testes. Dihydrotestosterone
(DHT) is a potent androgen, derived from testosterone by the enzyme 5a-reductase (type
1 and type 2) in some peripheral tissues, mediating some testosterone-induced effects. This
enzyme is expressed in the skin, scalp, prostate, epididymis, liver, and nervous system (neo-
cortex, subcortical white matter, and hippocampal tissues) [2]. DHEA, DHEAS, and andro-
stenedione are secreted mainly by the adrenal cortex in the same amounts in both sexes.
DHEA and androstenedione are steroids involved in the sex hormones’ biosynthesis path-
way; both are primary endogenous precursors of testosterone and estrogens. Although they
are weak androgens, they are circulating steroids that can be converted into active androgens
and estrogens in the peripheral tissues [1, 3].

Estrogens are produced by aromatization of androgens, including those derived from adre-
nal steroidogenesis. Although the ovaries produce large amounts of androgens, they secrete
little of these into the blood, while the rest are aromatized to estradiol, which is the major
estrogen. The theca cells in the ovaries synthesize testosterone and androstenedione, which
then diffuse into the granulosa cells of the follicles. There androstenedione is converted into
testosterone, which in turn is aromatized to estradiol that enters the blood stream. A portion
of the androstenedione is aromatized to estrone, which in turn is converted into estradiol.
Androgen aromatization is realized under the influence of the enzyme aromatase, which is
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expressed in steroidogenic tissues, the brain, and nonsteroidogenic tissues, especially fat and
bone. Progesterone is the major progestogen and is produced in both theca and granulosa
cells, the adrenal gland, and testes [1, 3].

The neuroactive steroids are brain-synthesized endogenous neuromodulators that rapidly
alter neuronal excitability. Some of them reach the brain from adrenals and gonads and are
further metabolized locally just like the aromatization of testosterone into estradiol [4]. They
have been referred to as neurosteroids as they can be derived anew from cholesterol in neu-
rons and the glial cells [5]. The synthesis of neuroactive steroids requires the translocation of
cholesterol across the mitochondrial membrane [6]. This process occurs through a molecular
complex formed by the translocator protein 18 kDa (TSPO), the steroidogenic acute regula-
tory protein (StAR), the voltage-dependent anion channel protein (VDAC), and the adenine
nucleotide transporter protein (ANT).

In the mitochondria, cholesterol is converted into pregnenolone by the P450 side-chain cleav-
age enzyme (P450scc). Soluble pregnenolone diffuses into the cytosol (the endoplasmic reticu-
lum) where it is further metabolized into various neuroactive steroids such as progesterone,
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5a-dihydroprogesterone, DHEA, androstenedione, etc. The enzyme 33-hydroxysteroid dehy-
drogenase, required for further conversion of pregnenolone into progesterone, has been found
in the brain [7]. The enzyme 173-hydroxysteroid dehydrogenase type 10 catalyzes the oxi-
dation of neuroactive steroids in mitochondria with NAD* as the coenzyme. This enzyme
catalyzes most effectively the oxidation of allopregnanolone and allotetrahydrodeoxycortico-
sterone, which is essential for the homeostasis of these neuroactive steroids [8].

Although TSPO is highly expressed in microglia and astrocytes and is less abundant in neu-
rons, neurosteroidogenesis occurs primarily in principal neurons of several brain areas that
have the necessary set of enzymes to convert cholesterol into neuroactive steroids [9].

3. Mechanisms of action

The first thing a hormone does is to bind to specific receptors on the target cell. Cells without
receptors for the hormone do not respond to the action. The receptors for certain hormones
are localized on the cell membrane, while others are located in the cytoplasm or nucleus. After
binding to the specific receptor, the hormone triggers a cascade of cellular responses that
become increasingly potent with each successive stage. Thus even small concentrations of the
hormone can produce a significant effect [3].

3.1. Genomic action via steroid receptors

According to the classic genomic theory of action, sex hormones as steroid hormones bind
preferentially to specific protein receptors within the cell rather than to receptors located on
the cell membrane. These hormones are fat-soluble and can easily pass through the cell mem-
brane and bind to specific receptors in the cytoplasm. Depending on the steroid and tissue,
however, unbound steroid receptors may be located in the nucleus as well. The particular
distribution of the receptor between the cytoplasm and nucleus varies. When the cytoplas-
mic receptors bind to their specific steroid hormone ligands, they translocate to the nucleus.
Depending on their mechanism of action and subcellular distribution, nuclear receptors may
be classified into at least two groups [10]. Nuclear receptors that bind to steroid hormones
are all classified as type I receptors. Only type I receptors have a heat shock protein (HSP)
associated with the inactive receptor that will be released when the receptor interacts with the
ligand. Type II nuclear receptors have no HSP and in contrast to the classical type I receptor
are located in the cell nucleus. The activated hormone-receptor protein complexes then bind
to a specific regulatory section of DNA, called hormone response element, by activating or
inhibiting the transcription of specific genes and the formation of messenger RNA. Later on,
after an extended period of time (usually from a few hours to a few days) counted from the
entry of the hormone into the cell, new proteins develop in the cell and alter the cell functions.

The complexity of the steroid action can be accounted for by the abundance of identified
steroid receptors and their affinity for the hormone. The excess/deficiency of the respective
sex steroid regulates the number of the active receptors (downregulation/upregulation) in the
target cells. Testosterone and DHT exert their functions via binding to the androgen receptor
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(AR), resulting in conformational change of the receptor and translocation of the androgen/
AR complex from the cytosol to the nucleus. Various AR coregulators can further modulate
the transcriptional regulation of target genes [11]. AR receptors are expressed in neurons and
glial cells and their expression can be regulated by injury and by circulating testosterone
concentration [12-14]. AR mRNA is downregulated post-orchidectomy and after axotomy
[12]. AR levels also decrease with aging, especially in the nucleus basalis of Meynert (which
degenerates in Alzheimer’s disease (AD)) and the diagonal band of Broca [15].

The estrogen receptor-a (ERa) was characterized as an intracellular, ligand-regulated tran-
scription factor located primarily in the nucleus [16]. Once bound to estradiol, ERa dimers
were shown to regulate gene expression via interaction with estrogen response elements.
Following a series of discoveries, a structurally related estrogen receptor-f3 (ERB) was identi-
fied [17]. Sites of estrogen receptor expression identified in the brain comprised the hypo-
thalamus, pituitary, and preoptic area, among others, which, based on a series of lesion and
stimulation studies, were known to affect physiology and behavior related to endocrine func-
tion [18]. Apart from the great number of various isoforms, the classic intracellular receptors
have also many splice variants that have been studied and characterized. For example, for
estrogens besides the ERa and ERp isoforms, multiple splice variants (e.g., ERatA4) can initi-
ate signaling from the membrane [19]. Experiments demonstrated that the same protein is
capable of mediating both intracellular and membrane actions of estradiol. For progesterone,
a whole new class of progesterone receptors (PRs) has been identified —the membrane PRs
localized on the membrane and involved in the reproductive actions of progesterone [20].

3.2. Non-genomic action

The classic genomic mechanism of the action of steroid hormones alone cannot account for
all subsequent changes in the target cells; hence, it has been updated to include an additional
(non-classic) explanation of the rapid, non-genomic, membrane-initiated action. For decades,
steroid hormones have been known to induce acute changes (within minutes) in the physi-
ological functions [21], neuronal activity [22], and behavior [23].

Recent research demonstrated that steroids can function in a “neurotransmitter-like” way, being
synthesized at precise spatial locations within neural circuits in the brain and acting within min-
utes as local neuromodulators that rapidly regulate cognitive functions and behavior [24-27].

Some steroids, such as progesterone, are capable of inducing rapid neurotransmitter-like
effects, similar to those of dopamine or glutamate, which alter the activity of neuronal sys-
tems via multiple types of receptors [19, 25, 28]. Some of these steroid receptors have been
classified as extranuclear or membrane receptors, which signal through G-proteins or other
second messenger systems [29, 30]. There is recent evidence of these classical steroid recep-
tors binding to response elements on DNA to regulate gene expression, showing that they
contain palmitoylation sequences allowing them to be trafficked to the plasma membrane to
quickly alter cellular activity [19, 31]. After being trafficked, these nuclear transcription factors
interact with other proteins to initiate their signaling at the level of the plasma membrane.
From here, intracellular signaling cascades involving effectors (e.g., the mitogen-activated
protein kinase (MAPK) and cAMP response element binding protein (CREB)) are initiated via
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the transactivation of cell surface-bound receptors, most notably the metabotropic glutamate
receptors (mGluRs). Subsequently, estrogen membrane—initiated signaling can in turn acti-
vate the regulatory section of DNA and trigger transcription processes.

The modern understanding of a cell response to a steroid action is that it occurs within the
same time frame as that of the G protein—coupled receptors influencing a variety of cellular
functions such as gating membrane channels, increasing the intracellular calcium release, acti-
vating tyrosine-protein kinase (Src), MAPK, and others [27]. Many studies support a model of
integrated signaling that couples signal transduction cascades to transcription in the nucleus,
providing an integrated view of hormone signaling in the brain [32].

Recently, extensive research focused on the rapid, non-genomic action of estrogens has raised
the question of how rapidly the increase of these steroids can occur in the brain. Of course,
estrogens, just like any other steroids, cannot be stored in synaptic vesicles prior to their rapid
release, due to their lipophilic nature [4]. It has been suggested, therefore, that the rapid effects
of estrogens require a corresponding rapid change of local steroid concentration via rapid
changes in their rate of synthesis by androgen conversion [24, 33], which implies changes in
aromatase activity. Changes of aromatase activity reflect changes in aromatase protein con-
centrations. For instance, sex steroids control the hypothalamic aromatase expression in most
vertebrates: weak aromatase expression is detected in castrated male animals, while testoster-
one replacement increases significantly aromatase protein and enzyme activity [34, 35]. There
is strong evidence suggesting that aromatase activity can be rapidly modulated via transla-
tional modifications, most notably via phosphorylation. The rapid modulation of aromatase
activity by phosphorylation is a widespread mechanism present in certain tissues of various
species, including humans [4]. The enzymatic changes lead to a rapid local modulation of
estrogen availability and consequently to a modification of cellular estrogen-dependent pro-
cesses that are not mediated by the genomic actions of these steroids. The phosphorylation/
dephosphorylation processes provide a new widespread mechanism by which estrogen con-
centration could be rapidly altered in the brain and other tissues.

Although most of the research on neurotransmitter-like actions of steroid hormones is focused
on sex hormones and reproduction, other steroids also induce effects through non-classic
mechanisms. As with estrogens and progestins, glucocorticoids can act on the membrane to
alter physiology, functioning more like neurotransmitters than classical steroid hormones.

Neurosteroids are also capable of interacting with cell surface neurotransmitter receptors to
modulate neural cell physiology. Two of the endogenous neurosteroids, pregnenolone sulfate
and pregnanolone sulfate, can potentiate or inhibit N-methyl-D-aspartate (NMDA) recep-
tor responses [36]. GABA, receptors represent one of the most elaborate neurotransmitter
receptor structures, harboring multiple binding sites for allosteric modulators, neuroactive
compounds, and neuroactive steroids [37]. Allopregnanolone has been shown to promote
neurogenesis in both rodent and human neuroprogenitor cells, most likely through binding
to the GABA, receptor [38]. The modulation of the activity of receptors by neurochemicals
such as allopregnanolone has been extensively studied in the context of neurodegenerative
disorders [39].
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Another mechanism of steroid action takes effect at the level of the microtubules via a pro-
posed receptor microtubule-associated protein of type 2 (MAP2) [40]. Neuronal microtubules
play an important role in the growth and maintenance of neurites during neuronal differen-
tiation. They are composed of tubulin and microtubule-associated proteins (MAPs). MAPs
determine neuronal shape and control the balance between rigidity and plasticity in neuronal
processes. Neurosteroids may be involved in the formation and stabilization of microtubules
and thus neuronal plasticity and function [40]. Experimental data demonstrate that progester-
one treatment attenuated the injury-induced loss of MAP2 [41].

4. Biological effects of sex hormones on the nervous system

Testosterone and its metabolite estradiol induce numerous effects during critical periods of
pre- and perinatal brain developments (organizational effects) that are necessary for brain
sexual differentiation. Testosterone exposure is an essential requirement for masculinization
of the brain. Nuclear volume, neuronal morphology, and astrocyte complexity are examples
of the wide range of effects by which testosterone and estradiol can induce permanent changes
in the function of neurons [42]. In the developing male rat, testosterone secreted from the tes-
tes is not bound by a-fetoprotein and freely enters the brain where it is locally converted into
estradiol in specific nuclei. Consequently, neonatal males have more than double the levels of
estradiol than females in brain regions subject to sexual differentiation [43]. High levels of the
ER are concentrated in the same brain regions and ER is essential for transducing the steroid
signal [44]. The gain or loss of function upon developmental estradiol exposure corresponds
to the specific cellular morphological changes observed during the critical period, and the
dendritic spines and astrocytes seen in each brain region retain that “memory” of early ste-
roid exposure [42].

4.1. Effects of female sex steroids

It is generally accepted that estrogen acts as a conditional neuroprotectant with a complex
pattern of biological actions, which are modulated by several interacting factors [45]. It has
been found that administration of estradiol increases neuronal survival and recovery in adult
animals and different lesion models [46, 47]. Estradiol protects neurons from excitotoxic dam-
age due to seizures and stroke, as well as in AD [48]. One of the suggested mechanisms of
this effect is the ability of estrogens to enhance neuropeptide Y (NPY) expression and release,
as NPY has antiexcitatory effects [49]. In vitro estradiol was found to protect neurons from
glutamate toxicity and A peptide toxicity, oxidative stress, and glucose deprivation [50-53].
The defense state induced by estrogen is mediated by complex mechanisms that converge
upon regulation of mitochondrial function. Estrogen preserves ATP levels via increased oxi-
dative phosphorylation and reduced ATPase activity, thereby increasing mitochondrial respi-
ration efficiency. Estrogen increases antiapoptotic proteins, Bcl-2 and Bcl-xL, which prevent
formation of the permeability transition pores protecting against estrogen-induced increase
in mitochondrial Ca* sequestration and triggering of apoptotic processes [54]. Therefore, the
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decreased levels of estrogen could most likely contribute to the increased risk of developing
neurodegenerative diseases, especially in postmenopausal women [52, 55].

It is suggested that in addition to having a direct effect on neurons, estrogens may affect the
astrocytes by stimulating them to release protective growth factors and regulate the astro-
cytes genes and proteins associated with the glutamate level control. Other mechanisms
implicated here may include the anti-inflammatory effect associated with suppression of
microglia, inflammatory cytokines, and free radicals production, which cause inflammatory
damage to the neurons, effects on endothelial cells realized by increasing the mitochondrial
efficiency and stimulating angiogenesis, genomic influence on anti-apoptotic protein genes of
Bcl family and reduction of apoptotic trends and effect of free radical scavenging. These are
the hypothetical models of estrogen neuroprotection in cerebral ischemia and in other neuro-
degenerative disorders such as Parkinson’s disease (PD) and AD [52, 56].

There is growing evidence that estrogen may have a neuroprotective role in PD. Experimental
studies have demonstrated that estrogen is neuroprotective in 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP)-induced nigrostriatal lesions, an animal model of idiopathic PD [57,
58]. In these and other studies, 173-estradiol was used and its effect was shown to be stereo-
specific. An isomer with weak estrogenic activity, 17a-estradiol, was ineffective with regard
to the prevention of MPTP-induced dopamine loss [52]. What is worthy of note is that the
receptors ERa and ER are sparsely localized in the striatum and substantia nigra of mice,
and treatment with MPTP or estrogen does not change the distribution and density of the
estrogen receptor. Despite the low availability of ER in these parts of the brain, estrogen has
managed to induce a protective effect on the striatum against MPTP-induced loss of dopami-
nergic neurons [59].

Studies in humans showed that short-term estrogen treatment in postmenopausal women
increased dopamine transporter availability in the caudate putamen [60] and that women
who had taken postmenopausal estrogen replacement therapy were less likely to develop PD
than those who had not [61].

There is evidence of inducing differentiation of human neural stem cells, which develop in the
tyrosine hydroxylase (dopaminergic) neurons, and the effect was blocked by application of an
estrogen receptor antagonist [62, 63].

As it is supposed that oxidative stress plays an important role in the processes of neuronal
degeneration in the PD, it is interesting that estrogens suppress free radical production and
protect striatal neurons against oxidative stress, providing another mechanism of estrogen
neuroprotection in PD [64, 65].

Recent studies in both animals and humans have provided additional evidence supporting a
potentially beneficial protective role for estrogen in AD. The mechanisms of estrogen protec-
tion in AD are not clear. At the molecular level, estrogen has been shown to enhance activation
of the survival factors, protein kinase B, BDNF [66, 67], while inducing phosphorylation and
deactivation of glycogen synthase kinase (GSK3B) and Bcl-2 associated agonist of cell death
(BAD), involved in death signaling pathways in neurons [67, 68].
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Progestins have also been found to exert neuroprotective effects similar to those of estrogens.
Progesterone stimulates the neurological and functional recovery after spinal and brain trau-
mas [56, 69] and exerts neuroprotection in cerebral ischemia [70, 71].

4.2. Effects of androgens

The effects of androgens on the nervous system have been far less characterized than those
produced by estrogens and progestins. Androgens also exhibit a wide array of neuroprotec-
tive effects in motoneurons, including supporting cell survival, axonal regeneration, and den-
dritic maintenance [72]. Testosterone influences neuroplastic changes in nuclei of the limbic
system, particularly in the amygdala, bed nucleus of the stria terminalis, and the hippocam-
pus [73, 74]; it exerts neuroprotective effects by stimulating neuron survival and regenera-
tion after a nerve injury by actions mediated via the androgen receptor [75, 76]. It has been
observed to have a protective effect on apoptosis in cell cultures of human neurons. This effect
is mediated directly by androgen receptors, without testosterone aromatization to estradiol
[77]. Testosterone replacement in gonadectomized male adult mice reverses the pathological
changes in the spine morphology of hippocampal CA1l pyramidal neurons. The dendritic
spines are specialized to receive synaptic inputs, and a change in spine morphology is cor-
related with the strength and maturity of each synapse [78]. Similar data were obtained in
experimental motoneuron damage, with the use of DHT reducing the atrophy of adjacent
dendrites [79]. Recent findings suggest that one of the mechanisms of the neuroprotective
effects of physical training is the increased DHT production in the hippocampus providing
evidence for androgenic mediation of neurogenesis by androgen receptors [80].

Androgens may regulate the production and the levels of AR, by a classic genomic mechanism
and rapid non-genomic signaling or via aromatization to estradiol and activation of estro-
gen pathways [81, 82]. Testosterone can attenuate the toxicity of A in cultured hippocampal
neurons via a rapid, estrogen-independent mechanism [83]. DHT increases Ap-catabolizing
enzyme neprilysin in cultured neurons by an AR-dependent mechanism, which promotes Af3
degradation, thereby decreasing Af3 levels in AD [84].

4.3. Effects of steroid precursors

Precursors of estrogens, progestins, and androgens (pregnenolone and DHEA) also affect
neuronal functions. When administered in vivo, pregnenolone reduces histopathological
changes, protects neural tissues from secondary lesions, and promotes the recovery of motor
functions after spinal cord injury [85, 86]. DHEA is one of the first neurosteroids identified
in rat brains. Neuroprotective effects induced by DHEA and its sulfate DHEAS, defined as
primary in their biological action, have been documented [87]. Both steroids contribute to the
differentiation and survival of neurons in cell cultures [88]; have a protective effect on hip-
pocampal neurons against the toxic effects of glutamate [89]; stimulate the growth of neuritis
of the cortical neurons of embryonic rat brains [90]; affect apoptosis, catecholamine synthesis,
and secretion; and have exhibited anti-oxidant, anti-inflammatory, and anti-glucocorticoid
effects [87].
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Studies suggest that these are different mechanisms for DHEA and DHEAS effects. It is
assumed that DHEAS mediates its effects via GABA, receptors, probably by metabolizing
DHEAS into a GABA, receptor agonist, such as androsterone or androstanediol [91]. The neu-
roprotective effect of DHEAS to NMDA receptor-induced cytotoxicity is probably mediated
by the o1 receptor, while DHEA inhibits NMDA-induced nitric oxide (NO) production and
NO synthase activity by NMDA receptor, modulating calcium/NO signaling pathway [92].
Concentrations of DHEA and of its sulfate are also important with respect to the final effect.
Low concentrations of these steroids may be neuroprotective, while high concentrations of
DHEA are ineffective or neurotoxic and lead to the inhibition of complex I of the mitochon-
drial respiratory chain [93].

4.4. Interaction between steroids and neurotrophins

Recently, researchers have studied the relationship between the gonadal steroids, adrenal
steroids, and BDNF focusing on intersexual differences and incidence of mental diseases [94].
BDNF belongs to the neurotrophin family and plays an important role in the survival, dif-
ferentiation, and outgrowth of select peripheral and central neurons during development.
BDNF impacts significantly on neuronal survival, acting in the adult brain through a variety
of cell types, which include neurons, astrocytes, oligodendrocytes, microglia, and endothelial
cells. It is essential for the process of learning and improvement of cognitive function via
activation of the TrkB receptor [95]. Our previous data demonstrated that the negative effect
of the anticonvulsant lacosamide on the processes of learning and memory is related to sup-
pressed expression of BDNF/TrkB ligand receptor system in the hippocampus of rats [96].
Sex steroid hormones and neurotrophic factors are involved in the neuroendocrine control of
reproduction as well as in brain adaptation during reproductive aging. There is a great body
of evidence showing the role BDNF plays in the pathogenesis of neurodegenerative diseases.
Low post-mortem parietal cortex BDNF levels have been found in patients with mild cogni-
tive impairment [97] and AD [97, 98].

Research shows that BDNF mRNA and protein expression levels in the brain cognitive regions
are affected in a region-specific manner when hormone replacement therapy is administered.
BDNF mRNA levels have been reported to be significantly reduced in almost all hippocam-
pal layers and the cortex in 28-week ovariectomized rats [99]. Estradiol replacement therapy
reverses this effect in the hippocampus, suggesting a regional divergence in ovarian steroid
requirements for BDNF expression. After gonadectomy, BDNF mRNA levels are significantly
reduced at postnatal day 7 in male rat pups, but after treatment with estradiol benzoate, the
levels were similar to those in intact animals. The authors demonstrated that ERac and BDNF
were localized in the same cells (pyramidal cells of the CA3 sub-region and to a lesser extent
in CA1) within the developing hippocampus [100].

Estrogens have been implicated in the increase of hippocampal BDNF mRNA and protein
levels in exercising animals. The exercise effect on BDNF upregulation was reduced after
7 weeks of estrogen deprivation. Exercise in combination with long-term estrogen replace-
ment increased the BDNF protein above the effects of estrogen replacement alone [101].

Androgens also have a bearing on the BDNF expression; some of their effects on the nervous
system are most likely to be realized through influencing the production of this neurotrophin.
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Testosterone administration was shown to increase BDNF protein levels in motoneurons of
spinal nucleus of the bulbocavernosus of castrated male rats [102]. Gonadectomy induces a
significant decrease in the protein levels of BDNF and its downstream target post-synaptic
density protein 95 (PSD-95) in the hippocampal CA1 area, which is reversed by testosterone
replacement [78]. Knowledge of the interactions between BDNF and sex steroids could be
essential for the understanding of the BDNF role in brain development, adaptation during
aging, and the pathogenesis of neurodegenerative diseases.

5. Conclusion

The functions of the sex hormones exceed the limits of reproduction in that they regulate
vital neuronal and glial features. The chronic effects of neurosteroids are due to both genomic
(classical intracellular steroid receptors) and non-genomic rapid effects (ion channels and
membrane receptors) in the brain.

Some of the hypothetical models of estrogen neuroprotection include complex mechanisms,
which converge upon regulation of mitochondria function—preserved ATP levels via increased
oxidative phosphorylation and increased antiapoptotic proteins of Bcl family. Estrogen stimu-
lates the astrocytes to release protective growth factors and has an anti-inflammatory effect
associated with suppression of microglia and inflammatory cytokines. It suppresses free radical
production and protects striatal neurons against oxidative stress, providing another mecha-
nism for neuroprotection in PD. The female sex steroids promote cell survival via protein kinase
B activation and BDNF upregulation; they inactivate GSK3B and BAD, involved in neuronal
death signaling pathways in AD. The androgens also have neuroprotective effects in motoneu-
rons, including supporting neuron survival, axonal regeneration, and dendritic maintenance.
Testosterone can attenuate the toxicity of A3 and decreases A levels in AD.

Despite the growing amount of research on sex hormones and neurosteroids in recent years
and the ongoing discovery of biochemical mechanisms of action, their role in neurodegenera-
tive processes remains uncertain. Further elucidation of the cellular and molecular mecha-
nisms responsible for the effects of neurosteroids on the normal function of neuronal and
glial cells would provide important insights related to the development of new therapeutic
strategies aimed at delaying the onset and slowing the progression of cognitive dysfunctions
and neurodegenerative diseases.

Author details

Slavi Delchev' and Katerina Georgieva?
*Address all correspondence to: sldel@abv.bg

1 Department of Anatomy, Histology and Embryology, Faculty of Medicine, Medical
University — Plovdiv, Plovdiv, Bulgaria

2 Department of Physiology, Faculty of Medicine, Medical University — Plovdiv, Plovdiv, Bulgaria



12

Sex Hormones in Neurodegenerative Processes and Diseases

References

(1]

[10]

[11]

[12]

[13]

Miller WL, Auchus R]. The molecular biology, biochemistry, and physiology of human
steroidogenesis and its disorders. Endocrine Reviews. 2011;32:81-151

Stoffel-Wagner B. Neuroactive steroid metabolism in the human brain. European Journal
of Endocrinology. 2001;145:669-679

Molina P. Endocrine Physiology. 4th ed. New York: McGraw-Hill Medical Companies;
2013. p. 1-13 129-162, 187-248

Charlier TD, Cornil CA, Patte-Mensah C, Meyer L, Mensah-Nyagan AG, Balthazart J.
Local modulation of steroid action: Rapid control of enzymatic activity. Frontiers in
Neuroscience. 2015;9:83. DOI: 10.3389/fnins.2015.00083

Baulieu EE. Neurosteroids: A novel function of the brain. Psychoneuroendocrinology.
1998;23(8):963-987

Miller WL, Bose HS. Early steps in steroidogenesis: Intracellular cholesterol trafficking.
Journal of Lipid Research. 2011;52:2111-2135

Guennoun R, Fiddes R], Gouezou M, Lombes M, Baulieu EE. A key enzyme in the bio-
synthesis of neurosteroids, 3 beta-hydroxysteroid dehydrogenase/delta 5-delta 4-isomerase
(3 beta-HSD), is expressed in rat brain. Brain Research. Molecular Brain Research. 1995;
30:287-300

Porcu P, Barron AM, Frye CA, Walf AA, Yang SY, He XY, Morrow AL, Panzica GC,
Melcangi RC. Neurosteroidogenesis today: Novel targets for neuroactive steroid synthesis
and action and their relevance for translational research. Journal of Neuroendocrinology.
2016;28(2):12351. DOI: 10.1111/jne.12351

Agis-Balboa RC, Pinna G, Zhubi A, Maloku E, Veldic M, Costa E, Guidotti A. Char-
acterization of brain neurons that express enzymes mediating neurosteroid biosynthe-
sis. Proceedings of the National Academy of Sciences. 2006;103(39):14602-14607

Novac N, Heinzel T. Nuclear receptors: Overview and classification. Current Drug
Targets. Inflammation and Allergy. 2004;3(4):335-346

Heemers HV, Tindall DJ. Androgen receptor (AR) coregulators: A diversity of func-
tions converging on and regulating the AR transcriptional complex. Endocrine Reviews.
2007;28:778-808

Drengler SM, Handa RJ, Jones K]J. Effects of axotomy and testosterone on androgen
receptor mRNA expression in hamster facial motoneurons. Experimental Neurology.
1997;146:374-379

Garcia-Ovejero D, Veiga S, Garcia-Segura LM. Doncarlos LL, Glial expression of estrogen
and androgen receptors after rat brain injury. The Journal of Comparative Neurology.
2002;450:256-271



[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Cellular and Molecular Mechanisms of the Effects of Sex Hormones on the Nervous System
http://dx.doi.org/10.5772/intechopen.71140

Jones K], Coers S, Storer PD, Tanzer L, Kinderman NB. Androgenic regulation of the
central glia response following nerve damage. Journal of Neurobiology. 1999;40:560-573

Ishunina TA, Fisser B, Swaab DF. Sex differences in androgen receptor immunoreactiv-
ity in basal forebrain nuclei of elderly and Alzheimer patients. Experimental Neurology.
2002,176:122-132

Welshons WYV, Lieberman ME, Gorski J. Nuclear localization of unoccupied oestrogen
receptors. Nature. 1984;307:747-749

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA. Cloning of a novel
receptor expressed in rat prostate and ovary. Proceedings of the National Academy of
Sciences of the United States of America. 1996;93:5925-5930

Pfaff DW, Schwartz-Giblin S, McCarthy MM, Kow LM. Cellular and molecular mecha-
nisms of female reproductive behaviors. In: Neill D, editor. Physiology of Reproduction.
Amsterdam: Elsevier; 2006. p. 107-220

Micevych PE, Mermelstein PG. Membrane estrogen receptors acting through metabo-
tropic glutamate receptors: An emerging mechanism of estrogen action in brain. Molecular
Neurobiology. 2008;38:66-77

Zuloaga DG, Yahn SL, Pang Y, Quihuis AM, Oyola MG, Reyna A, Thomas P, Handa R],
Mani SK. Distribution and estrogen regulation of membrane progesterone receptor-beta
in the female rat brain. Endocrinology. 2012;153:4432-4443

Szego CM, Davis JS. Adenosine 3,5-monophosphate in rat uterus: Acute elevation by
estrogen. Proceedings of the National Academy of Sciences. 1967;58:1711-1718

Kelly M], Moss RL, Dudley CA. Differential sensitivity of preopticseptal neurons to
microelectrophoresed estrogen during the estrous cycle. Brain Research. 1976;114:152-157

Ervin KS, Lymer JM, Matta R, Clipperton-Allen AE, Kavaliers M, Choleris E. Estrogen
involvement in social behavior in rodents: Rapid and long-term actions. Hormones and
Behavior. 2015;74:53-76

Balthazart J, Ball GF. Is brain estradiol a hormone or a neurotransmitter? Trends in
Neurosciences. 2006;29:241-249

Saldanha CJ, Remage-Healey L, Schlinger BA. Synaptocrine signaling: Steroid synthesis
and action at the synapse. Endocrine Reviews. 2011;32:532-549

Remage-Healey L. Frank Beach Award winner: Steroids as neuromodulators of brain
circuits and behavior. Hormones and Behavior. 2014;66:552-560

Rudolph LM, Cornil CA, Mittelman-Smith MA, Rainville JR, Remage-Healey L, Sinchak K,
Micevych PE. Actions of steroids: New neurotroansmitters. The Journal of Neuroscience.
2016;36(45):11449-11458

Valadez-Cosmes P, Vazquez-Martinez ER, Cerbon M, Camacho-Arroyo I. Membrane pro-
gesterone receptors in reproduction and cancer. Molecular and Cellular Endocrinology.
2016;434:166-175

13



14 Sex Hormones in Neurodegenerative Processes and Diseases

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Zhou Y, Watters ]J, Dorsa DM. Estrogen rapidly induces the phosphorylation of the
cAMP response element binding protein in rat brain. Endocrinology. 1996;137:2163-2166

Boulware MI, Weick JP, Becklund BR, Kuo SP, Groth RD, Mermelstein PG. Estradiol
activates group I and II metabotropic glutamate receptor signaling, leading to opposing

influences on cAMP response element-binding protein. The Journal of Neuroscience.
2005;25:5066-5078

Schwartz N, Verma A, Bivens CB, Schwartz Z, Boyan BD. Rapid steroid hormone actions
via membrane receptors. Biochimica et Biophysica Acta. 2016;1863:2289-2298

Clark S, Rainville J, Zhao X. Estrogen receptor-mediated transcription involves the
activation of multiple kinase pathways in neuroblastoma cells. The Journal of Steroid
Biochemistry and Molecular Biology. 2014;139:45-53

Cornil CA, Ball GF, Balthazart J. Functional significance of the rapid regulation of brain
estrogen action: Where do the estrogens come from? Brain Research. 2006;1126:2-26

Schumacher M, Balthazart ]. Testosterone-induced brain aromatase is sexually dimor-
phic. Brain Research. 1986;370:285-293

Fusani L, Hutchison JB, Gahr M. Testosterone regulates the activity and expression of
aromatase in the canary neostriatum. Journal of Neurobiology. 2001;49:1-8

Sedlacek M, Korinek M, Petrovic M, Cais O, Adamusova E, Chodounska H, Vyklicky LJ.
Neurosteroid modulation of ionotropic glutamate receptors and excitatory synaptic
transmission. Physiological Research. 2008,;57:549-557

Hosie AM, Wilkins ME, Smart TG. Neurosteroid binding sites on GABA(A) receptors.
Pharmacology & Therapeutics. 2007;116:7-19

Wang JM, Johnston PB, Ball BG, Brinton RD. The neurosteroid allopregnanolone pro-
motes proliferation of rodent and human neural progenitor cells and regulates cell-cycle
gene and protein expression. The Journal of Neuroscience. 2005;25:4706-4718

Lambert JJ, Belelli D, Peden DR, Vardy AW, Peters JA. Neurosteroid modulation of
GABA |, receptors. Progress in Neurobiology. 2003;71:67-80

Plassart-Schiess E, Baulieu EE. Neurosteroids: Recent findings. Brain Research. Brain
Research Reviews. 2001;37:133-140

Gonzalez SL, Lopez-Costa JJ, Labombarda F, Gonzalez Deniselle MC, Guennoun R,
Schumacher M, De Nicola AF. Progesterone effects on neuronal ultrastructure and
expression of microtubule-associated protein 2 (MAP2) in rats with acute spinal cord
injury. Cellular and Molecular Neurobiology. 2009;29:27-39

Schwarz JM, McCarthy MM. Steroid-induced sexual differentiation of the developing
brain: Multiple pathways, one goal. Journal of Neurochemistry. 2008;105:1561-1572

Amateau SK, Alt J], Stamps CL, McCarthy MM. Brain estradiol content in newborn rats:
Sex differences, regional heterogeneity, and possible de novo synthesis by the female
telencephalon. Endocrinology. 2004;145:2906-2917



[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Cellular and Molecular Mechanisms of the Effects of Sex Hormones on the Nervous System
http://dx.doi.org/10.5772/intechopen.71140

McCarthy MM, Schlenker EH, Pfaff DW. Enduring consequences of neonatal treatment
with antisense oligodeoxynucleotides to estrogen receptor messenger ribonucleic acid
on sexual differentiation of rat brain. Endocrinology. 1993,;133:433-439

Engler-Chiurazzi EB, Singh M, Simpkins JW. From the 90's to now: A brief historical
perspective on more than two decades of estrogen neuroprotection. Brain Research.
2016;1633:96-100

Wise PM, Dubal DB, Wilson ME, Rau SW. Estradiol is a neuroprotective factor in in vivo
and in vitro models of brain injury. Journal of Neurocytology. 2000;29:401-410

Garcia-Segura LM, Azcoitia I, Doncarlos LL. Neuroprotection by estradiol. Progress in
Neurobiology. 2001;63:29-60

Hara Y, Waters EM, McEwen BS, Morrison JH. Estrogen effects on cognitive and synap-
tic health over the lifecourse. Physiological Reviews. 2015;95(3):785-807

Ledoux VA, Smejkalova T, May RM, Cooke BM, Woolley CS. Estradiol facilitates the
release of neuropeptide Y to suppress hippocampus-dependent seizures. The Journal of
Neuroscience. 2009;29(5):1457-1468

Green PS, Perez EJ, Calloway T, Simpkins JW. Estradiol attenuation of beta-amyloid-
induced toxicity: A comparison of MTT and calcein AM assays. Journal of Neurocytology.
2000,29:419-423

Zhang L, Rubinow DR, Xaing G, Li BS, Chang YH, Maric D, Barker JL, Ma W. Estrogen
protects against beta-amyloid-induced neurotoxicity in rat hippocampal neurons by
activation of Akt. Neuroreport. 2001;12:1919-1923

Brann DW, Dhandapani K, Wakade C, Mahesh VB, Khan MM. Neurotrophic and neu-
roprotective actions of estrogen: Basic mechanisms and clinical implications. Steroids.
2007;72(5):381-405

Nixon E, Simpkins JW. Neuroprotective effects of nonfeminizing estrogens in retinal pho-
toreceptor neurons. Investigative Ophthalmology & Visual Science. 2012;53(8):4739-4747

Nilsen J, Brinton RD. Mitochondria as therapeutic targets of estrogen action in the cen-
tral nervous system. Current Drug Targets. CNS and Neurological Disorders. 2004;3(4):
297-313

Schumacher M, Weill-Engerer S, Liere P, Robert F, Franklin R], Garcia-Segura LM,
Lambert JJ, Mayo W, Melcangi RC, Parducz A, Suter U, Carelli C, Baulieu EE, Akwa Y.
Steroid hormones and neurosteroids in normal and pathological aging of the nervous
system. Progress in Neurobiology. 2003;71(1):3-29

Brotfain E, Gruenbaum SE, Boyko M, Kutz R, Zlotnik A, Klein M. Neuroprotection by
estrogen and progesterone in traumatic brain injury and spinal cord injury. Current
Neuropharmacology. 2016;14(6):641-653

Callier S, Morissette M, Grandbois M, Pélaprat D, Di Paolo T. Neuroprotective proper-
ties of 17beta-estrogen, progesterone, and raloxifene in MPTP C57Bl/6 mice. Synapse.
2001;41:131-138



16

Sex Hormones in Neurodegenerative Processes and Diseases

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Ramirez AD, Liu X, Menniti FS. Repeated estradiol treatment prevents MPTP-induced
dopamine depletion in male mice. Neuroendocrinology. 2003;77:223-231

Shughrue PJ. Estrogen attenuates the MPTP-induced loss of dopamine neurons from
the mouse SNc despite a lack of estrogen receptors (ERalpha and ERbeta). Experimental
Neurology. 2004;190:468-477

Gardiner SA, Morrison MF, Mozley PD, Mozley LH, Brensinger C, Bilker W, Newberg
A, Battistini M. Pilot study on the effect of estrogen replacement therapy on brain dopa-
mine transporter availability in healthy, postmenopausal women. The American Journal
of Geriatric Psychiatry. 2004;12:621-630

Currie L], Harrison MB, Trugman JM, Bennett JP, Wooten GF. Postmenopausal estrogen
use affects risk for Parkinson disease. Archives of Neurology. 2004;61:886-888

Kishi Y, Takahashi J, Koyanagi M, Morizane A, Okamoto Y, Horiguchi S, Tashiro K,
Honjo T, Fujii S, Hashimoto N. Estrogen promotes differentiation and survival of dopa-
minergic neurons derived from human neural stem cells. Journal of Neuroscience
Research. 2005;79:279-286

Diaz NF, Diaz-Martinez NE, Camacho-Arroyo I, Velasco I. Estradiol promotes prolif-
eration of dopaminergic precursors resulting in a higher proportion of dopamine neu-
rons derived from mouse embryonic stem cells. International Journal of Developmental
Neuroscience. 2009;27(5):493-500

Wallace DR, Dodson S, Nath A, Booze RM. Estrogen attenuates gp120- and tat1-72-in-
duced oxidative stress and prevents loss of dopamine transporter function. Synapse.
2006;59:51-60

Dye RV, Miller K], Singer EJ, Levine A]. Hormone replacement therapy and risk for neu-
rodegenerative diseases. International Journal of Alzheimer's Disease. 2012;2012:258454.
DOI: 10.1155/2012/258454

Singh M. Ovarian hormones elicit phosphorylation of Akt and extracellular-signal regu-
lated kinase in explants of the cerebral cortex. Endocrine. 2001;14(3):407-415

Ishrat T, Sayeed I, Atif F, Hua F, Stein DG. Progesterone is neuroprotective against isch-
emic brain injury through its effects on the phosphoinositide 3-kinase/protein kinase B
signaling pathway. Neuroscience. 2012;210:442-450

Goodenough S, Schleusner D, Pietrzik C, Skutella T, Behl C. Glycogen synthase kinase
3beta links neuroprotection by 17beta-estrogen to key Alzheimer processes. Neuroscience.
2005;132:581-589

Thomas AJ, Nockels RP, Pan HQ, Shaffrey CI, Chopp M. Progesteron is neuroprotective
after acute experimental spinal cord trauma in rats. Spine. 1999;24:2134-2138

Jiang N, Chopp M, Stein DG, Feldblum S. Progesterone is neuroprotective after transient
middle cerebral artery occlusion in male rats. Brain Research. 1996;735:101-107



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

(82]

83]

Cellular and Molecular Mechanisms of the Effects of Sex Hormones on the Nervous System
http://dx.doi.org/10.5772/intechopen.71140

Wali B, Ishrat T, Stein DG, Sayeed I. Progesterone improves long-term functional and histologi-
cal outcomes after permanent stroke in older rats. Behavioural Brain Research. 2016;305:46-56

Little CM, Coons KD, Sengelaub DR. Neuroprotective effects of testosterone on the
morphology and function of somatic motoneurons following the death of neighbouring
motoneurons. The Journal of Comparative Neurology. 2009;20:359-372

De Vries GJ, Wang Z, Bullock NA, Numan S. Sex differences in the effects of testosterone
and its metabolites on vasopressin messenger RNA levels in the bed nucleus of the stria
terminalis of rats. The Journal of Neuroscience. 1994;14:1789-1794

McHenry J, Carrier N, Hull E, Kabbaj M. Sex differences in anxiety and depression: Role
of testosterone. Frontiers in Neuroendocrinology. 2014;35(1):42-57

Tanzer L, Jones KJ. Gonadal steroid regulation of hamster facial nerve regeneration:
Effects of dihydrotestosterone and estradiol. Experimental Neurology. 1997;146:258-264

Jones KJ, Brown T], Damaser M. Neuroprotective effects of gonadal steroids on regener-
ating peripheral motoneurons. Brain Research Reviews. 2001;37:372-382

Hammond J, Le Q, Goodyer C, Gelfand M, Trifiro M, LeBlanc A. Testosterone-mediated
neuroprotection through the androgen receptor in human primary neurons. Journal of
Neurochemistry. 2001;77:1319-1326

Li M, Masugi-Tokita M, Takanami K, Yamada S, Kawata M. Testosterone has sublayer-
specific effects on dendritic spine maturation mediated by BDNF and PSD-95 in pyrami-
dal neurons in the hippocampus CA1 area. Brain Research. 2012;1484:76-84

Cai Y, Chew C, Mufoz F, Sengelaub DR. Neuroprotective effects of testosterone metabo-
lites and dependency on receptor action on the morphology of somatic motoneurons fol-
lowing the death of neighboring motoneurons. Developmental Neurobiology. 2016;29.
DOI: 10.1002/dneu.22445

Okamoto M, Hojo Y, Inoue K, Matsui T, Kawato S, McEwen BS, Soya H. Mild exer-
cise increases dihydrotestosterone in hippocampus providing evidence for androgenic
mediation of neurogenesis. Proceedings of the National Academy of Sciences of the
United States of America. 2012;109(32):13100-13105

Pike CJ, Carroll JC, Rosario ER, Barron AM. Protective actions of sex steroid hormones in
Alzheimer’s disease. Frontiers in Neuroendocrinology. 2009;30(2):239-258

Bates KA, Harvey AR, Carruthers M, Martins RN. Androgens, andropause and neuro-
degeneration: Exploring the link between steroidogenesis, androgens and Alzheimer’s
disease. Cellular and Molecular Life Sciences. 2005;62(3):281-292

Pike CJ, Nguyen TV, Ramsden M, Yao M, Murphy MP, Rosario ER. Androgen cell signal-
ing pathways involved in neuroprotective actions. Hormones and Behavior. 2008;53(5):
693-705



18

Sex Hormones in Neurodegenerative Processes and Diseases

[84]

[85]

[86]

(87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Pike CJ. Testosterone attenuates beta-amyloid toxicity in cultured hippocampal neurons.
Brain Research. 2001;919:160-165

Guth L, Zhang Z, Roberts E. Key role for pregnenolone in combination therapy promotes
recovery after spinal cord injury. Proceedings of the National Academy of Sciences of
the United States of America. 1994;91:12308-12312

Popovich PG, Tovar CA, Wei P, Fisher L, Jakeman LB, Basso DM. A reassessment of a
classic neuroprotective combination therapy for spinal cord injured rats: LPS/pregneno-
lone/indomethacin. Experimental Neurology. 2012;233(2):677-685

Maninger N, Wolkowitz OM, Reus V, Epel ES, Mellon SH. Neurobiological and neu-
ropsychiatric effects of dehydroepiandrosterone (DHEA) and DHEA sulfate (DHEAS).
Frontiers in Neuroendocrinology. 2009;30(1):65-91

Bologa L, Sharma ], Roberts E. Dehydroepiandrosterone and its sulfated derivative
reduce neuronal death and enhance astrocytic differentiation in brain cell cultures.
Journal of Neuroscience Research. 1987;17:225-234

Cardounel A, Regelson W, Kalimi M. Dehydroepiandrosterone protects hippocampal
neurons against neurotoxin-induced cell death: Mechanism of action. Soc. Experimental
Biology and Medicine. 1999;222:145-149

Compagnone NA, Mellon SH. Dehydroepiandrosterone: A potential signalling molecule
for neocortical organization during development. Proceedings of the National Academy
of Sciences of the United States of America. 1998;95:4678-4683

Lapchak PA, Chapman DF, Nunez SY, Zivin JA. Dehydroepiandrosterone sulfate is
neuroprotective in a reversible spinal cord ischemia model: Possible involvement of
GABA(A) receptors. Stroke. 2000;31:1953-1956

Kurata K, Takebayashi M, Morinobu S, Yamawaki S. beta-estradiol, dehydroepian-
drosterone, and dehydroepiandrosterone sulfate protect against N-methyl-daspartate-
induced neurotoxicity in rat hippocampal neurons by different mechanisms. The Journal
of Pharmacology and Experimental Therapeutics. 2004;311:237-245

Safiulina D, Peet N, Seppet E, Zharkovsky A, Kaasik A. Dehydroepiandrosterone inhib-
its complex I of the mitochondrial respiratory chain and is neurotoxic in vitro and in vivo
at high concentrations. Toxicological Sciences. 2006;93:348-356

Pluchino N, Russo M, Santoro AN, Litta P, Cela V, Genazzani AR. Steroid hormones and
BDNEF. Neuroscience. 2013;239:271-279

Sohrabji F, Lewis DK. Estrogen-BDNF interactions: Implications for neurodegenerative
diseases. Frontiers in Neuroendocrinology. 2006;27:404-414

Shishmanova M, Koeva Y, Peychev L, Georgieva K. Suspected role of BDNF in the sup-
pressive effects of lacosamide on cognitive functions in rats. Eur Neurophychopharmacol.
2016;26:5245-5246



[98]

[100]

[101]

[102]

Cellular and Molecular Mechanisms of the Effects of Sex Hormones on the Nervous System
http://dx.doi.org/10.5772/intechopen.71140

Peng S, Wuu J, Mufson EJ, Fahnestock M. Precursor form of brain derived neurotrophic
factor and mature brain-derived neurotrophic factor are decreased in the pre-clinical
stages of Alzheimer’s disease. Journal of Neurochemistry. 2005;93:1412-1421

Michalski B, Fahnestock M. Pro-brain-derived neurotrophic factor is decreased in pari-
etal cortex in Alzheimer’s disease. Brain Research. Molecular Brain Research. 2003;111:
148-154

Singh M, Meyer EM, Simpkins JW. The effect of ovariectomy and estradiol replace-
ment on brain-derived neurotrophic factor messenger ribonucleic acid expression in
cortical and hippocampal brain regions of female Sprague-Dawley rats. Endocrinology.
1995;136:2320-2324

Solum DT, Handa RJ. Estrogen regulates the development of brain-derived neuro-
trophic factor mRNA and protein in the rat hippocampus. The Journal of Neuroscience.
2002;22(7):2650-2659

Berchtold NC, Kesslak JP, Pike CJ, Adlard PA, Cotman CW. Estrogen and exercise
interact to regulate brain-derived neurotrophic factor mRNA and protein expression in
the hippocampus. The European Journal of Neuroscience. 2001;14:1992-2002

Verhovshek T, Cai Y, Osborne MC, Sengelaub DR. Androgen regulates brain derived
neurotrophic factor in spinal motoneurons and their target musculature. Endocrinology.
2010;151:253-261

19






Chapter 2

17B-Estradiol as a Neuroprotective Agent

Katalin Prokai-Tatrai and Laszlo Prokai
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72682

Abstract

The pathophysiology of neurodegeneration in the central nervous system is complex
and multifactorial in nature and yet to be fully understood. Broad-spectrum neuro-
protective agents with multiple mechanisms of action rather than a single druggable
target are, therefore, highly desirable. The main human estrogen, 173-estradiol, can
also be considered a neurosteroid as it forms de novo in the central nervous system,
and it possesses beneficial effects against practically all critical contributors to neu-
rodegeneration to collectively thwart both the initiation and the progression of neu-
ronal cell death. This chapter details the main aspects of the hormone’s genomic and
non-genomic actions important to protect the highly vulnerably neurons of the central
nervous system, as well as translational efforts to successfully realize its powerful neu-
roprotective potential in clinical setting while ensuring both therapeutic safety and
efficacy.

Keywords: antioxidant, brain, bioprecursor prodrug, broad-spectrum neuroprotectant,
brain-selective estrogen therapy, cell death, 103,17p3-dihydroxyestra-1,4-dien-3-one
(DHED), estrogens, genomic and non-genomic estrogenic actions, neuroprotection,
para-quinol, Prokai antioxidant cycle, stroke, translational research

1. Introduction

The steroid hormone 17p-estradiol (E2, Figure 1) is the main human estrogen that is not only
involved in sexual maturation and reproduction but also has a myriad of important roles
throughout the body affecting, for example, the cardiovascular system, lipid metabolism and
brain health [1-4]. Therefore, E2 cannot only be considered as just a “female hormone.” In
humans, the other two endogenously formed estrogens are estrone (E1, Figure 1) and the
lesser-known estriol (E3, Figure 1) that is the 16-hydroxy derivate of E2 and formed mostly
during gestation by the placenta. E1 becomes the predominant estrogen in women after
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Figure 1. Chemical structure of human estrogens: estrone (E1), 17@3-estradiol (E2) and estriol (E3).

menopause, when it is synthesized largely in subcutaneous fat from androstenedione. The
unique structure of estrogens among steroids arises from the presence of the aromatic A-ring
(Figure 1).

E2 is now also considered as one of the neurosteroids, as its regioselective local formation in
the brain has been established [5-8]. Indeed, with today’s modern analytical instrumentations
and using validated bioassays that are devoid of the limitations of immunoassays [9], brain
E2 level even in ovariectomized animals (i.e., in animals without gonadal E2 source) can be
measured [10, 11]. It has been hypothesized that this de novo central formation of E2 due to the
lack of gonadal E2 sources, for example, as in case of ovariectomy, is essentially a compensa-
tory mechanism to protect the estrogen-deprived brain that cannot receive the hormone from
the circulation any more, although plasma estrogen levels do not directly correlate with that
of brain [12, 13]. Additionally, de novo synthesis of E2 with a presumed role of neuroprotection
in the developing mammalian brain has also been shown [14].

Independent of the loci of estrogen’s gonadal or extra-gonadal biosynthesis from cholesterol
via a number of enzyme-catalyzed steps, the final process is the oxidation of the 10-methyl
group of testosterone, followed by elimination and subsequent aromatization into E2 by aro-
matase. This step is the one that has been controlled by aromatase inhibitors in clinical prac-
tice to prevent the reoccurrence of estrogen-dependent malignancies [15].

Among estrogens and estrogenic compounds, E2 also is the best-known estrogen to be used
as a powerful neuroprotective agent in various in vitro and preclinical animal models of
neurodegeneration impacting the central nervous system (CNS) [16-20]. It is important to
emphasize, though, that E2 has a large array of other beneficial effects in the CNS, including
regulating body temperature, enhancing cognition and memory and ameliorating neuropsy-
chiatric conditions in both females and males [7, 11, 21-23]. While the brain is undoubtedly
the most frequently studied part of the CNS in the context of neuroprotection [24-26], the
utility of E2 in protecting the eye (retina and optic nerve) [27-29] and spinal cord [30-32] have
also been explored with promising outcomes.

Altogether, extensive basic science investigations brought about convincing data on the pleth-
ora of mechanisms by which E2 promotes neuronal survival and protects neurons against a
wide variety of stressors addressing, thereby, practically all proposed critical contributors
to neurodegeneration such as inflammation, oxidative stress, excitotoxicity and collapse of
mitochondrial membrane potential. Clinical and epidemiological observations also suggest
that in humans the better outcome after neurotrauma (e.g., traumatic brain and spinal cord
injuries) in premenopausal females compared with age-matched men, at least in part, is due
to the protective role of endogenous estrogens against neuronal injuries [33, 34].
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2. Mechanistic overview of neuroprotection by estrogens

The broad-spectrum protective mechanism of E2 on injured neurons is the end result of well-
orchestrated and synergistic combination of genomic and non-genomic actions of the hor-
mone that allows for prevention of both the initiation and progression of neuronal cell death.
This implicates a significant translational value for the hormone upon restricting its action to
the CNS, as detailed in the following section.

2.1. Genomic pathways in E2 neuroprotection

Estrogen receptors (ERs) are expressed throughout the brain [35, 36] indicating their role in
various CNS functions including neuroprotection. ER density is higher in the hypothala-
mus than in extrahypothalamic areas with overlapping expression of the two isoforms ERa
and ERp [35, 36]. In some brain regions, ERa or ERf3 may also be co-localized in cells [37].
However, ERp is highly expressed in the cortex [38] and hippocampus [39, 40]. Consequently,
estrogen impacts the function of extrahypothalamic areas that are not involved in sex matura-
tion and reproduction [41].

The two ERs have similar affinities to endogenous estrogens [42]. Just like many other mem-
bers of the nuclear receptor superfamily of proteins, they elicit their genomic effect through
gene transcription [43]. The sequence of the classical ligand-dependent genomic mechanism of
estrogens’ neuroprotective action is summarized in Figure 2. After E2 (or in general, an estro-
gen) distributes into the neuron and reaches the nucleus, it is ligated to its cognate receptor. The
ligated ERs form homo- (ERa/ERa or ERB/ERp) or heterodimers (ERa/ER) that bind to the
estrogen-response element (ERE) of the nuclear DNA. Transcriptional activation is enabled by

Ceng

Transcription

Figure 2. A simplified model for the ligand-dependent genomic mechanism of E2 neuroprotection. After E2 distributes
into the neuron (A) and enters the nucleus, it binds to the cognate receptor followed by dimerization of the ligated ER
that binds, together with co-regulators, to the nuclear DNA’s ERE, which results in the transcription of the corresponding
gene (B). E2, ER, co-regulator (Co-r) and the nuclear DNA are symbolized by the filled steroid shape, rounded rectangles
and elongated rectangle showing an ERE (shaded area), respectively.
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a constitutively active and a ligand-dependent function located at the amino-terminus and in
the carboxy-terminal ligand-binding domain of ERs, respectively [44]. The DNA-bound dimers
recruit co-regulator proteins [45], which can participate in and also recruit many enzymatic
and structural proteins permitting the modulation of chromatin structure to facilitate or block
gene expression [46]. Additionally, ERE-independent mechanisms have also been shown [47].

Neuroprotective target genes for E2 that directly support vital neuronal functions include neu-
rotrophic factors such as the brain-derived neurotrophic factor [48]. Additional target genes are
involved in apoptosis to remove unneeded, damaged or potentially deleterious cells [49] play-
ing thereby a central role in development and homeostasis. Through the apoptosis-associated
genomic mechanism, E2 has been shown to rescue neurons through the induction of anti-apop-
totic proteins such as Bcl-2 [50] or suppression of apoptotic proteins such as the Bcl-2-associated
X protein [50, 51]. Induction of several gene products that maintain cellular architecture such as
neurofilament, tau and microtubulin-associated proteins and many additional genomic path-
ways potentially associated with E2’s neuroprotection have also been described [52].

2.2. Modulation of intracellular signaling by E2

E2 also rapidly induces numerous cellular responses, which cannot be explained by a delayed
genomic effect. ERs have been shown to be present in membrane compartments and in the
cytoplasm [53, 54]. Specifically, ERa and ER are also found as homo or heterodimers at the
cell membrane; they are membrane-associated but not actually embedded in the membrane.
In addition, a G protein-coupled estrogen receptor (GPER) is localized mainly to intracellular
membranes, including the endoplasmic reticulum and Golgi apparatus, under steady-state
conditions [55]. G protein-coupled receptors such as GPER can actually signal from intracel-
lular locations [56] and activation results in intracellular Ca*-mobilization and synthesis of
phosphatidylinositol 3,4,5-triphosphate in the nucleus, which could impact gene transcrip-
tion indirectly. The mitogen-activated protein kinase (MAPK) cascade [57] and the cyclic-
AMP-responsive element-binding protein signaling pathway [58, 59] also respond rapidly to
E2 and have been implicated in its neuroprotective effects.

An E2-ER complex can also function through cytoplasmic signaling to provide neuroprotec-
tion [60]. For example, ERs have been shown to bind in a ligand-dependent manner to the p85
alpha regulatory subunit of phosphatidylinositol 3-kinase (PI3K) [61, 62]. Therefore, stimula-
tion with E2 increases ER-associated PI3K activity, leading to the activation of protein kinase
B/Akt and endothelial nitric oxide synthase. However, modulation of intracellular pathways
may occur though the binding of E2 to ERs, or independently of ligand binding [63, 64]. A
representative of the non-genomic mechanism involving the modulation of intracellular sig-
naling through ERs is summarized schematically in Figure 3.

E2 has been proposed to influence neurotransmission directly by binding to various trans-
membrane ion channels [65, 66]. Localization of ERf to the mitochondria has also been shown
[67], implicating E2 in the regulation of mitochondrial structure and function in the brain [68].
In addition to estrogen potentially influencing bioenergetics through long-lasting nuclear-
associated processes, rapid mitochondria-intrinsic signaling mechanisms that promote the
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Figure 3. An example of non-genomic action of E2 involving interaction with intracellular signaling pathways through
ERs. As in Figure 2, E2, ER and the nuclear DNA are represented by the filled steroid shapes, rounded rectangles and
elongated rectangle indicating a regulated gene promoter (shaded area), respectively, while the ER-interacting protein
() such as PI3K is shown by a shaded oval.

maintenance of this organelle’s integrity could contribute therefore to the neuroprotective action
of E2. Essentially, the hormone could minimize mitochondrial dysfunctions, which accom-
pany neurotrauma, aging and neurodegenerative diseases [69]. However, continued research
is needed to fully understand molecular details about the apparently complex interactions
between ERs and cellular signaling pathways in the context of neuroprotective mechanisms.

2.3. Anti-inflammatory action

The influence of E2 on neuroinflammation, a process commonly accompanying neurotrauma
and neurodegenerative diseases [70-72], has been well established. Direct action on microglia
and astrocytes (the cellular component of the neuroimmune system) and response to periph-
eral blood cells” infiltration to the brain have been implicated as major contributors to the
observed anti-inflammatory action of the hormone often impacting the cerebral vasculature
[73, 74]. For example, E2 can suppress chemokine-mediated induction of the cyclooxygen-
ase-2 (COX-2) pathway in cerebral blood vessels thereby preventing migration of microglia
into the brain after an inflammatory challenge [75]. Although inflammatory processes in the
brain are usually associated with microglia and astrocytes, expression of the COX-2 gene in
neurons and possible mechanisms by which E2 down-regulates this inflammation-associated
gene have been shown recently [76]. Specifically, ER(3 contributes to neuronal expression of
COX-2, and E2 leads to increased recruitment of histone deacetylase 1 (HDAC1), switch-inde-
pendent 3A (Sin3A) and a concomitant reduction of nuclear factor-k B (NF-k B) p65 occupancy
and histone 4 acetylation levels. The hormone also prevents the activation of microglia and
the recruitment of peripheral monocytes induced by a toxic stimulus. This effect involves ERa
activation and reduces the expression of pro-inflammatory mediators and E2 have also shown
to prevent morphological changes occurring in microglia during inflammatory response [77].
Decrease of microglial superoxide production and phagocytic activity by both an ER- and
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MAPK-dependent pathway have also been reported among the anti-inflammatory effects of
E2 [78]. In addition, the hormone inhibits pro-inflammatory gene expression by controlling
intracellular localization of NF-x B [79].

2.4. Antioxidant effects

Oxidative stress-induced damage has been linked to brain aging [80], neurodegenerative
diseases [81] and neurotrauma [25, 26]. From a long time, therapeutic antioxidant interven-
tions have been proposed to reduce the detrimental impact of oxidative stress [82]. E2’s
ER-independent antioxidant effects are mainly due to its ability to attenuate free-radical
reactions [83], although indirect mechanisms such as up regulation of antioxidant enzymes
[84, 85] and chelation of redox-active metal ions [86] have been reported. The neuroprotective
effect of the hormone through direct oxidative stress reduction has been recognized in part
by structure-activity relationship studies [87-89]. Acute E2 neuroprotection in ischemic brain
[90] or against damage by ionizing radiation [91] may be largely conferred through antioxi-
dant mechanisms.

The quintessential feature of estrogens as neuroprotective antioxidants is their phenolic
A-ring [83, 92, 93]. Because of its lipophilicity, E2 concentrates in lipid-rich regions of the cell
such as cellular membranes [94]. Therefore, it is likely that estrogens act in vivo as a highly
localized antioxidant [83]. The mechanism of direct oxyradical-scavenging by E2 functioning
as a phenolic antioxidant is shown schematically in Figure 4.

The process involves H-atom transfer that causes an interruption of free-radical chain reac-
tions, such as lipid peroxidation (R = LOO, where L represents a lipid). Estrogens, indeed,
reduce lipid peroxidation in cells and tissues of the CNS [95]. However, the chain-breaking
reaction leaves behind a radical product (phenoxyl radical) whose fate has to be explained in
consideration of an efficient antioxidant action observed both in vitro and in vivo. Indeed, phe-
nolic antioxidants can be regenerated from the corresponding phenoxyl radicals by a reaction
with ascorbic acid (vitamin C) [96] or through glutathione-dependent free-radical reductase
[97]; therefore, a continuous antioxidant cycle is established by E2.

K RH
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Figure 4. E2’s effect through the classical phenolic antioxidant mechanism. The solid arrows represent the chain-
breaking H-atom transfer, such as lipid peroxidation, while the dashed arrows indicate the conversion of the E2-derived
phenoxyl radical back to the phenolic compound by an endogenous reductant (AH) such as ascorbic acid or glutathione.



17B-Estradiol as a Neuroprotective Agent
http://dx.doi.org/10.5772/intechopen.72682

OH OH
R RH ; I E ;! f
HLY "Wy
OH
OH
*oH

Figure 5. The Prokai antioxidant cycle for E2 through the formation of a para-quinol (10p,17p3-dihydroxyestra-1,4-dien-
3-one, DHED) as an intermediate, which is reduced to the parent hormone by enzyme-catalyzed reduction involving
NADPH as cofactor.
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Our laboratory pioneered in recognizing a complementary novel neuroprotective antioxidant
cycle that involves a para-quinol as a molecular intermediate of oxyradical scavenging and, then,
NADPH-mediated enzyme-catalyzed reductive aromatization [98-100] to regenerate E2, as
shown in Figure 5. We wish to name this previously unrecognized antioxidant cycle for simple
phenolic antioxidants as the “Prokai antioxidant cycle.” The enzyme activity driving the reduc-
tive phase of the cycle is observed predominantly in neuronal tissue [101]. Beyond its mechanis-
tic significance regarding oxidative stress-reducing effect, this discovery has prompted a strategy
for brain-selective estrogen therapy using a prodrug approach detailed in the following section.

3. CNS-selective estrogen neurotherapy

The pathophysiology of neurodegeneration in the central nervous system is complex and mul-
tifactorial in nature [102]. Therefore, it is not surprising that an agent like E2 can provide robust
protection against a myriad of neuronal insults owing to its broad-spectrum activity resulting
from well-orchestrated genomic and non-genomic actions, as detailed in Section 2. The need
for clinical therapeutic interventions that can be used to target multiple parallel mechanisms
of neuronal injury has been repeatedly expressed [101-103]. We argue that, despite profound
dichotomy between basic science and clinical studies, E2 is ideally suited to be developed as a
broad-spectrum neuroprotectant if its action can be restricted to the CNS, that is, to the site of
action to avoid undesirable peripheral hormonal burdens. Since neurotrauma triggers a cas-
cade of biochemical events leading to further damages decreasing thereby the chance of appre-
ciable functional recovery [17, 20, 102, 103], chronic pharmacotherapeutic interventions should
be considered in the context of translational research. This, on the other hand, brings about crit-
ical considerations for safety and efficacy, which highlights the need for brain-selective (or in
general CNS-selective) neurotherapy, considering both a preventative and a curative modality.

When estrogen neurotherapy is considered, however, one cannot ignore the (in)famous
Women’s Health Initiative (WHI) study [104]. This was a placebo-controlled, randomized
trial of hormone “replacement” therapy in postmenopausal women that indicated detrimen-
tal consequences of estrogen and progesterone supplementations, among others, for brain
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health, propagating thereby a dogma that all estrogens (and progestins) are “created equal.”
The fact is that WHI did not use human hormones and, thus, did not study the effect of
hormone replacement per se in aging women. On the contrary, conjugated equine estrogens
(CEE) and a synthetic progestin were used for women with intact uterus. CEE is a complex
mixture of over 60 different estrogens from pregnant mares’ urine, and it only contains a small
amount of E2: the main constituents are the sulfate esters of B-ring saturated and unsaturated
estrogens [105]. The pharmacokinetic and toxicology profiles of these non-human estrogens
are different from those of E2; therefore, direct comparison between E2 and CEE is fundamen-
tally unjustified [106, 107]. Accordingly, the beneficial central effects of E2, including robust
neuroprotection based on clinical, epidemiological and basic science observations should not
be undermined in view of the confusion brought about by the WHI studjies.

Nevertheless, an E2-based neurotherapy cannot be realized in clinical settings until E2’s actions
are restricted to the site of action assuring therapeutic safety and efficacy. Currently approved
E2 dosage forms expose the entire body to the hormone through the circulation, potentially
leading to detrimental side-effects including cardiovascular problems and the development of
certain type of cancers upon chronic administration that is required for long-term neuropro-
tection and functional recovery after neurotrauma. Feminization (e.g., gynecomastia) is also a
critical negative aspect of estrogen therapy, especially in case of children and males.

Early attempts to restrict E2’s actions to the brain upon systemic administration included the
so-called chemical delivery system, which was conceptually a complex prodrug approach
carrying a 1,4-dihydrotrigonellyl promoiety and is capable to usher the hormone through the
blood brain barrier (BBB). Once in the brain, the prodrug is oxidized analogously to that of
NADP(H) = NADP, locking thereby the oxidized prodrug into the brain before it releases
E2 [108]. This approach does result in significantly increased brain-enhanced delivery of the
hormone compared to that of simple prodrugs of E2; however, it still results in sufficient
increase in circulating E2 that can produce unwanted peripheral hormonal burdens [10, 109].
Prodrugs are inert precursors of their corresponding biologically active parent drugs and they
traditionally carry auxiliary bioreversible “promoiety(ies)” that are removed enzymatically
(rarely via chemical reaction, such as pH-dependent hydrolysis) in the body [108].

An important development in achieving a true CNS-selective estrogen therapy has been
achieved by our laboratory [101] and was derived from our previous discovery of a novel
antioxidant cycle for estrogens we call the Prokai antioxidant cycle for simple phenolic anti-
oxidants [98-100], and detailed in Section 2. We recognized that 103,1733-dihydroxyestra-1,4-
dien-3-one (DHED, Figures 5 and 6), which is chemically a para-quinol (not to be mistaken
for quinones involved in E2-induced carcinogenesis through redox cycling [99]), can be
reductively rearomatized to the parent E2 and, thus, could serve as a bioprecursor prodrug
for E2. The lesser-known bioprecursor prodrugs do not carry auxiliary promoiety(ies) [108]
because the bioreversible chemical manipulation is carried out within the drug molecule itself
[101, 110]. Therefore, creation of bioprecursor prodrugs, such as DHED, requires significantly
greater innovation than that of simple prodrugs; moreover, potential toxicity issues that may
arise from the release of the “promoity(ies)” from simple prodrugs is eliminated with bio-
precursor prodrugs. Indeed, we have established that CNS-specific and NADPH-dependent
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Figure 6. Schematic illustration of DHED bioprecursor prodrug’s CNS-selective enzymatic metabolism to E2 viz an
NADPH-dependent reductase.

dehydrogenase/reductase metabolized DHED to E2 (Figure 6), while prodrug activation did
not occur in the periphery. This is an unprecedented and distinguishing feature of DHED
in the context of translational research [101]. With a series of in vitro and in vivo studies, we
showed that with DHED, for the first time, E2’s actions can be restricted to the brain indepen-
dently of the route and duration of DHED administration and, therefore, it can be used (at
least in preclinical settings) for the efficacious treatment of estrogen-responsive and centrally
regulated maladies and injuries, including neurodegeneration brought about by ischemic
stroke, without hormonal burdens for the rest of the body [101].

The transient middle cerebral artery occlusion (tMCAO) model followed by reperfusion is
one the most frequently used preclinical animal models for testing an agent for its ability
to act as a neuroprotectant, that is, to reduce infarct volume and aid in functional recovery
[20, 24, 101, 111]. As Figure 7 shows, a dose-dependent reduction of infarct volumes and neu-
rological deficits was observed in DHED-treated animals. Moreover, about 10-times higher
systemic E2 (i.e., the parent drug that is formed in the brain from DHED) dose was needed to
achieve the same neuroprotection indicating the profound ability of the bioprecursor prodrug
to enter into the brain from the circulation and, then, produce E2 within the brain, and only in
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Figure 7. Dose-dependent (A) brain infarct volumes and (B) neurological deficit (ND) scores in rats treated with DHED
1 h before tMCAO followed by 24-h reperfusion [101]. The control groups received E2 (200 pg/kg, s.c., approximately
representing ED50, equivalent to 50% of the maximum effect) or vehicle alone. ©Reproduced with permission by the
American Association for the Advancement of Science.
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the brain. In the context of translational research, it is noteworthy that the capacity to generate
E2 from DHED is not lost in an injured brain, as neuroprotection was highly preserved post-
stroke and, again, no hormonal exposure to the rest of the body was observed [101].

4. Conclusion

As neurotrauma and neurodegeneration in the CNS are complex and multifactorial in
nature requiring therefore broad-spectrum therapeutic interventions, E2 is an attractive
lead agent to address unmet medical needs in this field. The powerful antioxidant action
of E2 against oxidative stress owing to its phenolic A-ring is unique among neurosteroids
with potential neuroprotective roles; therefore, non-genomic mechanisms contribute sig-
nificantly to the overall neuroprotection. This chapter presented an overview of our current
knowledge on the well-orchestrated genomic and non-genomic events by which E2 could
beneficially counteract the initiation and/or progression of neuronal cell death. However,
there has been incongruency between basic science and clinical studies in terms of estrogen
therapy impacting the brain because most researchers ignore the requirement to confine
E2’s actions into the CNS upon systemic administration to ensure therapeutic safety and
efficacy. We highlighted here a novel and unique bioprecursor prodrug approach our labo-
ratory pioneered for brain-selective delivery of E2 without exposing the rest of the body to
unwanted hormonal burden.
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Abstract

Among the neuroactive steroids, dehydroepiandrosterone (3b-hydroxyandrost-5-ene-
17-one, [DHEA]) and its sulfated metabolite DHEA sulfate (DHEAS) have been shown
to be potent modulators of neural function, including neurogenesis, neuronal growth
and differentiation, and neuroprotection. Highlighting the potential health significance
of DHEA and DHEAS in humans, serum concentrations decrease steadily with age,
with lowest concentrations present at the time many diseases of aging and neurode-
generation become apparent. This temporal association has led to the suggestion that
pathology associated with cognitive decline, age-related neurological disorders such
as Alzheimer’s disease, dementia, amyotrophic lateral sclerosis (ALS), and adult onset
schizophrenia may, in part at least, be attributed to decreased secretion of DHEA. Animal
studies suggest neuroprotective functions for DHEA and DHEAS through reduction of
glutamate-induced excitotoxicity. Reduced myelin loss and reactive gliosis after spinal
cord injury by DHEA treatment also suggest a role for DHEA in the treatment of white
matter pathologies such as multiple sclerosis. In this chapter, we discuss the physiologi-
cal roles of DHEA and DHEAS in the central nervous system (CNS), their potential as
neuroprotective hormones with reference to documented effects on excitotoxicity and
oxidative stress, and their anti-glucocorticoid actions during chronic stress. The potential
for metabolic derivatives of DHEA, such as estrogens and testosterone on brain function,
and their contribution to neurodevelopment and neurodegenerative conditions are also
discussed.

Keywords: adrenal zona reticularis, adrenarche, adrenopause, aging, Alzheimer’s
disease, amyotrophic lateral sclerosis, androgens, C19 steroids, glucocorticoids,
neurocognitive decline, neurogenesis, neuroprotection, estrogens, schizophrenia,
steroid biosynthesis
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1. Introduction

Dehydroepiandrosterone (DHEA) is the principal carbon (C)-19 steroid produced by the adre-
nal gland in humans and mammals [1]. DHEA and its sulfated derivative DHEAS are multi-
functional steroids with actions in a wide variety of physiological systems, with effects on the
brain [2], immune systems [3], and somatic growth and development [4, 5]. Although DHEA
and DHEAS were identified more than 50 years ago, there remains some uncertainty as to their
physiological significance, full mechanisms of action [6-9], and their roles in human disease.

In humans, DHEA is a crucial precursor of sex steroid biosynthesis and exerts indirect endocrine
and intracrine actions following conversion to androgens and estrogens. In addition, DHEA
acts as a neurosteroid via its effects on neurotransmitter receptors in the brain. The potential
health significance of DHEA in humans is highlighted by the observation that serum concentra-
tions decrease steadily with age, approaching lowest concentrations around the time at which
many diseases of aging, particularly neurocognitive decline, become apparent. The age-related
decline in DHEA levels [10] has led to the suggestion that this is associated with a decrease
in cognitive function as well as the increased rates of neuronal degeneration and dysfunction
that occur during aging [11, 12]. Other studies have reported altered DHEA serum concentra-
tions in patients with conditions such as schizophrenia [13], dementia [14], and Alzheimer’s
disease (AD) [13, 15-18]. Due to these associations, DHEAS has been widely publicized both
in the lay press [19, 20] and in the scientific literature [21, 22] for their putative anti-aging and
neuroprotective effects. This has sparked controversial speculation that DHEA treatment might
be a remedy for neuropsychiatric and neurodegenerative disorders [7, 23-27] and, even more
optimistically, that it is a hormone with the potential to increase the life span [28].

As promising as these speculations may seem, there are many contradictions about the roles
of DHEA in normal and degenerative brain function. This is especially evident when compar-
ing preclinical and clinical data. For example, studies in animals show a myriad of neuropro-
tective and trophic effects of DHEAS in development and disease, while clinical studies show
inconsistent, and sometimes highly conflicting, results. Clinical studies of neurodegenerative
diseases have variously reported increased or decreased DHEAS concentrations in serum,
cerebrospinal fluid, and brain tissue, leading to doubt as to the role of DHEA in the neuropa-
thology of aging. It has been suggested that the incongruity in measured DHEAS concentra-
tions may lie in the methodological differences used to sample DHEAS; however, it is possible
that these changes are indicative of a more nuanced and multifaceted role. There is consistent
evidence that DHEA is neuroprotective with respect to oxidative stress, neuroinflammation,
and excitotoxicity, and thus it is possible that DHEA assists the defense of the brain and has a
beneficial effect on cognition in healthy brains. Therefore, it is the aim of this review to briefly
discuss the physiology of DHEA and its synthesis and secretion during development and
aging and to discuss the relationship between alterations in DHEA concentrations and cogni-
tion. We further discuss the possible role of DHEAS in a variety of disease states, including
AD, and acute illnesses such as schizophrenia, with focus on the fact that these conditions are
characterized by imbalances in oxidative stress, neuroinflammation, and excitotoxicity.
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2. The physiology of DHEA

In humans, DHEA is one of the most abundant hormones synthesized and secreted by the
adrenal cortex. This C19 steroid displays an episodic and diurnal rhythm of synthesis and
release that parallels that of cortisol [29, 30]. The major synthetic pathways for DHEA and
DHEAS are shown in Figure 1. The de novo synthesis of DHEA from cholesterol depends on
the presence and activity of the mitochondrial enzyme steroidogenic acute regulatory pro-
tein (StAR), the microsomal enzyme cytochrome P450 enzyme 17a-hydroxylase /17,20 lyase
(P450c17), and the accessory hemoprotein cytochrome b5 (Cytb5) [32]. Importantly, P450c17
and Cytb5 need to be colocalized, because the function of Cytb5 is to selectively enhance the
17,20-lyase activity of P450c17 [33-35].

DHEAS is the precursor of approximately 50% of androgens in adult men, 75% of active
estrogens in premenopausal women, and almost 100% of active estrogens after menopause
[36]. DHEA has a 3- to 10-fold predominance of androgenic over estrogenic activity [37], and
although a small portion of the circulating pool of DHEA is of gonadal origin in men and
women, the majority of DHEA, and virtually all DHEAS, is produced by the adrenal cortex
[1]. However, DHEA is also synthesized in the brain, from cholesterol and other hormonal
precursors, primarily by astrocytes and oligodendrocytes; indeed, much higher concentra-
tions of DHEAS are found in the brain than in the serum, suggesting that the DHEAS is pri-
marily synthesized in situ, rather than being transported across the blood-brain barrier [38].
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Figure 1. The complete steroid pathway showing the formation of DHEA from pregnenolone and 170OH-pregnenolone,
and its reversible sulfation, and disposition via androstenes to estradiol and 5a-dihydroxytestosterone. Steroid
metabolites identified in serum and urines are shown in light gray boxes and dark gray boxes, respectively. From
Greaves et al. [31].
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The specific receptors that bind DHEA as a ligand have been of great interest for over 20 years.
The biological actions of DHEA and its metabolites are mediated through androgen receptors
or estrogen receptors, which belong to the nuclear receptor steroid-receptor subfamily [39].
DHEA has been found to exert both agonistic and antagonistic effects on the androgen recep-
tor, and it acts as an agonist at both the estrogen receptor-a and estrogen receptor-f sites,
with a binding preference for estrogen receptor-3 [40, 41]. In the brain, DHEA is thought to
affect neuronal excitability by modulating the N-methyl-D-aspartate (NMDA) [42-44] and
sigma receptors [45], and as a positive allosteric modulator of the Gamma-aminobutyric acid
type A (GABA, receptor [46-49]. In addition to this, DHEA has been shown to be a selective
antagonist of the glucocorticoid receptor (GR) [50].

2.1. DHEA and DHEAS synthesis during development and aging

In humans, the patterns of DHEA synthesis and secretion change markedly throughout life.
In the last months of gestation, the fetal adrenal can synthesize and release considerable
amounts of DHEA and DHEAS, which together with estrogen and progesterone produced by
the placenta play pivotal roles in the maintenance and endocrine control of pregnancy [51].
Although the plasma concentrations of DHEAS remain high in the newborn, they decrease
quickly as the fetal zone of the adrenal gland involutes after birth. From 1 to 6 years of age,
the adrenal gland secretes very low concentrations of DHEAS and androstenedione [52].
However at approximately 7-8 years of age, the adrenal zona reticularis increases the produc-
tion of DHEAS and androstenedione, all of which are C,, steroids that exert androgenic activ-
ity in several tissues by converting into potent androgens [36]. This pre-pubertal phenomenon
is known as adrenarche, a biochemical, endocrine, and morphological event hypothesized
to have evolved only in humans and higher primates. From an evolutionary point of view,
adrenarche may be related to the highly coordinated events associated with human growth
and organ maturation, particularly of the brain [53-55].

Following the onset of adrenarche, plasma concentrations of DHEAS differ between the sexes,
with levels of DHEAS being about 2-fold higher in males than in females (Figure 2). This dif-
ference may reflect secretion of these androgens by the testes [10, 57], but it has also been pro-
posed that the higher concentration of DHEAS in men may be attributable to steroid sulfatase,
which degrades androgens. The gene for steroid sulfatase is located on the X chromosome,
and in having only one copy of the gene, men may have less steroid sulfatase and conse-
quently higher DHEAS concentrations [58].

Maximal plasma concentrations of DHEAS normally occur at 20-30 years of age (Figure 2), fol-
lowed by a progressive decline in adrenal production in both males and females, until serum con-
centrations of DHEAS return to pre-adrenarche levels in persons over 80 years of age [59, 60]. The
magnitude of this decline is such that serum levels of DHEAS in elderly adults are only around
10-20% of those in young adults [1, 61]. The diminution in adrenal androgens with aging is often
termed ‘adrenopause.” It has been suggested that adrenopause is associated with a generalized
reduction in the 17,20 lyase activity of P450c17 in the zona reticularis of the adrenal gland [62].
Interestingly, it has been shown that the zona reticularis of older men is reduced in size when
compared to the adrenals of young men [63], suggesting that at least part of the age-associated
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Figure 2. Concentrations of serum DHEAS as a function of age in females and males. Values are high in cord blood
and immediately after birth, fall in the first months of life as the fetal adrenal zone involutes, and remain low until
the onset of adrenarche at about age 8 years in girls and age 9 years in boys. Peak DHEAS concentrations are usually
higher in males than in females. In both sexes, the concentrations of DHEAS decline slowly during the adult years.
From Miller [56].

decrease in adrenal androgens might relate to a reduction in the number of DHEA-secreting cells
in the zona reticularis itself. Although the underlying mechanisms regarding this change must be
further elucidated, the temporal association between falling DHEA concentrations and the onset
of age-related diseases has led many investigators to suggest that some age-related neurological
disorders such as AD and dementia may be partly attributable to the decrease in systemic DHEA
concentrations [11].

2.2. DHEA and cognition

The gradual decline in serum concentrations from the peak at 20-30 years of age has led to
speculations that low DHEA concentrations could have a negative effect on cognitive func-
tion in later life. It has been hypothesized that rise in DHEA concentrations from 6 to 8 years
until 20-30 years of age might be associated with the extended period of cortical maturation
in humans [55]. While numerous animal studies have shown that DHEA can modulate cog-
nitive performance, the outcomes of such studies in humans are less clear. For example, one
study reported that DHEA supplementation improves cognitive performance in young men
[64], whereas other studies detected no benefit in an older group who were predominantly
male and were HIV-1 seropositive [65]. DHEA supplementation does not appear to improve
cognition in the elderly [66].

A study evaluating the cognitive domains of working memory, executive function, and word
processing speed in men and women aged between 60 and 88 years with low serum DHEAS
concentrations found a positive association between serum DHEAS and working memory
[67]. However, the relationship was sex-specific, with a trend toward a better executive func-
tion in men only. Other studies in males have shown that increased endogenous androgen
concentrations (following cessation of chemical castration in males) resulted in improved
performance on the Cambridge Cognitive Examination (part of the Cambridge Examination
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for Mental Disorders of the Elderly, a global measure of cognition and memory) and verbal
recall tests [68]. A study in a population of older healthy women (aged 21-77 years) further
indicated that women with high serum concentrations of DHEAS had increased performance
on a variety of cognitive tests, including better verbal, visual, and spatial abilities; working
memory; attention; concentration; and accuracy [69]. In older men and women in an Italian
cohort, low DHEAS levels were significant predictors of accelerated decline in Mini-Mental
State Examination score during the 3-year follow-up period [70]. Despite these associations,
Mazat et al. [71] reported no significant role for serum DHEAS concentrations as a predictor
of cognitive decline in an elderly population, while other studies conducted in frail elderly
patients and nursing home residents found an inverse relationship between DHEAS levels
and cognitive abilities [72, 73].

While the reasons for the conflicting data on DHEAS and cognition require further inves-
tigation, the changes in cognition are likely to be reflective of interactions with both the
GABAergic and glutamatergic pathways, and possibly through the mediator brain-derived
neurotrophic factor (BDNF). Neurosteroids have contrasting effects on GABA, receptors,
which when activated result in chloride entry into the cell, hyperpolarization, and reduced
membrane excitability [48]. Reduced metabolites of progesterone and deoxycorticosterone
have an agonistic effect on GABA  receptors, resulting in chloride ion movement into the
cell. In contrast, DHEAS is a GABA, antagonist and thus increases the likelihood of mem-
brane depolarization [48, 74]. Animal studies have shown that acute exposure to DHEAS may
facilitate basal synaptic transmission in the CA1 region of the hippocampus through the non-
competitive potentiation of GABA , receptors [75-77]. In terms of learning and memory, stud-
ies have shown that acute administration of DHEAS facilitates primed-burst potentiation, but
not the induction of long-term potentiation [78], whereas long-term potentiation is stimulated
by the chronic administration of DHEAS [79].

In addition to GABA, receptor modulation, neurosteroids have been found to interact in a
structure-specific manner with glutamatergic NMDA receptors. DHEAS potentiates the neu-
ronal response to NMDA in the rat hippocampus [80]. These steroids also act as non-selective
sigma-1 receptor antagonists [81], thus suppressing the activity of NMDA receptors, which
are central to the process of excitotoxicity [82]. In addition, DHEAS may reduce the cytoplas-
mic Ca*-induced loss of mitochondrial membrane potential by preventing Ca* influx into
the mitochondrial matrix [83]. The neuroprotective effect of DHEA against NMDA-induced
excitotoxicity may also involve the calcium/nitric oxide signaling pathway, since DHEA has
been shown to inhibit NMDA-induced nitric oxide synthase activity and the production of
nitric oxide in primary cultures of hippocampal neurons [84].

The potential of DHEAS to modulate the activity of NMDA receptors through a variety of
mechanisms is likely to underpin their capacity to protect neurons from excitotoxicity when
high levels of extracellular glutamate are present. Of note, glutamate excitotoxicity has been
implicated in AD [85] (discussed further below), where a reduction in neurosteroid produc-
tion may compromise the intrinsic defense mechanisms of the central nervous system (CNS).
Another possible mechanism by which DHEAS could promote neurogenesis and neuronal
survival in the CNS is through the mediation of the neurotrophin BDNF [86, 87].
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BDNEF is expressed in several areas of the CNS and is necessary for cell proliferation and
differentiation [88, 89]. In addition, BDNF plays a vital role in neural plasticity, enhances
long-term potentiation, and promotes learning and memory [90, 91]. As such, a mutation
or deletion of the BDNF gene in mice results in learning deficits and long-term potentiation
impairment [92, 93], as well as decreased learning and memory in behavioral paradigms [90].
In humans, low plasma BDNF is associated with impairments in memory and general cogni-
tive function in aging women [94].

A recent study investigated the effect of DHEA on cognition and learning in a rat model of
vascular dementia [86] and found that DHEA treatment significantly preserved working and
reference memory, which was accompanied by a significant increase in the levels of acetylcho-
line, norepinephrine, and dopamine in the brain. Of note was a significant increase in the hip-
pocampal expression of BDNF after DHEA treatment [86]. In a rodent model, Naert et al., [95]
showed that DHEAS treatment can lead to biphasic increases in BDNF in the hippocampus
and amygdala, but decreased BDNF concentrations in the hypothalamus. It is interesting to
note that glucocorticoids are also involved in BDNF regulation [27, 96], where stress has been
found to decrease the expression of BDNF, leading to neuronal atrophy and degeneration in
the hippocampus and the cortex, a process that may be common to both development and
aging [97, 98]. These findings are important, considering, that BDNF expression is also altered
in acute psychiatric disorders such as major depression [99, 100] and schizophrenia [101], as
well as in neurodegenerative diseases such as AD [102].

2.3. DHEA and AD

AD is a chronic neurodegenerative disorder characterized by progressive memory loss and
cognitive deterioration. It is the most common form of dementia, affecting about 50 million
people worldwide [103], with the majority of cases in the elderly population, which pres-
ents global health and economic challenges [104]. Currently, there are no disease-modifying
therapies available to treat AD [105], and it represents a major unmet need in neurological
research and patient management. The neuropathological hallmarks of AD include neurofi-
brillary tangles, which are formed when the neuronal cytoskeletal protein tau becomes hyper-
phosphorylated and precipitates, and also amyloid plaques, which are abnormal deposits
of extracellular protein that accumulate after cleavage of the p-amyloid precursor protein
[106]. Other degenerative changes include cerebral amyloid angiopathy, glial inflammatory
responses, and synaptic loss. These processes ultimately lead to neuronal atrophy, white mat-
ter loss, and a reduction in the volumes of the entorhinal, temporal, and frontal cortices as
well as the hippocampus [107], followed by devastating clinical sequelae and resultant mor-
bidity and mortality [108].

Sporadic AD is the predominant form of the disease, present in more than 95% of patients,
and it usually occurs after 65 years of age [109]. The etiology of sporadic AD is multifacto-
rial and may be associated with a number of risk factors including advancing age [110, 111],
increased oxidative stress [112, 113], autoimmunity [114], and excess glucocorticoids [115-117].
Although serum DHEA levels decrease with age, the majority of studies have reported that
serum DHEAS levels in AD patients are even lower than in age-matched healthy controls. For
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instance, Yanase et al. [18] found that patients with AD or cerebrovascular dementia had lower
concentrations of serum DHEAS and a lower DHEAS/DHEA ratio when compared to controls.
Several other clinical studies have reported lower serum concentrations of DHEAS in patients
with AD [14, 118-120], a reduction paralleled by decreases in the brain and cerebral spinal fluid
[121, 122]. For instance, Weill-Engerer and colleagues [108] reported that not only are brain lev-
els of DHEAS significantly lower in AD, but also the lower levels are inversely correlated with
the presence of phosphorylated tau and B-amyloid. A few studies have not detected differences
in serum DHEAS concentrations between AD patients and controls [120, 123], and there is one
report that serum DHEAS levels are increased in mild-moderate AD [124]. The reasons for
these differences between studies have not yet been elucidated.

In contrast to the majority of studies, Naylor and colleagues [125] reported that cerebral spinal
fluid levels of DHEA are significantly elevated in AD, as are tissue levels in the temporal cortex,
with the extent of elevation being correlated with disease severity, as assessed by the burden of
[-amyloid plaques. Similarly, Brown and colleagues [126] reported increased DHEA concentra-
tions in the brains and cerebral spinal fluid of patients with AD when compared with controls,
even though mean serum concentrations of DHEA did not differ. Interestingly, in this study,
DHEA concentrations were highest in the hippocampus of AD patients, a region that does not
express P450c17. Brown and colleagues speculated that the higher concentrations of DHEA in
the hippocampus may have been produced by an as-yet-unknown pathway that involved the
oxidation of an unknown precursor. This speculation has been given support by the finding
that the addition of redox-active ferrous iron to serum samples causes a significant increase in
the amount of detectable DHEA [127]. It is also supported by the demonstration that oxidative
stress associated with the presence of 3-amyloid treatment induces DHEA synthesis in human
and rodent cells i1 vitro [126-129]. In this context, it is interesting that the brain regions contain-
ing the higher concentrations of DHEA [126] also have higher burdens of neuritic plaques and
[B-amyloid immunoreactivity, features that are generally associated with AD progression [130].
It may be significant that DHEA protects HT-22 cells (an immortalized mouse hippocampal
cell line) against amyloid 3 protein toxicity in a dose-dependent manner [131].

Another link to the pathogenesis and progression of AD comes from the anti-inflammatory
properties of DHEA [132]. Hence, the local production of DHEA in the AD brain may func-
tion, at least in part, to reduce the level of inflammation that would otherwise be injurious to
neurons if left unchecked. Serum levels of DHEAS have been shown to negatively correlate
with serum interleukin-6 (IL-6), to inhibit IL-6 secretion from human mononuclear cells [133],
and to inhibit cytokine-stimulated, NF-kB-mediated transcription, partly through an anti-
oxidant property [134]. Interestingly, elevated levels of IL-6 are consistently detected in the
brains of AD patients, but not in the brains of non-demented elderly persons [135]. Several
studies have suggested that an increase of circulating IL-6 in AD patients indicates immune
activation and may be related to the pathophysiology of AD [136-138].

Perhaps the most intriguing link between DHEA and AD comes from its association with
systemic stress and glucocorticoid production, which has lead to the hypothesis that chronic
stress is an important factor in AD pathogenesis [139]. Epidemiological evidence supports
a role for stress in AD because elderly individuals prone to psychological distress are more
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likely to develop the disorder than age-matched, nonstressed individuals [117]. Cortisol is
the most prominent stress-related glucocorticoid in human serum. Serum cortisol levels are
elevated in patients with AD [140], as are the levels of urinary cortisol [141]. It is pertinent
that the overactivation of GABA, receptors plays a central role in anxiety disorders and con-
sequently these receptors are the principal targets of anxiolytic drugs for the treatment of
affective disorders [142]. Since DHEAS antagonizes GABA, receptors, they are thought to act
as endogenous anxiolytics, and hence a reduction in the availability of DHEAS in aging or AD
could contribute to increased anxiety and stimulate the chronic production of cortisol.

Animal experiments have shown that excess concentrations of glucocorticoids during pro-
longed periods of stress can have deleterious effects on the brain, especially in aged animals,
and particularly affecting the hippocampus [143]. Glucocorticoids exert several actions on the
brain, including the stimulation of glutamatergic neurotransmission via the stimulation of glu-
cocorticoid receptors (GR), which if left unchecked can lead to excitotoxicity. Several studies
have shown that DHEA can protect against the effects of glucocorticoid-mediated neurotox-
icity [144, 145]. The neuroprotective effects of DHEA have been modeled in vivo where the
toxic effects of corticosterone in the dentate gyrus of male rats were suppressed by low con-
centrations of DHEA [146]. The protection conferred by DHEA may be via downregulating
the expression of glucocorticoid receptors [147]. In cultured HT-22 cells, DHEA augmentation
suppresses the nuclear localization of the GR in response to glutamate toxicity, as assessed by
immunohistochemistry [131]. Thus, inhibition of GR translocation into the nucleus is a possible
mechanism of DHEA's anti-glucocorticoid effects. DHEA administration reduces GR expres-
sion in hippocampal cells in the mouse [131] and reduces glucocorticoid receptors by 50%
in the rat liver [145]. Furthermore, DHEA may act as a GR antagonist and can attenuate the
translocation of stress-activated protein kinase-3 in rat hippocampal primary cultures [148].

DHEA may also attenuate the neurotoxic effects of cortisol by reducing the regeneration
of active glucocorticoids. The 7a-hydroxylated metabolite of DHEA (7a-hydroxy-DHEA)
has antiglucocorticoid effects in target tissues by competition with 11-keto glucocorticoids
for access to 11p-hydroxysteroid dehydrogenase-1 [149]. Enzyme kinetic data from yeast-
expressed human 11B- hydroxysteroid dehydrogenase imply that 7a-hydroxysteroid sub-
strates are preferred to cortisone by this enzyme [150]. Therefore, in tissues such as the brain,
7a-hydroxy-DHEA may act as an endogenous inhibitor of 11(3- hydroxysteroid dehydroge-
nase, thereby reducing the regeneration of active glucocorticoids [151]. 7a-hydroxy-DHEA
may have more potent bioactivity and stronger neuroprotective and antiglucocorticoid effects
than DHEA itself [152]. Interestingly, some investigators have hypothesized that the degree of
metabolism of DHEA to 7a-hydroxy-DHEA is related to the pathology of AD [122, 151, 153,
154]. This is evident in the study by Yau et al. [151], which found that gene expression for cyto-
chrome P4507b (which converts DHEA into 7a-hydroxy-DHEA) was significantly decreased
in hippocampal dentate neurons from patients with AD when compared to controls [151].
Another study found lower plasma 7a-hydroxy-DHEA concentrations in patients with AD
when compared to controls [154].

Taken together, the preceding observations are generally supportive of the view that DHEAS
levels in serum are reduced in AD when compared to those in healthy age-matched controls.
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Given that DHEAS reduces oxidative stress and neuroinflammation, protects against gluta-
mate excitotoxicity, and minimizes the negative effects of cortisol on the brain, the reduced
levels of serum DHEAS are likely to increase the vulnerability of the brain to these factors.
While limited evidence suggests that the brain may compensate by increasing the local pro-
duction of DHEAS, this may not be sufficient to slow the pathogenesis of the disease.

2.4. DHEA in schizophrenia

In addition to neurodegenerative diseases, there is evidence that low levels of circulating
DHEA with normal levels of glucocorticoids (cortisol) place the developing brain at risk for
a range of acute neuropsychiatric disorders, including major depressive disorder, bipolar
disorder, and anxiety [155-158]. It is further hypothesized that abnormalities of the hypo-
thalamic-pituitary-adrenal (HPA) axis play a central role in the pathogenesis and etiology
of schizophrenia [159-161]. Low ratios of DHEA to cortisol have been noted in patients with
schizophrenia and are positively associated with the severity of depression, state and trait
anxiety, anger, and hostility [155]. DHEA augmentation in affected patients has been seen to
attenuate the severity of some negative symptoms associated with this mental illness, includ-
ing lack of volition and drive, and social withdrawal [16, 162].

Previous studies have found evidence of abnormal dopaminergic activity [163] and deficits
in GABAergic and glutamatergic activity [164] in the brain tissue of patients with schizo-
phrenia. Neuroactive steroids such as DHEA modulate the activity of these neurotransmitter
systems, both directly and indirectly, and therefore may contribute to the pathophysiology
of the illness [82, 165-168]. A number of studies [169] have reported elevated plasma levels
of DHEA and DHEAS in severely psychotic male subjects [170, 171], medicated patients with
chronic schizophrenia [172], and nonmedicated first-episode patients [170, 173] compared
with controls. Elevated DHEA levels have been detected in the post-mortem brain tissue of
schizophrenic patients in both the posterior cingulate and parietal cortex [171]. In addition to
this, the levels of allopregnanolone are significantly lower in the schizophrenic parietal cortex
when compared with healthy controls, whereas pregnenolone levels are significantly higher
[49]. Since both of these neurosteroids are downstream metabolites of DHEA, these data
suggest that DHEA is preferentially metabolized to pregnenolone in patients with schizo-
phrenia [49]. As DHEA is a positive modulator of excitatory NMDA receptors, and allopreg-
nanolone is a positive modulator of the inhibitory GABA, receptors, the shift in the ratio of
DHEA:allopregnanolone could favor a net increase in neuronal excitation [49], similar to the
alterations in brain neurotransmitter systems seen in schizophrenia patients.

As a result of the positive modulatory effects of DHEA on NMDA receptors [49], in addition
to its capacity to enhance learning and memory in rodent models [174], it may be speculated
that an elevation of DHEA levels reflects a compensatory process in the schizophrenic brain. It
is possible that subjects with schizophrenia may be physiologically resistant to DHEA action
in some manner (potentially resulting in the increased synthesis of this neurosteroid) or that
there is dysregulation in a feedback system involving the HPA axis [175]. Specifically, DHEA
increases following cortisol-releasing hormone [49] and adrenocorticotropic hormone [176]
administration in humans, and persistent DHEA elevations may reflect a prolonged upregu-
lation of this axis [177].
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As noted earlier, DHEA can protect neurons from glutamate excitotoxicity, f-amyloid tox-
icity, and oxidative stress [49, 131], and furthermore, oxidative stress can lead to increased
DHEA formation [84, 178]. Oxidative stressors may therefore stimulate DHEA levels in
schizophrenic patients [126], in an adaptive change to other precipitating disease factors.

However, other studies have found no difference in DHEA levels between schizophrenic and
control subjects [49], and some studies have reported significantly reduced plasma DHEA con-
centrations [179-181], particularly in the morning [180, 182, 183], as well as abnormal DHEA
diurnal rhythms [184] in schizophrenics compared with matched controls. Furthermore,
DHEA augmentation has been found to be effective in the management of depressive and
anxiety symptoms of patients with schizophrenia [185], suggesting that higher levels of cir-
culating DHEA in schizophrenic populations may be associated with superior functioning
[16]. The inconsistency between studies is understandable in view of the wide clinical poly-
morphism, variability of psychometric properties (distress and anxiety), drug treatment, and
clinical responsiveness of schizophrenia patients to their antipsychotic treatment [169].

It may be difficult to interpret the significance of elevated or decreased DHEA levels in
the absence of concentrations of other HPA axis hormones. Dysregulation of the HPA axis
described in schizophrenia [13] includes increased basal cortisol levels [186], cortisol non-
suppression on the dexamethasone suppression test [187], increased adrenocorticotropic hor-
mone and cortisol response to the dexamethasone/cortisol releasing hormone challenge test
[188], and increases in glucocorticoid receptor mRNA as observed post-mortem [189]. DHEA
and cortisol are both cleaved from 17-hydroxypregnenolone and are adrenocorticotropic hor-
mone regulated [190]. It is not clear, therefore, if an elevated DHEA concentration is specific
to a particular disease state or due to a generalized overactivation of the HPA axis. This differ-
ence is of functional significance as DHEA possesses antiglucocorticoid properties and may
protect against some of the deleterious effects of persistently elevated cortisol levels [145].
This can be clarified by determining the cortisol/DHEA ratio, which may be a more appro-
priate measurement than DHEA alone [191]. If the biological response to stress is impaired
among schizophrenia patients, it is possible that the cortisol/DHEA ratio would be elevated
as a result of stress associated with the illness [192].

There is also evidence for oligodendrocyte and myelin dysfunction in neuropathologies such
as schizophrenia and bipolar affective disorder, where alterations in the cortisol/DHEA ratio
have been observed [16, 17, 155]. Some key oligodendrocyte and myelination genes (such as
proteolipid protein 1 and myelin-associated glycoprotein), and transcription factors that reg-
ulate the expression of these genes, are downregulated in brains of schizophrenia and bipolar
subjects [193]. Together, these studies indicate that common pathophysiological pathways
may govern the disease phenotypes of schizophrenia, as well as other neurodegenerative
diseases that specifically involve oligodendrocytes.

3. Conclusion

A significant body of preclinical research investigating the biological actions of DHEA have
shown that this steroid, and its sulfated congener DHEAS, has a multifunctional role in a
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variety of physiological systems, including in the developing and aging brain. A summary
of the actions of DHEA relevant to the discussion above is shown in Table 1. The pres-
ent review has highlighted the involvement of DHEAS in glutamatergic and GABAergic

DHEA

Effects/function

Receptor interactions:

Development &
regeneration:

Memory and learning:

Neuroprotection:
Anti-excitatory actions

Anti-inflammatory
actions

Antiglucocorticoid
actions

Agonistic and antagonistic effects on AR, agonist at ERx and ERp [40, 41]
Modulates the NMDA receptor [42-44]

Positive allosteric modulator of the GABA-A receptor [46-49]
Nonselective sigma-1 receptor antagonist [81]

Selective antagonist of the GR [50]

Maintenance and endocrine control of pregnancy [51]

Associated with human growth and organ maturation, particularly of the brain, during
adrenarche [53-55]

Promotes neurogenesis and neuronal survival in the CNS through the mediation of BDNF
86, 87]

DHEAS may facilitate basal synaptic transmission in the CA1 region of the hippocampus
[75-77]

Acute DHEAS administration facilitates primed-burst potentiation [78] and chronic
administration of DHEAS stimulates LTP [79]

DHEA treatment significantly preserves working and reference memories and increases
acetylcholine, norepinephrine, and dopamine concentrations in the rat brain [86]

Reduces the cytoplasmic Ca*-induced loss of mitochondrial membrane potential by
preventing Ca? influx into the mitochondrial matrix [83]

Inhibits NMDA-induced nitric oxide synthase activity and the production of nitric oxide in
primary cultures of hippocampal neurons [84]

Protect neurons from glutamate excitotoxicity, f-amyloid toxicity, and oxidative stress
[49, 131]

Inhibits IL-6 secretion from human mononuclear cells [133]

Inhibits cytokine-stimulated, NF-kB-mediated transcription, partly through an antioxidant
property [134]

GR antagonist and can attenuate the translocation of stress-activated protein kinase-3 in rat
hippocampal primary cultures [148]

Suppresses the nuclear localization of the GR in response to glutamate toxicity and
inhibition of GR translocation into the nucleus [131]

Downregulation of the expression of glucocorticoid receptors [147]

Reduces the regeneration of active glucocorticoids [149]

Abbreviations: AR, androgen receptor; BDNF, brain-derived neurotrophic factor; CNS, central nervous system;
DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; ER, estrogen receptor; GABA-A, Gamma-
aminobutyric acid receptor A; GR, glucocorticoid receptor; IL-6, interleukin 6; LTP, long-term potentiation; NMDA,

N-methyl-D-aspartate.

Table 1. Summary of functions of DHEA related to development and aging.
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neurotransmission, where this neurohormone acts as an important modulator of neuronal
excitability. Consequently, perturbations in the level of DHEA can affect cognition and
mood. DHEAS has also been shown to respond to stress and to modulate the effects of
cortisol on the brain. Reductions in the availability of DHEAS can increase the likelihood
of glutamate excitotoxicity as well as exacerbate the deleterious effects of cortisol. Evidence
indicates that the brain is not dependent on serum levels of DHEA as it is able to synthesis
DHEAS in situ. Indeed, there appears to be a capacity to produce DHEA in direct response
to oxidative stress. We have shown that in AD, the levels of DHEA are depleted, and the
subsequent loss of protection from glutamate, cortisol, and oxidative stress may contrib-
ute to the pathogenesis of the disease. Conversely, in schizophrenia, there appears to be
an elevation in the availability of DHEA, and this may act to decrease the influence of
the GABAergic inhibitory pathways in favor of excitatory neurotransmission. While these
emerging roles for DHEA are exciting, the present review also highlighted the discordant
findings in the clinical literature, and it is clear that much remains to be learned about the
contribution of DHEAS to brain function in both health and disease.
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Abstract

Gender differences in frontotemporal lobar degeneration (FTLD) have been reported in
the literature but not well characterized or explored. In the present work, we propose
that steroid hormone estrogens delay the onset of FTLD in pre-menopausal women
compared to age equivalent men, and may provide neuroprotection in the early post-
menopausal period. We present a model wherein estrogens serve a regulatory role in
attenuating the microglia conversion from the benign to active form in response to cell
stress that might otherwise trigger an inflammatory response. Via microglia stabiliza-
tion, estrogens preserve the homeostasis of both the ubiquitin-proteosome degradation
system and lysosome-autophagy recycling system. Both systems have been implicated
in the genetic forms of FTLD, with the latter system recognized to be associated with the
majority of them.

Keywords: frontotemporal lobar degeneration (FTLD), gender differences, estrogens,
autophagy, microglia, neuroprotection

1. Introduction

FTLD is second only to Alzheimer’s disease as a leading cause of primary degenerative
dementia in those under age 65 [1, 2]. Researchers estimate that it is responsible for one out
of six cases of pre-senile dementia in post-mortem confirmed cases of individuals under age
70 [3]. FTLD symptoms range from motor and language impairment to profound behavioral
changes and deficits [4, 5], including severely attenuated initiative to profound impulsivity
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[6]. FTLD is characterized by three subtypes: behavioral variant frontotemporal dementia
(bvFTID), semantic dementia (SD), and primary progressive aphasia agrammatic variant
(PPA-agrammatic), although there remains ongoing discussion about their classification [5, 7].
As the most prevalent form of pre-senile dementia after early onset Alzheimer and vascu-
lar dementia [8], gender differences in onset and characteristics of FTLD have received little
attention in comparison to older onset Alzheimer’s dementia. The initial conclusions of the
Women’'s Health Initiative Memory Study (WHIMS) associated long-term estrogen replace-
ment in women >65 years of age with increased risk of senile dementia but not mild cognitive
impairment (MCI) [9]. MC], as the Alzheimer’s dementia prodrome, is known to remain stable
in 1/2 to 2/3 of patients, with stability largely dependent upon the absence of apolipoprotein
E e4 (APOE e4) alleles [10]. Consistent with this, estrogen replacement risk of senile dementia
has been shown to be dependent upon the presence of the APOE e4 gene. In their longitu-
dinal evaluation of the cognitive status of 12,612 participants of the Nurses’ Health Study
(270 years old) over 4 years, Kang and Grodstein [11] found that participants on hormone
replacement since menopause onset, who were carriers of the APOE e4 allele demonstrated a
significantly worse rate of cognition decline than nonhormone users. In the absence of APOE
e4, the cognitive status of participants was equivalent, regardless of hormone replacement
status. While findings did not demonstrate any significant benefit from hormone replace-
ment in this cohort, the authors point out that this was a relatively homogeneous population
of highly educated female nurses. Cognitive reserve may have protected nonestrogen users
from declines into dementia during the 4 year period of study.

With respect to FTD, Ratnavalli and colleagues [12] found that men were four times more
likely than women to be affected by bvFTD. They posited that this may have been an artifact of
their small sample size, but also referred to older research documenting higher rates of FTLD
in men [13] and encouraged further exploration. Johnson and colleagues [14] also reported
sex differences. They found that more men had bvFTD and SD, while more women had pro-
gressive nonfluent aphasia. They noted that this may be due to sex-specific vulnerability to
neurodegeneration for women in the left frontal region and men in right frontal and bilateral
temporal regions. Bede and colleagues [15] recently evidenced gender differences in amyo-
trophic lateral sclerosis (ALS), considered to be a motor variant of FTLD on a clinical contin-
uum [16, 17] with characteristics of FTLD in the absence of dementia in up to 50% of cases [18].

2. The role of estrogen in the brain

Beyond their role as reproductive hormones, estrogens, specifically 173 estradiol, exert a neu-
roprotective role in the brain through estrogen receptors widely distributed in the male and
female brain. Multiple estrogen signaling pathways are now recognized in the human brain
that are involved in the protection of brain from cognitive decline, emotional dysregulation,
and neurodegeneration [19]. Moreover, the neuroendocrine response to stress is gender-
specific and associated with the presence of gender-specific gonadal steroids [20]. Estrogen
has been shown to be involved in cortical and subcortical hypothalamic-pituitary-adrenal
(HPA) function [21], with activation of HPA arousal circuitry evidenced to be regulated in
adult women by the hormonal cycle [21, 22].
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All three subtypes of FTLD (bvFTLD, SD, and PPA-agrammatic) are associated with altera-
tions in arousal, characterized by apathy. Our recent findings from a national, multicenter
study of nondemented ALS with cognitive impairment and/or behavioral impairment were
consistent with this, while evidencing a significantly greater incidence of impulsivity and jocu-
larity in males, as well as personal neglect in females [23]. We contend that this distinction is
due to the involvement of ventromedial natural reward and dominance circuitry in the emerg-
ing neurodegenerative disease process and the role of estrogen therein (Figures 1 and 2).
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Figure 1. Mesostriatal pathway: natural reward—dominance neural system.
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pre-frontal cortex, FCC = frontocingulate cortex, ACC = anterior cingulate cortex, and rACC = rostral ACC.

More recently, we evidenced greater cognitive and behavioral stability in 78 women from this
cohort, based upon both site of disease onset (midbrain vs. spinal cord) and estrogen status

(high vs. low).
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Figure 3. Cerebellar regulation of the mesocortical pathway: regulation of the natural reward-dominance-motivation
neural system.

Given that midbrain onset females in our study demonstrated estrogen neuroprotection with
respect to cognitive executive functions, we expanded our model of midbrain involvement in
FTLD to involve the role of the cerebellum in executive functioning decline, based upon our
own findings and recent imaging evidence [24] (Figure 3).

It has been widely established that ovarian gonadosteroidal hormones provide protection
against brain injury and degeneration and provide cognitive maintenance [25-27]. Evidence
of estradiol (the primary ovarian estrogen) neuroprotection comes from histopathological
studies in rats [28] as well as healthy human females [29]. The release of neuroestradiol from
the stalk median eminence (SME) of the hypothalamus in ovarectomized female monkeys
has recently been evidenced [30]. Electrical stimulation of the medial basal hypothalamus
resulted in release of both gonadotrophin releasing hormone (GnRH) and estrodial. This sug-
gests its vital role as a neurotransmitter involved in regulation of GnRH release.

In recent neuroimaging data, the evidence of estrogen regulation of anterior cingulate cor-
tex (ACC)-associated motivation in healthy human females was evidenced by examining the
effects of estrogen on the neural correlates of emotional response inhibition. Applying an
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in-subject design involving 20 right-handed female subjects of average age 25.4 years, Amin
and colleagues [31] combined 3.0 T functional magnetic resonance imaging (fMRI) with quan-
titative analysis of ovarian hormones. All participants evidenced stability of mood across the
menstrual cycle. Subjects were scanned during the early follicular phase, when levels of estro-
gen and progesterone were low, and during the mid-luteal phase, when levels of estrogen
and progesterone were high. Subjects were scanned while they were engaged in a verbal go/
no-go task involving positive, negative, and neutral stimuli. This task was chosen because it
was already evidenced in the literature to activate the dorsolateral prefrontal cortex (DLPFC)
and the ACC. Cycle phase and condition were within-subject independent variables, while
mean reaction time and accuracy of response were independent variables. During the follicu-
lar phase (low hormones), women exhibited significantly decreased activation in the bilateral
ACC and some portions of the left PFC in response to positive distracters, relative to positive
targets. During the luteal phase (high hormones), however, women exhibited decreased acti-
vation in the ACC in response to negative distracters and increased activation in the DLPFC
in response to positive distracters. The investigators noted that the luteal phase findings were
consistent with literature associating human female estrogen levels with positive affect. They
further noted that their findings of negative correlation between estradiol levels and acti-
vation in response to negative distractors, relative to negative targets, were consistent with
previous research [21]. This contention is further supported by more recent findings from the
KEEPS longitudinal clinical trial focused on the potential for estrogen neuroprotection in 693
younger post-menopausal women of average age 52.6 years old and 1.4 years past their last
menstrual period [32]. Following 4% years, the estrogen replacement subgroups (N = 693)
evidenced significant improvements in depression and anxiety in comparison to a placebo
subgroup (N = 262). Cognitive status remained stable with monitoring to assess dementia
incidence with aging ongoing.

3. Estrogen regulation of the stress response as a model of
neuroprotection

Goldstein and colleagues [21] applied an fMRI paradigm to examine the effect of estrogen on
brain regions involved in the stress response by using aversive affective stimuli in a group of
12 right-handed women, ages 36—40. Their imaging data evidenced an association between
the early follicular phase (low estrogen) and significantly increased activation to neutral stim-
uli, relative to negative targets, in the central amygdala nuclei, paraventricular hypothalamic
nuclei, peripeduncular nuclei, orbital frontal cortex, and AC gyrus (ACG). In comparison to
the early follicular phase, the luteal phase (high estrogen) was associated with decreased acti-
vation in the central amygdaloid, ventromedial hypothalamic, orbital frontal, and cingulate
nuclei in response to negative vs. neutral stimuli. With respect to FTLD, we propose a model
whereby estrogen provides neuroprotection by mediation of the neuroimmunological and
neuroendocrinological stress response (i.e., release of anti-inflammatories and stress associ-
ated hormones) (Figure 4).
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4. Lysosome and proteosome homeostasis: estrogen mitigation of the
microglia inflammatory response in neurodegeneration

As disorders of aging, many neurodegenerative diseases demonstrate significant gender dif-
ferences in their prevalence, symptomatology, and prognosis, implicating gonadal steroidal
hormones in their pathophysiology [33, 34]. Parkinson’s disease (PD) has for a long time been
recognized to be more prevalent in males than in females, with a relative male to female ratio
ranging from 1.4 to 3.7. Evidence suggests that levels of estrogens or progesterone or dif-
ferences in their respective receptor levels could account for this gender difference [35, 36].
Particularly with respect to early onset dementia, emerging with onset of menopause or
andropause, endogenous estrogen regulates brain physiology through a concerted action
on diverse cell types and molecular targets [37]. Women who undergo surgical removal of
the ovaries before menopause clearly demonstrate that oophorectomy is associated with an
increased risk of cognitive impairment and dementia [38]. Women’s Health Initiative (WHI)
data, taking into consideration the time between menopause onset and hormone therapy ini-
tiation, showed beneficial effects of estrogens when therapy was initiated early after meno-
pause, with detrimental effects associated with treatment started several years following
menopause [39]. This supports the theory of estrogen as a neuroprotective agent while under-
scoring the limitations of the approach. Estrogen protection has a “window-in-time’: poten-
tially effective if applied around the menopause period and maintained for a 5-10 year period
of clinical effectiveness, given the absence of significant cancer or dementia risk factors [40],
including the presence of the APOE e4 gene [11].

The neuroendocrine system is a powerful regulator of the inflammatory response in health
and disease states [41]. In addition to regulating peripheral immune responses, steroid hor-
mones, including glucocorticoids and gonadal steroids, support anti-inflammatory properties
in the brain [42]. Steroid hormone protective actions in the nervous system range from stabi-
lizing the blood brain barrier (BBB), alleviating brain edema, dampening pro-inflammatory/
supporting anti-inflammatory processes, activating anti-apoptotic pathways, stimulating
survival-promoting factors, counteracting oxidative stress, promoting respiratory chain func-
tion, and reducing glutamate excitotoxicity [43—48].

Estrogens are known to exert their actions through members of the nuclear hormone receptor
superfamily, ERa [49], and the more recently identified estrogen receptor-ER3 [50-52]. Estrogen
is recognized to exert an inhibitory response to neuroinflammation, with specificity of bind-
ing to microglia, resulting in the attenuation of the inflammatory response [53]. 173-estradiol
and progesterone have also been shown to mediate anti-inflammatory activity and improve
neuronal survival [44, 54-56]. 17(3-estradiol targets many pathways active in secondary injury;
including oxidative stress, inflammation, apoptosis, and ischemia [57] (Figure 4).

Detecting the expression of the two estrogen receptors ERa and ERp in cells of the mono-
cyte-macrophage lineage, Vegeto and colleagues first evidenced the role that estrogens
play in inflammatory diseases [58] with several laboratories later demonstrating that these
gonadal steroid hormones act in a variety of macrophage-like cells to regulate the inflam-
matory response triggered by diverse inflammatory stimuli [59, 60]. In addition to having a
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regulatory role in the immune system, ERf3 is involved in tumor suppression [61]. Thus, in
recent years, pharmaceutical companies have generated selective agonists for ERa and ERf3,
with ERf research ongoing for ERP development as a cancer preventative, as an anti-inflam-
matory drug and for the attenuation of neurodegenerative diseases [62].

Microglia are mediators of the innate immune defense, acting as antigens and scavenger cells
during brain inflammation, acute central nervous system (CNS) injury, and neurodegenera-
tion in the course of aging [63]. As such, they represent the resident macrophages of the CNS,
comprising 5-15% of total cells in the brain [64]. As the brain-resident immunocompetent
cells, microglia are critical for proper innate immune responses in the brain [42]. In the steady
state, they perform housekeeping chores via autophagy [65] and may participate in postna-
tal neuronal development, whereas following trauma or pathogenic insult; they initiate the
inflammatory response as part of the brain immune defense [66]. In the course of this, they
increase their release of several inflammatory-associated substances, including reactive oxy-
gen intermediates, nitric oxide (NO), and (inflammatory) cytokines [interleukin-1 and 6 (IL-1
and IL-6), interferon-g (IFN-g), and tumor necrosis factor-a (TNF-a)] [67].

Microglia cells express a set of classical and non-classical steroidal hormonal receptors, includ-
ing ERa, ERp, progesterone receptors (PR), glucocorticoid receptors (GR), and mineralocorti-
coid receptors (MR) [42, 68]. The central role of ERax and ER in the regulation of the microglia
inflammatory response, in conjunction with the recent discovery of medial basal hypotha-
lamic neuroestradiol, suggests the potential of estrogens to mitigate the pathogenesis and
progression of neuroinflammation and neurodegeneration [69]. In particular, two gonadal ste-
roid hormones, 17a-estradiol and progesterone, provide robust neuroprotection in a variety
of experimental brain injury models [43, 54, 70, 71] and under neurodegenerative conditions
[72-74]. It is possible that 17a-estradiol is an effective neuroprotective agent due to its actions
as an anti-oxidant, anti-inflammatory, and anti-apoptotic steroid hormone [42, 57, 75-77].

Given the role of estrogenic steroids in modulating neurogenesis and the generation of den-
dritic spines and neuroprotection, Jellinck and colleagues [66] explored the question of whether
microglia might serve as a regional source for estrogenic steroids. With respect to neuroprotec-
tion, dehydroepiandrosterone (DHEA) is considered to exert its positive influence via con-
version to estrogen (estrone and estradiol). However, this conversion is slow and limited in
brain cell cultures, with the exception of microglia [66]. These researchers were able to demon-
strate the presence of the enzyme necessary for the rate limiting step of this conversion within
microglia cells, supporting their contention that microglia are integral to regional regulation of
adult estrogen-dependent brain plasticity and neuroprotection.

In the healthy CNS, microgliaappearin a “resident state” with a ramified morphology (Figure 4).
However, microglia are very susceptible to changes in the CNS milieu and become rapidly
activated in response to CNS insult. Attracted by endogenous and other chemical messenger
factors, microglial cells demonstrate the capacity to migrate toward the site of brain injury.
Upon activation, microglia undergo morphological and functional changes such as hypertro-
phy and up-regulation of major histocompatibility complex (MHC) antigens. Activated cells
secrete inflammatory mediators, including cytokines and chemokines [78, 79]. Microglia can
also produce different types of free superoxide radicals and prostanoids [55].
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As a first line of defense, activated microglia perform phagocytosis of apoptotic neuronal cell
bodies via the lysozyme-autophagy recycling system. However, chronic activation of microg-
lia with associated excess pro-inflammatory response in the aftermath of CNS insult may
overwhelm this natural recycling system of the cell, resulting in cytotoxicity [80]. In the after-
math of stroke, for example, microglial activation is one of the earliest responses; requiring
several hours to fully develop, while persisting for up to several days [81, 82]. The microglia
inflammatory response, therefore, needs to be tightly controlled to avoid collateral damage
within intact brain tissue. Estrogen appears to provide this level of regulation.

Microglia express steroid hormone receptors that include ER-a, with immunoreactivity evi-
denced by electronmicroscopy studies [35,42, 68,83-86]. Indeed, theneurodegenerative process
of several CNS diseases, including amyotrophic lateral sclerosis, frontotemporal lobar degen-
eration, multiple sclerosis, Alzheimer’s disease, and Parkinson’s disease are associated with
the activation of microglia cells, which drive the resident inflammatory response [17, 87-89].
In addition, a number of pro-inflammatory mediators are elevated in the CNS or cerebrospi-
nal fluid of neurodegenerative disease patients [30]. Given this, it is particularly important to
recognize that estrogen is understood to maintain microglia in the benign form, associated
with suppression of the inflammatory response, suggesting its protective role in the aging
brain against ubiquitin-proteosome mediated degradation.

Estrogen signaling is characterized by cell-specificity and dose dependent responsiveness.
Divergent effects of estrogens have been reported for T cell activation [90], microglia modula-
tion, and astroglia effects based upon different hormone concentrations [91, 92]. 173-estradiol
inhibits microglial activation following exposure to bacterial lipopolysaccharides [53], with
estrogen-induced neuroprotection from autophagy lysis or proteasome degradation related
to declines in TNF-a expression and NO production [43, 53]. NADPH oxidase represents one
important source of free radicals in activated microglia [92], which catalyzes the reduction of
oxygen to superoxide radical [93]. 17(3-estradiol has been shown to decrease lipopolysaccha-
rides-induced superoxide production and release in N-9 microglia cell lines [94].

ERa and ERf are intracellular proteins, which activate a multitude of genomic as well as
nongenomic effectors in neural cells [87]. Through the use of an estrogen receptor antagonist
[ICI 182780], hormone action in microglia has been attributed to the activation of endog-
enous ERs, since antagonist binding was able to block the effect of estradiol, suggesting
a receptor-mediated effect of the hormone [35, 53, 95, 96]. Using estrogen receptor knock
out mutant mice, several investigators have described the selective involvement of ER« in
the anti-inflammatory and neuroprotective activity of estradiol against neuroinflammatory
and vascular pathologies of the brain [97-100]. In ICI 182780 studies, ERa appeared to be
selectively involved in estradiol anti-inflammatory activity in microglia, a finding later con-
firmed by additional experimentation using primary cultures of microglia as well as cell
lines [97, 101].

Estrogen-dependent attenuation of microglia activation has been demonstrated to involve
reduced lysosome-phagocytic activity, production of reactive oxygen and nitrogen species
and other factors of the inflammatory cascade [35, 94, 102-104]. The inhibitory activity of
estrogens on microglia-associated neuroinflammation may prove to be a beneficial therapeutic
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opportunity for delaying the onset and progression of early onset neurodegenerative diseases
such as FTLD, with replacement offsetting menopause associated declines.

Importantly, estradiol does not alter the inflammatory signaling cascade in microglia if it is
administered after inflammatory stimuli [94, 97, 101]. Moreover, prolonged hormonal depri-
vation has been evidenced to affect estrogen protective activity in ischemia; resulting in a null
or even pro-inflammatory response following administration of exogenous hormone [105].
Collectively, the experimental evidence indicates that the efficacy of estrogenic molecules as
anti-inflammatory agents is confined to a therapeutic window and that their use should be
considered only as preventive pharmacological strategies. Applied during the pre-clinical or
prodrome stage, estrogen represents a therapeutic opportunity to forestall the onset and miti-
gate the progression of pre-senile neurodegenerative disease processes, particularly those like
FTLD that typically emerge in mid-life, prior to or throughout the course of menopause and
andropause. With the advent of personalized medicine, it may eventually be possible to iden-
tify genotypically high risk individuals and intervene with hormone replacement therapy
while the neurodegenerative disease process remains at the sub-clinical level.

5. Estrogen interaction with cellular signaling molecules

Estrogen exerts an indirect effect on microglia through specific interactions with cellular sig-
naling molecules. Nitric oxide synthases, a family of enzymes catalyzing the production of NO
from r-arginine, are important cellular signaling molecules. The inducible isoform, inducible
nitric oxide synthase (iNOS), serves a number of roles, including involvement in the immune
response, with production of NO as an immune defense mechanism, due to its free radical nature.
It is the proximate cause of septic shock and may function in autoimmune disease [106, 107].
In rats and microglia cell lines, the expression of iNOS and release of reactive oxygen species
is reduced in certain cell types through the action of estrogen, including microglia [53, 76, 94],
while expression of endothelial and neuronal subtypes of iNOS are increased [108].

After immunostimulation by lipopolysaccharides, estrogen but not progesterone has been
shown to attenuate microglial superoxide release and phagocytotic activity as well as iNOS
expression [94]. These effects are transmitted through an estrogen receptor-dependent acti-
vation of the MAP-kinase signaling system. Using a transient focal ischemia animal model,
investigators have shown that estrogen and progesterone prevent the hypoxia-induced attrac-
tion and activation of local microglia and their morphological transition into an activated phe-
notype in the cortical penumbra [109]. The reduced stimulation of microglia is considered
to result from diminished cytokine and interleukin expression and release in local astroglia,
consequent to the close concerted communication between these two glial cell types during
tissue stress. Focal ischemic mouse model experiments further evidence diminution of the
penumbra of estrogen/progesterone-treated animals, along with reduction in chemokine lev-
els, central microglia, and recruited monocytes. Ischemic mouse model data are confirmed by
several other studies, which have demonstrated that these steroid hormones affect local cyto-
kine production during brain inflammation in microglia [53, 76, 110], in astroglia [111, 112],
and in unidentified cell types [113].
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Mitogen-activated protein kinases (MAPKSs) are involved in directing cellular responses
to a diverse array of stimuli, such as mitogens, osmotic stress, heat shock, and microglia
generated pro-inflammatory cytokines (e.g., TNFa, IL-6, and IL-1p) [114]. MAPKSs regu-
late proliferation, gene expression, differentiation, mitosis, cell survival, and apoptosis
[115]. Several MAPK pathways, including p42/44 MAPKSs, are known to be activated by
17 estradiol [116]. Moreover, studies have evidenced the importance of activated p42/44
MAPK pathways in estrogen-mediated neuroprotection and microglia homeostasis [117].
When activated in response to inflammation, microglia release large amounts of oxygen and
nitrogen radicals. Proteosomes clear oxidized and damaged proteins from cells, serving as a
microglia compensatory response to activation. In the mouse model, the p42/44 MAPK path-
way participates in estrogen-mediated proteasome activation, with estrogen up-regulation
of proteosome activity considered to be one way estrogen potentially promotes microglial
viability [117, 118].

Calcium-dependent protease with papain-like activity, or calpain, is a cytoplasmic cysteine
protease that is activated by calcium [119]. Calpain is involved in neurodegeneration in a
variety of injuries and diseases [120]. Calpain cleaves many substrates, including cytoskeletal
proteins, axonal, and myelin proteins, and pro-apoptotic Bax causing mitochondrial cyto-
chrome c release, activation of caspase-3, and activation of microglia [121-123]. Studies indi-
cate that estrogen attenuates Ca* influx via modulation of L-type Ca*" channels and the Na"/
Ca?" exchanger [124]. Estrogen has also been shown to reduce calpain expression and activity,
resulting in reduced axon degeneration and neuronal apoptosis in vitro [125].

Finally, estrogen is involved in regulation of microglial matrix metalloproteinases [126].
Metalloproteases secreted from microglia mediate inflammation and tissue degradation
through processing of pro-inflammatory cytokines and damage to the BBB [127]. Progestins
and estrogens affect matrix metalloproteinase enzyme activity in microglial cells, reducing
indications of microglial inflammation [97, 126, 128].

6. Evidence of estrogenic effects in FTLD

Although few studies known to-date have focused on estrogenic effects in FTLD, indirect evi-
dence comes from physiological studies in both normal and genetically disordered individu-
als. In this regard, it is notable that FTLD is associated with over a dozen genetic mutations
that include the ALS-associated X linked UBQLN?2 variant [129]. Neuropathologically, FTLD
is primarily represented by two subtypes: one involving aberrant inclusions of microtubule
protein tau, and one involving inclusions of TAR DNA binding protein [130].

6.1. Appetite regulation

Both bvFTD and SD are associated with changes in appetite and eating habits, with overeat-
ing and a preference for sweets and excessive seasonings, including salt [131-133]. Appetite is
recognized to be modulated by gonadal steroid hormones, including peripheral and central
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mediating mechanisms [131, 134, 135]. In the healthy adult, sex differences in eating exist,
regulated by the hypothalamic-pituitary-gonadal (HPG) axis. Little is known about the direct
effect of testosterone on eating, while the effects of 17p-estradiol, the primary estrogen, have
been well characterized. Hypothalamic centers are recognized to be intimately involved in
the regulation of appetite, with extensive neuronal control reflected in their innervation by
axons expressing all the major neurotransmitters [136, 137]. Hypothalamic centers are known
to play a vital role in neuronal action of insulin and adipose tissue-secreted leptins. Estrogen
binding (i.e., estradiol-triggered calcium influx) results in appetite suppression, with parv-
abumin potentially serving a protective role in the attenuation of calcium overload-associated
neuronal degeneration (see Sinchack and Wagner for a detailed review) [138].

The posterior hypothalamus contains nuclei that play a critical role in regulating feeding
behavior [136, 137]. Recent in vivo structural neuroimaging demonstrated a relationship
between deterioration in the posterior hypothalamus and appetite disturbances in FTLD, an
early sign of disease onset evident within 2 years of diagnosis [133]. Post-mortem analysis
further evidenced sparse TDP-43-immunoreactive neurites within TDP-43 positive cases,
with occasional intracytoplasmic inclusions in posterior hypothalamic neurons [133]. In
their analysis of the differential effects of peripheral hormones vs. hypothalamic pathology
on eating behavior in FTLD, Ahmed and colleagues [131] found higher levels of the hypo-
thalamic derived satiation hormone agouti-related peptide in the serum of bvFTD and SD
patients, with both groups having elevated scores on a questionnaire of eating behaviors.
Atrophy of the posterior and total hypothlamus was found only for the bvFTD subgroup
[131]. Interestingly, gender differences could not be examined, due to the relatively low num-
bers of females in both the bvFTD (4/15) and SD (8/18) subgroups, in comparison to gender
matched controls (12/11).

6.2. Motivation regulation

As a bvFTD subtype, apathy is characterized by inertia and loss of volition, as well as apathy,
in association with pathology within the dorsolateral convexities of the frontal lobe [139]. As
an amotivational syndrome, apathy is also well recognized to be associated with disruptions
to the ventral anterior cingulate cortex [139, 140]. In addition, regions known to be associated
with Apathy include the medial dorsal nucleus of the thalamus, caudate nucleus, ventral
medial striate (nucleus accumbens) and globus pallidus; with the cortical-striatal-thalamic-
cortical circuit being the circuit most implicated in the Apathy syndrome [141]. Apathy neu-
ral circuitry is linked to the richly dopaminergic nonmotor limbic loop of the basal ganglia,
with adaptive behaviors requiring a combination of reward evaluation, associative learning,
and ability to develop appropriate action plans [142]. Dopamine deficiencies are often char-
acteristic of FTLD. Clinical trials involving the use of dopaminergic psychostimulants have
evidenced improvements in symptomology ranging from apathy to disinhibition and risk
taking behaviors [143]. With respect to the potential for estrogen derivatives to mitigate apa-
thy in FTLD, the responsiveness of dopamine neurons to estrogens has long been established,
with inducement of dopamine synthesis and release, as well as dopamine neuron differentia-
tion [144-147].
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6.3. Turner syndrome

The overarching role of gonadal steroidal regulation of brain anatomy and physiology with
respect to cognitive and affective executive functioning comes from studies of Turner syn-
drome, one of the most common sex chromosome-associated genetic disorders. Turner syn-
drome results in females from the complete or partial loss of one X chromosome, with partial
loss involving the distal tip of its short arm [148, 149]. Turner syndrome individuals retain a
healthy sense of desire for social interaction, while experiencing disruption in social salience
in association with a right hemisphere learning disability. Turner syndrome is typically asso-
ciated with early loss of ovarian function, leading to gonadal steroid deficiencies that result in
pubertal delay and lack of developmental maturation. On a cognitive level, Turner Syndrome
results in attentional deficits, disruptions to arithmetic reasoning, visuospatial processing,
and executive functions. fMRI studies of Turner Syndrome adults provided with estrogen
replacement to allow for physical maturation have implicated the parietal, amygdala and
prefrontal areas in this condition, in association with tasks of working memory, as well as
interpretation of facial emotional expressions, and mediation of arousal by affective stimuli.
Provision of estrogen replacement to stimulate developmental maturation thus has the indi-
rect effect of mitigating many cognitive and behavioral abnormalities also characteristic of
cognitive and behavioral declines seen in emerging FTLD in females [23, 24, 150].

7. Summary

Early researchers found no evidence that FTLD affects men and women differentially [151, 152].
However, recent work has demonstrated hormonal differences in FTLD females not seen in
either male FTLD or Alzheimer’s patients [153]. Moreover, a multitude of genes have been
identified associating FTLD characteristics with ALS, a motor variant of FTLD. ALS is known
to have a greater percentage of males among patients who present with disease onset prior
to mid-life and to have fMRI evidenced distinct patterns of neurophysiological change with
ALS disease progression [15], up to half of whom potentially evidenced signs of FTLD associ-
ated cognitive and/or behavioral decline [18]. With respect to concerns about the association
between estrogen replacement therapy and increased dementia risk in older women, raised
by the results of the Woman’s Health Initiative studies of the 1990s, estrogen replacement risk
of senile dementia has been shown to be dependent upon the presence of the APOE e4 gene
[11]. In the present effort, we present evidence that estrogen, in the absence of the APOE e4
genetic risk factor for Alzheimer’s dementia, serves a neuroprotective role in females, includ-
ing an association between female estrogen levels and cognitive and behavioral stability in
emerging FTLD. The potential for estrogen replacement to delay disease onset in females vul-
nerable to FTLD, a condition typically emerging in midlife, is in need of further exploration.
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Abstract

The female reproductive axis essentially comprises of the hypothalamic-pituitary-
ovarian axis and the mullerian-derived structures. The reproductive axis ages to a non-
functional state (menopause) much earlier than the other organ systems do, at a time
when a woman is otherwise healthy. The basis of reproductive senescence in women is
oocyte depletion in the ovary. Perimenopause is defined by menstrual cycle and endo-
crine changes, such as disturbed ovarian-pituitary-hypothalamic feedback relationships,
inaccurate estrogen levels, and decreased progesterone levels. Many psychopathological
changes can take place, but most commonly women experience mild cognitive impair-
ment, anxiety, irritability, mood swings, and depression. Estrogens influence depression
and depressive-like behavior through interactions with neurotropic factors and through
an influence on the serotonergic system.

Keywords: reproductive aging, menopausal transition, perimenopause, estrogen,
progesterone, neurotransmitters, mental disorders

1. Introduction

The belief that behavioral disturbances are related to manifestations of the female reproduc-
tive system is an ancient one that has persisted to contemporary times [1].

This belief regarding the middle-aged years and the negative outlook of the perimenopause
is not completely irrational. There are some events that support impressions such as the com-
pletion of the reproductive period, separation from children, care for very old parents and
relatives, onset of illness, retirement, or financial insecurity. Perimenopausal changes are not
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symbols of some “ominous changes” but are instead a part of reproductive aging, which
appear much earlier in life than do the various other physiological organ system changes due
to somatic aging.

Reproductive aging is a natural process that begins at birth and proceeds as a continuum. The
basis of reproductive senescence is oocyte depletion, a steady-state loss through atresia and
ovulations. The decline in reproductive capacity is accompanied by increased risk of psycho-
genic disturbances, osteoporosis, and cardiovascular and cerebrovascular diseases.

There is a lot of evidence from basic science, epidemiological data, and interventional studies
to indicate that estrogens are positively influencing mental well-being. Depressive symp-
toms and even an upsurge in the incidence of some mental disorders have been observed
around the menopause, suggesting the direct involvement of instant loss of estrogen activity
in mental health.

2. Stages of reproductive aging

Menstruation is the regular discharge of blood and mucosal tissue from the inner lining of the
uterus through the vagina as a result of periodic hormonal changes.

Menarche is the first menstruation, and menopause is the point in time when permanent ces-
sation of menstruation occurs following the loss of ovarian activity [1]. The term is derived
from the Greek words “men” (month) and “pausis” (cessation). Menopause is confirmed
12 months after the onset of amenorrhea.

The years prior to menopause are known as the perimenopausal transitional years. An older,
more popular, and less precise term is climacteric, the expression derived from the Greek
word for “ladder” and should be used only when talking to patients and in the lay press, not
in scientific papers [2].

The 2001 Stages of Reproductive Aging Workshop (STRAW) proposed a new nomenclature
and staging system for objectifying ovarian aging, including menstrual and quantitative
hormonal criteria to define each stage, and has been reviewed and updated in 2011 [3]. The
“STRAW+10" staging system is widely considered as the gold standard for characterizing
reproductive aging through menopause.

It divides the adult female life into three main phases:
* Reproductive

* The menopausal transition

¢ Postmenopause.

The phases include a total of seven stages centered around the final menstrual period (Stage 0).
The reproductive phase is divided into stages -5, -4, and -3 (early, peak, and late reproductive
phase, respectively). The menopausal transition phase consists of stages —2 (early) and -1 (late),
whereas the postmenopausal phase contains stages +1 (early) and +2 (late) (Table 1).
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The system does not use age as the criterion for determining reproductive staging. The principal
criteria are the menstrual cycle patterns [1], which can be described with regularity of menstrual
bleeding, frequency of onset, duration of menstrual flow, and heaviness (or volume) of men-
strual flow. Regular menstrual cycles are usually the outward manifestation of cyclical ovarian
activity and ovulation.

The supportive criteria include endocrine parameters such as serum concentrations of fol-
licle stimulating hormone (FSH), anti-miillerian hormone (AMH), and inhibin-B. Subjective
data, such as menstrual flow changes, are considered too subjective and variable, particu-
larly between ethnic groups, to be included in the criteria. Vasomotor symptoms are the only
exception, and have been included in the system only as “descriptive” criteria.

The main vasomotor symptoms are hot flashes and cold or night sweats. Hot flash is a sensa-
tion of heat, usually involving the face and neck and upper part of the chest. It is caused by a
transient dilation of the blood vessels of the skin.

Women who have undergone hysterectomy or endometrial ablation cannot be staged by
menstrual bleeding criteria. Reproductive stages in these women can only be assessed using
the supportive endocrine criteria.

STRAW+10 stages are outlined in the following paragraphs.

2.1. Late reproductive stage

As defined by STRAW+10, in the late reproductive phase (Stage —3a), there are subtle changes
in menstrual cycle characteristics. The cycles get shorter, early follicular phase FSH levels
increase and become more variable, and the AMH and antral follicle counts get low (Table 1).

2.2. Early menopausal transition

Stage —2 is marked by increased variability in menstrual cycle length with consecutive cycle-
to-cycle variation of 7 days or more. Early follicular phase FSH levels are elevated and vari-
able, and AMH and antral follicle counts are low (Table 1).

2.3. Late menopausal transition

In Stage -1, menstrual cycles are characterized by increased variability in cycle length and the
occurrence of amenorrhea lasting 60 days or longer. There are extreme fluctuations in hor-
monal levels, an increased prevalence of anovulation, and FSH levels are greater than 25 IU/L
in a random blood draw. Vasomotor symptoms are likely to occur. This stage is estimated to
last, on average, 1-3 years and ends with the last menstrual period (Table 1).

2.4. Early postmenopause

FSH levels continue to increase while estradiol levels continue to decrease until approxi-
mately 2 years after the final menstrual period (stage +1a and +1b) (Table 1). Stage +1c repre-
sents the period of stabilization of high FSH levels and low estradiol levels. The entire early
postmenopause lasts approximately 5-8 years.
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2.5. Late postmenopause

As defined by STRAW+10, further changes in reproductive endocrine function (Stage +2) are
attributable predominantly to somatic aging. Symptoms such as urogenital atrophy progress
during the remaining lifespan. Urogenital atrophy is a cluster of symptoms including vaginal
dryness, painful intercourse (dyspareunia), vulvar pruritus, burning, discomfort, as well as
recurrent urogenital infections.

3. Reproductive physiology of perimenopause

Perimenopause is a period of reproductive aging that includes the early and late menopausal
transitions (Stages -2 and -1) and the first year of early postmenopause (Stage +1a). It usually
occurs in the late fourth to fifth decade of a woman'’s life and lasts approximately 15 years.

It is characterized by three major hormonal changes [1, 4, 5]:
¢ Disturbed ovarian-pituitary-hypothalamic feedback relationships
* Inaccurate estrogen levels

¢ Decreased progesterone levels.

3.1. Changes in ovarian-pituitary-hypothalamic feedback controls

Ovarian control of gonadotropin secretion is normally achieved by feedback control mecha-
nisms, including estradiol, progesterone, and ovarian regulatory proteins. FSH is secreted in
pulses by the anterior pituitary under the influence of hypothalamic gonadotropin-releasing
hormone, with a direct inhibitory feedback by estradiol and inhibin B, and stimulatory action
of activin [1]. Recent research has clarified that a fall in inhibin B is the basis for FSH rise with
ovarian aging [5, 6]. With a decreasing follicular pool, inhibin B levels, produced by small
antral follicles, decline and thus allow FSH levels to rise in the early follicular phase.

Follicular growth in the early follicular phase is under control of FSH, which stimulates the
granulosa cells of antral follicles to produce estradiol and inhibins.

Between days 5 and 7 of the menstrual cycle, selection of a follicle takes place whereby only
one dominant follicle is destined to ovulate from the cohort of recruited follicles, and the
remaining ones are to undergo atresia.

With dominant follicle selection and a subsequent rapid rise in estradiol, the pituitary
responds by releasing a luteinizing hormone (LH) surge, which in turns triggers ovulation [1].

The LH surge occurs 34-36 hours prior to ovulation. In order for the positive feedback effect
to trigger the LH release, estradiol levels must be greater than 200 pg/mL for at least 48 hours
in a continuous duration [1]. Ovulation occurs approximately 10-12 hours after the LH peak,
and the dominant follicle is almost always >15 mm in diameter on ultrasound [7].

During menopausal transition, the follicular phase is shortened and associated with acceler-
ated ovulation, which in turn occurs at a smaller follicle size [8].
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With time, the age-related hypothalamic modifications cause a decrease in estrogen sensitiv-
ity and the mid-cycle LH surge becomes more erratic. Furthermore, it is hypothesized that the
higher FSH levels might interfere with oocyte release and with progesterone production [9].

Additional perimenopausal feedback imbalances that lead to anovulation involve changes in
LH and estradiol secretion. Despite the occurrence of a normal estradiol peak, an LH surge
does not follow.

Finally, despite high follicular phase estradiol levels, cycles may have no evidence of either
an estradiol or an LH peak, and hence there is no ovulation [5]. The hypothalamus and/or the
pituitary can become insensitive to estradiol feedback resulting in anovulation.

It is known that with higher baseline FSH levels, average LH levels may remain normal in the
perimenopausal transition. Changes however appear in the dynamics of LH release. Although
estradiol levels are not significantly different, cycling perimenopausal women appear to lack
the slow-frequency, high-amplitude LH pulsatility characteristic of the luteal phase and result-
ing in decreased progesterone levels.

3.2. Inaccurate estrogen levels

Estradiol is the main ovarian estrogen produced by follicular granulosa cells. FSH activates
the aromatase enzyme, which converts androgens to estrogen.

During the follicular phase, serum estradiol levels rise in parallel to follicle size growth as
well as to the increasing number of granulosa cells [1, 10]. In the presence of estradiol, FSH
stimulates the formation of luteinizing hormone (LH) receptors on granulosa cells allowing
the secretion of small quantities of progesterone, which exerts a positive feedback on the
estrogen-dependent pituitary LH release [1].

Recent scientific reviews have shown intermittently high levels of estrogen during the peri-
menopause. This evidence contradicts the assumption of dropping or overall lower estrogen
levels during the perimenopause and invalidates the casual use of the term “estrogen defi-
ciency” as a synonym for perimenopause [5].

Santoro and coauthors were the first to propose the then-radical concept about high estra-
diol levels [11]. The observation was confirmed by a meta-analysis comparing samples from
women of reproductive age to those from perimenopausal women within the same research
center. Mean estradiol levels were statistically higher in perimenopausal women [9] (29% in
the follicular phase and 22% in the late luteal phase).

Higher estradiol levels are a common result of a higher number of recruited estradiol-produc-
ing follicles, while that in turn results from the net effect of rising FSH levels. As previously
discussed, FSH increases early in the follicular phase due to changes in the feedback control
mechanisms: impaired suppression of FSH by higher estradiol levels and lower intraovarian
production of inhibins and, on the other hand, by the stimulatory input of both activin and
gonadotropin-releasing hormone [4].

FSH changes are also related to the second estradiol peak during the luteal phase in the form
of a “luteal out of phase” (LOOP) event. Hale and coauthors estimated that about a third of
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all menopausal transition cycles show evidence of these events, with a higher estradiol peak
following the normal mid-cycle estradiol peak [4, 12].

3.3. Menstrual cycle during menopausal transition

After menarche, it usually takes several years for regular menstrual cycles to establish. Bleeding
that can be defined as a “period” is described according to the following four parameters:

* Regularity of onset

¢ Frequency of onset

¢ Duration of menstrual flow

e Heaviness (or volume) of menstrual flow [13].

The normal frequency of menses is between 24 and 38 days [4]. During the early menopausal
transition, menstrual cycles remain regular, with a cycle-to-cycle duration variation of 7 days
or more; for example, a cycle length of 24 instead of the previously established years-long
regularity of 31 days. Late menopausal transition is characterized by two or more skipped
menstrual bleedings and at least one intermenstrual interval of 60 days or more.

Transitionally higher estradiol levels are associated with heavy monthly blood loss and
increased endometrial thickness (hyperplasia). In the Seattle Woman’s Midlife Health study,
the most common subjective menstrual cycle changes were flow-related and included a heavier
menstrual flow in 29% and a longer duration of the flow in 20% [14]. Menstrual blood loss was
greater following ovulatory rather than anovulatory cycles [15], especially if the ovulatory
cycle followed a prolonged interval of anovulation, during which unopposed high estradiol
levels contributed to abnormal excessive proliferative changes in the endometrium [16].

A quantitative study by Hale and coauthors shows that blood loss increases in its absolute
values and in its variability across the peak reproductive, late reproductive, and late meno-
pausal transition phases [17].

3.4. Fertility and menopausal transition

Perimenopause is the time period bridging the mature fully reproductive and the non-repro-
ductive states. The loss of fertility is the first sign of reproductive aging and precedes the
monotropic increase in FSH levels as well as changes in menstrual regularity [2].

The number of non-growing follicles is determined before birth, when oocytes multiply to
a maximum of 6-7 million at mid-gestation. Oocytes are then rapidly lost due to apoptosis,
leading to a population of 700,000 at birth and 300,000 at puberty.

The Wallace-Kelsey model matches the logarithm-adjusted non-growing follicle population from
conception to menopause to a five-parameter asymmetric double Gaussian cumulative curve
[18]. It is based on the assumption that the peak number of non-growing follicles at 18-22 weeks
of gestation defines the age at menopause for every individual woman, and it does not take into
account the recent evidence of neo-oogenesis during normal human physiological aging.
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Wallace and Kelsey estimated that for 95% of women, only 12% of their maximum pre-birth
non-growing follicle population is present by the age of 30 years and by the age of 40 years,
only 3% of it remains (Figure 1). When only about 1000 oocytes remain, menopause occurs [19].

Consistent with the continuing apoptosis, along with the loss of oocytes during the 400-
500 cycles of follicular recruitment in a normal reproductive lifespan, the most replicable and
linear endocrine change throughout the menopausal transition is the progressive decline of
AMH. It marks the decline in follicular mass and explains why fertility is impaired in women
well before any disruption of menstrual cycle can be noticed [20, 21].

In the late reproductive stage, AMH is reduced 2 to 10 times compared to the peak reproduc-
tive stage (Table 1). Because of its minimal intra-cycle variation, AMH can be useful in late
reproductive stage fertility assessment and in predicting the amount of time to menopause
occurrence. In the early menopause transition stage, when a variable length of the menstrual
cycle occurs, AMH drops to an almost undetectable level, reflecting the diminishing pool of
around 1000 non-growing follicles.

Besides apoptosis, qualitative oocyte changes also occur. The accelerated follicular phase and
monotropic rise of FSH appear to have an adverse effect, leading to a disorganized meiotic
spindle assembly in oocytes of reproductively aged women [22].

3.5. Decreased progesterone levels

The luteal phase is 14 days long in most women. After ovulation, the remaining granulosa
cells continue to enlarge and become vacuolated in appearance. The luteinized granulosa

10,000,000

LT (LT
0

-
I.,.‘.‘."

1,000,000
— VETAEE
- == ] 500
sarasnss #f-2 80

100,000

10,000

MNon-growing follicles (log, scale)

100 + + + 4 4 + + + t 4 + +

Age (years)

Figure 1. The hypothetical link between ovarian reserve and the age at menopause. This figure describes the hypothesis
that an individual’s age at menopause is determined by the peak non-growing follicle population count, established at
around 20 weeks post-conception. Adapted from Wallace and Kelsey [18].



Reproductive Aging: Perimenopause and Psychopathological Symptoms
http://dx.doi.org/10.5772/intechopen.74159

cells, combined with the theca-lutein cells and the surrounding stroma, form the corpus
luteum [1, 10]. The corpus luteum is a transient endocrine organ that predominantly
secretes progesterone. Its primary function is to prepare the estrogen-primed endometrium
for implantation.

Secretion of progesterone and estradiol correlates closely with LH level pulses. Eight to nine
days after ovulation, peak production is achieved.

Despite erratically oscillating high estradiol levels, perimenopause is characterized by more
steadily decreasing levels of progesterone. During menstrual transition ovulatory cycles, the
decrease in progesterone levels results from diminished progesterone production, shortened
luteal phase lengths, and a rising incidence of ovulation disturbance [5]—ovulation only
occurs in 50% of cycles in women aged 46-50 years [5].

3.6. Physiological symptoms of perimenopause

In addition to menstrual cycle disturbances and reduced fertility, symptoms frequently seen
and related to decreasing ovarian function are:

¢ vasomotor instability such as hot flushes and sweating,
* bone loss, and
¢ adverse changes in the lipid profile.

Not all women have them, and those who do, experience these symptoms in different combi-
nations and at different intensities [2]. Quantification of these symptoms is difficult because
they are subjective in nature. It has been observed that they vary markedly among ethnic
groups, cultures, socioeconomic groups, and climates and that they do not correlate closely
with menstrual cycle disturbances or endocrine changes.

Vasomotor symptoms are among the most frequently reported physiological symptoms and
the most prominent ones during perimenopause. Their prevalence ranges from 30-75% [23].

A hot flush is a sudden episode of vasodilation in the face and neck, which lasts from a few
seconds to several minutes and is accompanied by profuse sweating and an increase in heart
rate [1, 23]. The frequency of hot flushes may range from a few per day to one every few min-
utes. Flushes are more frequent and severe at night or during periods of psychological stress
and can affect a woman’s quality of life, interfering with her work or other activities.

Hot flashes usually start occurring in the late menopausal transition (Stage -1), peaking in
the first year after menopause (Stage +1a). Some women (10%) may continue to experience
vasomotor symptoms for up to 15 years after menopause [1].

The physiology of the hot flush is still not understood. Studies suggest that these women have
a narrower zone of temperature regulation, and therefore smaller changes in core body tem-
perature produce compensatory responses such as vasodilation, sweating, and shivering [23].
The flush is not a release of accumulated body heat but a sudden inappropriate activation of
the heat release mechanism.

The correlation between the onset of flushes and generally diminishing estrogen levels is con-
firmed by the effectiveness of estrogen therapy in the prevention of flushes, as well as by the
absence of flushes in hypoestrogen states, such as gonadal dysgenesis [1].
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A common belief still persists that bone loss begins and fractures occur in women with con-
stantly low estrogen levels, during the late postmenopause. However, during perimenopause,
an early and accelerated rate of bone loss has been observed, particularly in the lumbar spine
[24]. In an Australian study, the estimated average annual rate of bone loss around the time of
final menstrual period was 2.5% in the lumbar spine and 1.7% in the femoral neck [24].

These observations are in concordance with out current understanding of bone physiol-
ogy: downward swinging estradiol levels release cytokines, especially “receptor activator of
nuclear factor kappa-B ligand” (RANKL), that cause increased bone resorption [25, 26].

Also, there is additional compelling data, which suggest that perimenopausal bone loss is associ-
ated with high levels of FSH rather than falling levels of estradiol [27, 28]. Proving this is the fact
that in perimenopausal women, FSH levels significantly correlate with bone resorption.

Still, the role of progesterone and inhibins in bone loss and its maintenance remain unclear.
Inhibin B appears to inhibit osteoblastogenesis and osteoclastogenesis while also suppressing
osteoblast and osteoclast development.

Several longitudinal studies have revealed that adverse changes in the lipid profile occur
during the time between early menopausal transition and early postmenopause, such as
increased LDL and triglycerides [23]. In spite of not directly influencing the development
of insulin resistance or diabetes, data from the Study of Women’s Health Across the Nation
(SWAN) suggest that perimenopause is associated with the development of metabolic syn-
drome, including abdominal obesity, dyslipidemia, impaired glucose tolerance, and hyper-
tension [29, 30]. As such, together with the decline in endothelial function that appears to
occur around the last menstrual period, perimenopause represents the end of the life period
in which estrogen effectively contributed to the prevention of cardiovascular diseases.

4. Perimenopause and future health risk

Postmenopause is not the main topic of this chapter. Still, we would like to summarize some
key changes that occur during this time period [1, 23, 31]:

¢ Urogenital atrophy
¢ Osteoporosis
¢ Cardiovascular diseases.

The anatomy and function of the female lower genital tract are estrogen-dependent. With
postmenopausal estrogen level decline, tissues lining the vagina, vulva, bladder, and urethra
undergo atrophy leading to vaginal dryness, dyspareunia, vulvar pruritus, and other urinary
difficulties such as recurrent urogenital infections. Unlike hot flushes and night sweating,
which improve over time, symptoms of urogenital atrophy persist throughout the entire post-
menopausal period [32, 33].

Postmenopausal low estrogen levels result in bone resorption due to excessive production of
the cytokine RANKL and its natural inhibitor cytokine osteoprotegerin (OPG or TNFRS11A),
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by osteoblasts. Moreover, the age-associated vitamin D deficiency and impaired synthesis
of active 1,25-dihydroxyvitamin-D, by the kidneys lead to secondary hyperparathyroidism,
which further contributes to accelerated bone resorption [1, 23, 26].

It is well known that women have a lower incidence of cardiovascular risk factors and car-
diovascular diseases than their male peers [34]. Estrogen modifies endothelial function by
two primary mechanisms: modulation of NO activity and attenuation of vascular response
to injury [35]. Estrogen promotes vasodilation through stimulation of eNOS and reduction of
NO-synthase activity. At the level of the mitochondria in the vascular endothelium, estrogen
stimulates oxidative phosphorylation and reduces mitochondrial production of ROS [36].

Following menopause, there is active progression of atherosclerotic lesions [37]; women also
exhibit increases in blood pressure.

Subclinical development of vascular diseases manifests itself as increased carotid and femoral
artery intima-media thickness and accelerated coronary artery calcium deposition, leading to
arterial stiffness, which in turn causes impaired flow-mediated vasodilation [23]. The risk of
stroke doubles during the first decade after menopause and ultimately exceeds that of men
at older age.

4.1. Mood changes

Estrogens enter the brain through the blood-brain barrier and influence the neural activity
by multiple pathways. In the central nervous system, they are involved in different processes
including cellular protein production, neuronal growth and survival, neural transmission and
function, and also synaptogenesis.

Estrogens act through both genomic and non-genomic mechanisms. Intracellular estrogen
receptors (ER) are widely distributed, and ER subtypes are located in many of the areas that
are associated with depression. During perimenopause, estradiol levels show an increase in
oscillations, followed by a gradual decline in levels after early postmenopause. Changes in
estradiol levels are correlated with region-specific changes in ER expression [38], and women
with a greater amount of hormonal fluctuation during perimenopause are at greater risk for
developing depression [39].

Estrogens can influence depression and depression-like behavior through an influence on the
serotonergic system and through interactions with neurotrophic factors.

There are multiple pathways through which estrogens impact serotonergic activity. Activation
of ERs results in increased serotonin release by decreasing the number of presynaptic 5-HT |,
autoreceptors and 5-HT |, postsynaptic heteroreceptors. ER activation also increases both pre-
and post-synaptic expression of the serotonin transporter (SERT) and release of brain-derived
neurotrophic factor (BDNF) [40]. Furthermore, plasma BDNF levels vary across the menstrual
cycle [41], and women who have suffered from postpartum depression and/or premenstrual
dysphoric disorders are at a greater risk of major depressive disorders during the transition
to menopause, referred to as perimenopausal depression [40].

All of the above may also contribute to the pathology of the brain tissue and subsequently
produce psychopathological symptoms.
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5. Perimenopause and psychopathological symptoms

Perimenopause is primarily viewed as a reproductive transition; however, the symptoms of
perimenopause are not just largely neurological in nature, but are also indicative of disrup-
tion in multiple estrogen-regulated systems (including thermoregulation, sleep, circadian
rhythms, sensory processing, and several domains of cognitive function) [1, 42].

In the perimenopausal brain, there is an increased risk for some women of developing neurode-
generative diseases later in life [42, 43]. Neurodegeneration is the progressive loss of functional
activity and trophic degeneration of nerve axons and their terminal arborizations following
the destruction of their cells of origin or interruption of their continuity with these cells, and it
occurs in Alzheimer’s disease, Parkinson’s disease, progressive supranuclear paralysis, fron-
totemporal dementia, corticobasal degeneration, Huntington’s disease, prion diseases, amyo-
trophical lateral sclerosis, spinocerebellar ataxia, and multiple sclerosis [44—47].

Aging women face many challenges in the middle and older adult phases of life, becoming
more vulnerable to distress [44, 48]. A gradual decline in functioning on multiple levels takes
place, and women must adapt to most of them simultaneously. It is quite challenging to cope
with physiological changes that not only involve strict perimenopausal symptoms but also
include the occurrence of an array of possible diseases (cardiovascular, pulmonary, endocrine,
oncological, etc.) and at the same time have to face many psychosocial changes, such as mari-
tal problems, grown-up children leaving home, occupational distress, or possible financial
ordeals, to name a few. Therefore, in most cases, before neurodegenerative processes cause
clinically relevant symptoms, many psychopathological changes can occur and women in
perimenopause most commonly experience anxiety, mood swings, depression, insomnia, and
mild cognitive impairment [49]. It is important to understand that perimenopausal estrogen
level fluctuations may either alter already diagnosed mental disorders (for the better or for
worse) or evoke psychopathological symptoms in otherwise mentally healthy women.

Psychiatric diagnosis has a long history of scientific investigation and application, with peri-
ods of rapid change, instability, and heated controversy associated with it, and despite efforts
of scientists to advance a diagnostic classification system that incorporates neuroscience and
genetics, psychiatric disorders cannot yet be fully distinguished by any specific biological
markers. Hence, the symptom-based criteria are still used to classify mental illnesses such as
psychotic disorders, mood disorders, anxiety and stress-related disorders, behavioral syn-
dromes, personality disorders, mental disorders due to psychoactive substance abuse or due
to known physiological conditions, intellectual disabilities, pervasive developmental disor-
ders, and mental disorders with onset in childhood or adolescence [50-52].

The top five symptoms (between 84 and 88%) experienced by middle-aged women with seri-
ous mental illness were all problems related to psychological issues:

* Feeling depressed
¢ Feeling anxious

¢ Feeling tired or worn out
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¢ Feeling a lack of energy
¢ Experiencing poor memory [53].

Epidemiological studies on women in perimenopause show that the relationships between
perimenopausal syndrome and mental disorders are strong and positive, with 1 in 4 women
suffering from anxiety and approximately 1 in 7 women suffering from depression [54-56].
Usually, women with a history of poor adaptation to stress or specific personality traits,
particularly neuroticism, are predisposed to menopausal syndrome, with more than half of
women feeling more stressed due to menopause or approaching menopause, and describing
menopause as an unpleasant experience that has had a negative effect on their emotional
state [43, 53, 56, 57]. Research also showed that a later age of menarche carries more risk for
psychiatric morbidity in perimenopause, because the exposure of women to neuroprotective
and serotonin regulatory effects of estrogen is shorter [58].

5.1. Anxiety, anxiety-related substance abuse or dependence, and insomnia

Anxiety is a subjectively unpleasant feeling of dread over anticipated events, uneasiness, and
worry, accompanied by muscular tension, restlessness, fatigue, or diminished concentration,
and is not synonymous with fear, which is a response to a real or perceived immediate threat
[59]. If anxiety lasts too long or is too intense in regard to the input stimuli, then anxiety disor-
ders may develop.

Women are more prone to anxiety than men. On average, the proportion of total anxiety-
related visits to the emergency department is higher among women than men [60]. In peri-
menopause, every fourth woman experiences higher levels of anxiety, with their anxiety state
and trait scores higher in perimenopause than in postmenopause [61]. Furthermore, differ-
ent personality trait predictors are important in different age subgroups; more specifically,
anxious response predisposition might contribute to distress in the early stages of perimeno-
pause, whereas anxiety sensitivity might add to distress closer to menopause [62].

Affected patients are usually very impatient to alleviate the symptoms. Despite a high addic-
tion potential, benzodiazepines are among the most prescribed drugs for anxiety and one of
the most used drug classes in the world [63, 64]. A quick solution of one mental disorder may
produce another mental disorder —dependence. Benzodiazepine dependence develops in 35%
of persons who take benzodiazepines regularly for 4 weeks or longer, and the majority of
users will develop dependence after 4-6 months of daily use [65]. Women use psychotropic
medication consistently more often compared to men and these differences also appear to be
contingent on the specific mental disorder [66]. Benzodiazepine use was shown to be higher
among women, in older age groups, when burdened with a severe degree of anxiety, and with
decreasing income level [63-67].

Upon the abrupt discontinuation of the benzodiazepines, withdrawal symptoms may occur,
e.g. sweating, tremor, dizziness, headache, insomnia, rebound anxiety, tachycardia, and ele-
vated blood pressure, all of which can closely resemble perimenopausal symptoms, some-
times making it difficult to diagnose properly. This dependence may be controlled and ended
through dose tapering and/or medication switching [68].
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Due to the chronic nature of anxiety, long-term low-dose benzodiazepine treatment may be nec-
essary for some patients, despite that, for example SSRI-antidepressants or second-generation
antipsychotics administered in low doses are more suitable as they are not addictive [68]. A
phenomenological study explored whether older women who are chronic benzodiazepine users
identified themselves as dependent. Canham et al. report that the perceptions of dependence and
addiction/abuse influenced benzodiazepine use, as the informants stated to avoid consumption
of higher doses of benzodiazepines because of concerns of developing addiction [69].

Addiction to other substances may also be present in middle-aged women. As the difference
between women’s and men’s drinking rates decrease, the number and impact of older female
drinkers is expected to increase, and due to differences in metabolism of alcohol, women are
at higher risk for negative physical, medical, social, and psychological consequences associ-
ated with higher levels of alcohol consumption [70, 71]. Cannabis users described by Guillem
et al. were in a greater percentage female, older, more dependent on marijuana, and with
a high prevalence of affective and anxiety disorders [72]. Also, women are at higher risk of
abusing opioids through a pathway of initial prescription painkiller use [73].

In clinical practice, sometimes it is challenging to distinguish between anxiety, psychoactive
substance withdrawal, and sleep disorders. Insomnia is one of the hallmarks of perimeno-
pause and occurs in approximately 40% of perimenopausal women [57, 58]. Hot flashes,
night sweats, and other neurovegetative symptoms disrupt sleep, and insomnia may lead
to depression [58]. Personality traits also predispose women to insomnia, and it can be most
strongly related to neuroticism and DSM-IV personality disorder diagnoses, especially those
of Cluster B (emotional, dramatic, and erratic/inconsistent styles) and Cluster C (anxious,
fearful, and obsessive-compulsive styles) [56, 57]. Women with perimenopausal insomnia
also have a history of greater sensitivity to severe premenstrual symptoms [57].

5.2. Depression

Depression is an affective disorder that causes a persistent feeling of sadness, dysphoria and
loss of interest, or anhedonia. It is also called major depressive disorder or clinical depression.
It affects feelings, thinking, and behavior and can lead to a variety of emotional and physical
problems. Normal day-to-day activities become very troublesome, and sometimes life even
seems not worth living. Depression is not a weakness, the patient cannot simply “snap out”
of it, and it may require long-term treatment [74, 75].

The majority of findings indicate an increased susceptibility to depression during the peri-
menopausal transition [76, 77]. Perimenopausal depression is significantly associated with
lower education, a rural background, a history of psychiatric illness in the family, a later
age of menarche, and the late stage of perimenopause [56, 58]. Marital status, type of family,
religion, and occupation seem not to be associated with depression in perimenopause [58].
Also, the timing and number of adverse experiences in the childhood and adolescence dif-
ferentially impact risk and resilience for major depressive disorder across the female life span
and during the menopause transition [78]. Repeated epidemiological studies throughout the
world show that depression and anxiety prevalence rates are approximately 2:1 for women to
men. As prevalence rates of depression and anxiety are approximately equal in boys and girls
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until puberty, it has been hypothesized that the onset of menstruation in girls, triggered by
increases in estrogen and other female gonadal hormones, may be responsible for increased
depression and anxiety rates [79]. Paradoxically, sudden decreases in estrogen levels at other
times of life, such as postpartum and perimenopause, are also accompanied by increased
rates of depression and anxiety, thereby suggesting that it may be hormone ratios or changes,
rather than absolute levels, which trigger depression and anxiety in vulnerable women [79].

Depressed mood was found to be associated with the severity of menopausal symptoms
(somatic and psychological) [80]. Vasomotor symptoms were reported to be harbingers of
oncoming depression and also may signal the presence of dysregulated hormones and neu-
rotransmitters [77]. Psychological aspects of perimenopause, such as loneliness and life satisfac-
tion, were reported to be influenced by personal and partner issues, which seem to play a much
more relevant role than biological aspects [81]. Menopausal and affective symptoms, but also
partner factors, were related to lower sexual function in middle-aged women [82]. Interestingly,
the symptom triad of sleep disturbance, depressed mood, and sexual problems was shown to
occur simultaneously in only 5% of perimenopausal women, particularly if they were surgically
menopausal or in the late perimenopause [55]. Furthermore, this symptom triad was detected
most often among women with fair or poor general health, less education, a lower socioeco-
nomic status, and a greater psychosocial distress [54-56]. Women with perimenopausal depres-
sion also report significantly decreased quality of life, lack of social support, poor adjustment,
and increased disability compared to non-depressed perimenopausal women [83].

In treating depression in perimenopause, relieving vasomotor symptoms may be a necessary
dimension [77]. In milder forms of menopausal mood distress, hormone replacement therapy
may be sufficient. However, if depression is severe, antidepressants should be prescribed
[84-86]. The selective serotonin reuptake inhibitors (SSRIs) are the most frequently prescribed
antidepressant drugs, because they are well tolerated and have no severe side effects. They
rapidly block serotonin reuptake, yet the onset of their therapeutic action requires weeks of
treatment [87]. Regular exercise is important and helps to strengthen the resilience of women
[80]. Also, psychosocial interventions are often necessary to alleviate the symptoms of peri-
menopausal depression.

5.3. Bipolar disorder

Perimenopausal women may not suffer only from depression, but may also have had already
diagnosed other affective disorders. Bipolar disorder is a common, recurrent, and severe psy-
chiatric disorder that is characterized by extreme mood swings that include emotional highs
(mania or hypomania) and lows (depression), or mixed states (simultaneously occurring
manic and depressive symptoms) [88, 89].

Studies suggest that women with bipolar disorder are at a higher risk for mood episodes dur-
ing periods of intense hormonal fluctuation (e.g. premenstrual, postpartum, perimenopause)
[90-94]. Estrogen and progesterone were shown to modulate neurotransmitter systems and
intracellular signaling pathways that are affected by mood stabilizing agents, and these find-
ings may be relevant to the psychopathological aspects of bipolar disorder in women [90]. A
progression in female reproductive stages is associated with bipolar illness exacerbation, partic-
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ularly with lower mood and depression [91]. Interestingly, the exacerbation of perimenopausal
symptoms can be predicted in major depressive disorder, but not in bipolar disorder [93].

Estrogen seems to be neuroprotective also in affective disorders. Bipolar disorder patients who
were using hormone replacement therapy during perimenopause reported significantly less
worsening of mood symptoms than the patients without hormone replacement therapy [95].
This should be considered while adjusting the medication for bipolar disorder in perimenopause.

5.4. Cognitive impairment

Perimenopausal women can also experience different degrees of cognitive impairment. It is
characterized with diminished or impaired mental and/or intellectual function and includes
deficits in overall intelligence (e.g. with intellectual disabilities) and specific and restricted
deficits in cognitive abilities (e.g. attention, working memory, learning, executive function,
etc.), or it may describe drug-induced cognitive malfunction (e.g. benzodiazepines, alcohol,
illegal drugs, etc.).

In perimenopause, cognitive performance does not decline, but improvement is also absent
[96]. In the SWAN study, researchers observed that increased anxiety and depressive symp-
toms had independent and unfavorable effects on cognitive functioning [96]. Women reported
trouble with recall of words and numbers, losing or misplacing items, difficulty concentrat-
ing, needing to use memory aids, and forgetting appointments. However, the perceived mem-
ory difficulties were predominantly a function of stress and multiple burdens resulting in
diminished attention and concentration [96].

Perimenopause may have either just contemporary or long-term effects on cognitive function
with women being disproportionally more than men affected with Alzheimer’s disease and
dementia [96, 97]. Cognitive function does not change linearly across perimenopause, and
the decreases in attention/working memory, verbal learning, verbal memory, and fine motor
speed may be most evident in the first year after the final menstrual period [98].

A premature menopause, either because of a premature bilateral ovariectomy or a prema-
ture ovarian failure, was associated with worse verbal fluency and visual memory in later
life and also with a 30% increased risk of decline in psychomotor speed and global cognitive
function over 7 years [99]. Hormone replacement therapy at the time of premature meno-
pause appeared only partly beneficial for later-life cognitive functioning, and Ryan et al. warn
that this should be considered as a part of risk/benefit ratio when deciding on ovariectomy in
younger women [99].

It is noteworthy that women do not arrive at the menopause with equal risk of cognitive
impairment or equal susceptibility to the effects of hormone replacement therapy [64].
Hormone replacement therapy can have health risks, such as hormone-dependent cancer or
cardiovascular pathology that can also cause cognitive deterioration [100-102]. Therefore, it
is very important to take into account as many pro and contra arguments for prescribing hor-
mone replacement therapy, as possible.
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5.5. Psychotic disorders

Cognitive impairment, anxiety, and mood swings may also occur or worsen in perimeno-
pausal women with psychotic disorders (e.g. schizophrenia, delusional disorder, transient
psychotic disorders, or schizoaffective disorder). Schizophrenia is a complex mental disorder
that is characterized by positive symptoms (e.g. abnormal perceptions and beliefs), negative
symptoms (e.g. anhedonia and social withdrawal), cognitive deficits, and a decline from a pre-
vious level of functioning [103]. Schizophrenia and other psychotic disorders are increasingly
thought of as neurodevelopmental disorders, where multiple hits accumulate during critical
periods of central nervous system (CNS) development to cause the disorders [104, 105].

The loss of estrogens may lead to increased vulnerability for psychotic relapse, poor clini-
cal outcome, and a need for increased antipsychotic dose [106, 107]. Furthermore, time since
menopause is significantly negatively associated with antipsychotic response in postmeno-
pausal women with schizophrenia, suggesting a decline in antipsychotic response after
menopause [107]. Hormone replacement therapy during the perimenopause in women with
schizophrenia ameliorates psychotic and cognitive symptoms and may also help affective
symptoms [108]. Both hormone replacement therapy and changes in antipsychotic manage-
ment should be considered for women with schizophrenia at menopause [108].

5.6. Neurocircuitry and perimenopausal psychopathology

An array of neurotransmitters and neuromodulators is involved in the occurrence of psycho-
pathological symptoms, and although neuroscience has elucidated many psychopathological
processes, the complexity of the field makes it impossible to obtain definite explanations just
yet. Connectomics has already begun to map out large-scale neural circuit diagrams, includ-
ing ultrastructural analysis of the human brain [109, 110]. It is noteworthy that neural cir-
cuits do not have fixed connective properties and the relative concentrations and mixture of
neuromodulators at any given moment can provide yet another layer of dynamic functional
connections within a circuit [109].

Neurotransmitters and neuromodulators generally alter circuit function on the timescale of
seconds-to-minutes, and thereby they help fill the ‘signaling gap’ to a substantially slower pro-
cesses of gene transcription and protein translation (i.e. on the timescale of hours or days) [109].
The production of steroid hormones within brain circuits can rapidly modulate their func-
tional connectivity, thereby affecting the behavior [109]. Effects of long-term 17- estradiol (E2)
replacement on gene expression in brain nuclei were selective and revealed the greatest number
of gene changes in the supraoptic nucleus, with no genes affected in the prefrontal cortex [111].

Estrogen has proven neuroprotective effects and estrogen receptors are particularly plentiful
in the brain, especially in the hypothalamus, medulla, and limbic system, and therefore, it is
not surprising that sudden changes in estrogen levels may affect mood, anxiety, and cogni-
tion [58, 79]. Interventional research on early postmenopausal women suggests that estrogen
effects on serotonergic function may actually be a key mechanism relating mood and cognitive
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symptoms in the menopausal transition [112]. Many biogenic amines like serotonin, dopamine,
and norepinephrine can directly shift sensory representations through modulatory actions in
the frontal lobe, midbrain, and thalamus [109]. A substantial body of evidence has already
linked estrogen and serotonin, as well as estrogen and dopamine in the central nervous sys-
tem [113, 114]. Serotonergic and dopaminergic pathways in the brain play an important role
in the pathogenesis of anxiety, affective, and psychotic disorders, and monoamine oxidase A
(MAO-A) is an important brain enzyme that metabolizes these biogenic amines. After estrogen
level declines, MAO-A density may be elevated for a month or longer, and its change dur-
ing perimenopausal age is very similar to its change during major depressive episodes and
high-risk states for major depressive episodes, thus, being an interesting target for relieving of
perimenopausal symptoms [115].

Estradiol (E2) was shown to increase the production of tryptophan hydroxylase (TPH), which
represents the rate-limiting step in the synthesis of serotonin from its precursor tryptophan,
and furthermore, E2 also inhibits the expression of the gene for the SERT and acts as an antago-
nist at the SERT, thus, increasing the concentrations of serotonin that remains available in the
synapses for a longer period of time [114, 116-118]. E2 also modulates the actions of serotonin
because the activation of E2 receptors affects the distribution and state of serotonin receptors
[114]. Higher levels of E2 in the presence of progesterone upregulate E2 3 receptors (ERP) and
downregulate E2 a receptors (ERa). ERax downregulation directly inhibits function of seroto-
nergic 5-HT,, receptors [114, 119]. Additionally, ER( upregulation in turn upregulates 5-HT,,
receptors [114, 120]. Following 5-HT,, activation of protein kinase C, 5-HT, receptors become
unable to reduce serotonin production through negative feedback and serotonin concentra-
tions increase [114]. Alterations in 5-HT,,, 5-HT ; and 5-HT,, mRNA levels and an increase in
synaptic serotonin levels reduce symptoms of anxiety, depression, and possible psychosis [121].

The 5-HT,, and 5-HT , receptors are both inhibitory transmembrane receptors that are located
throughout the brain [82]. 5-HT |, receptor is the most studied for its role in depression, but it
also modulates anxiety behavior, bipolar disorder, and post-traumatic stress disorder [122].
Also, several lines of evidence support a stimulatory influence of serotonin on the hypothal-
amo-pituitary-adrenal axis (HPA) in humans and rodents, mediated, in part, by the 5-HT, ,
receptor. Evidence suggests that the brain serotonergic system has a higher potential for stim-
ulating the HPA axis in females, and under basal conditions, females express higher levels of
serotonin than males in brainstem, limbic forebrain, and cortex [123]. The 5-HT, , receptor not
only drives the stimulatory effect of serotonin on the HPA axis but is also a critical determi-
nant of the antidepressant response [123]. 5-HT,, receptor is best known for its role in regu-
lating aggressive and impulsive behavior, but it also modulates depression and it has been
implicated in the neural basis of dysregulation of reward processing, thus being associated
with drug and alcohol abuse [122].

5-HT,, antagonists have antidepressant-like, anxiolytic, and antipsychotic effects [122, 124].
There is extensive evidence, from both animal and human studies, that the characteristic
effects of hallucinogens are mediated by their agonistic interactions with the 5-HT,, receptor
[125]. The loss of estrogen in perimenopause leads to a decreased density of 5-HT,, recep-
tors and a lower activity of serotonin, which could explain aberrant temperature regulation,
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including hot flashes and night sweats [114, 126]. The nighttime prevalence of hot flashes and
night sweats could be a result of the conversion of serotonin to melatonin at night, resulting
in lower circulating serotonin levels [127].

Female steroid hormones also promote dopaminergic neuron survival and protect them from
degeneration, as shown in the E2 modulation of striatal neural pathways [128]. Dopamine
receptors (D, D,, D,, D,, and D,) are G-protein coupled and mediate all of the physiological
functions of dopamine, ranging from voluntary movement and reward to hormonal regu-
lation and hypertension [129]. In the brain, dopamine receptors mediate affect, attention,
impulse control, decision-making, motor learning, sleep, reproductive behaviors, and the
regulation of food intake [129]. On the basis of their structural, pharmacological, and bio-
chemical properties, these receptors are classified as either D -class dopamine receptors (D,
and D,) or D,-class dopamine receptors (D,, D,, and D,). All clinically effective antipsychot-
ics possess the ability to block D, dopamine receptors. Dopamine D, receptors play a critical
role in the development of psychotic symptoms [129-131]. In the brain of ovariectomized
rats, estrogen treatment increased levels of dopamine transporters and lowered dopamine D,
receptor density in the nucleus accumbens and in the caudate nucleus, but also normalized
norepinephrine pathway [132, 133].

Current scientific evidence suggests that the path to psychopathology is laid by the adverse
interaction of multiple risk genes and environmental factors, a constellation that predisposes
individuals to the subtle disturbances in brain neurotransmission that ultimately lead to overt
emotional and behavioral symptoms [134].

Antidepressants and antipsychotics control psychopathological symptoms due to their pre-
dominant antagonistic effect on various combinations of serotonin and dopamine receptors
subtypes, and research supports an important role of add-on estrogen in alleviating mood,
anxiety, and psychotic symptoms in perimenopause.

5.7. Psychosocial context in perimenopause

Adaptation to biological changes of perimenopause is largely affected with the psychosocial
context of middle-aged women’s lives, and studies show that these circumstances may have
a greater effect on symptomatology than any biological changes. Hence, we must be careful
about an overly reductionist receptor-based and hormonal approach to mood or cognitive
symptoms and have to take into account the evidence that psychosocial factors act via epi-
genetic mechanisms in the pathogenesis of mental disorders [75, 131]. Epigenetic remodel-
ing takes place throughout adult life, under the influence of environmental factors such as
nutrition, drugs, and chemical, physical, and psychosocial factors, and psychotherapies were
suggested to be conceptualized as epigenetic “drugs,” or at least as therapeutic agents that act
epigenetically very similarly or complementary to drugs [131-133].

Middle adulthood is the period in life characterized by gradually decreased biological and
physiological functioning [134]. As previously described, a subgroup of vulnerable women
may suffer from the hormonal changes naturally occurring during the perimenopause and
coinciding with the manifold psychosocial changes coming together during this phase of
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life [106]. In this midlife transition, an intense reappraisal of all aspects of life takes place,
and it may result either in decisions to keep most life structures that were built through
decades, such as marriages and careers, or major shifts may be made, such as divorce or a
job change, and the latter may represent a true midlife crisis, accompanied by significant
emotional turmoil for the individual and others [134]. Another phenomenon described in
middle adulthood is an empty nest syndrome, the time when the youngest child is about
to leave home. Parents may become depressed, and this is especially true of women whose
predominant role in life has been mothering [135].

Psychopathological symptoms in perimenopause occur as a result of complex changes on
several levels of female functioning, may it be biological or psychosocial. Middle-aged
women must adapt to loss of sex hormones, and this transition is sometimes extremely
troublesome. If they already suffered from any mental illness while being younger, the
perimenopausal transition is even harder. If they also live in unfavorable circumstances,
lack the support from significant others, are physically ill and poor, it is reflected in the
severity of perimenopausal syndrome and a higher incidence of mental disease during peri-
menopause. These patients need a special attention from different medical practitioners. It
is vitally important to tailor the therapy individually while carefully listening to the min-
ute details of what burdens each woman the most. Psychotherapy, regular exercise, social
interventions, and partner counseling are just a few of possible actions that may alleviate
the severity of perimenopausal and psychopathological symptoms, while the combination
of the prescribed medications must be fine-tuned and supported with the estimation of
expected true benefits.

Last but not least, women with serious mental disorder have deficits in knowledge regarding
menopause [53]. Therefore, educational programmes are necessary and should offer valuable
information on natural course of perimenopause and strategies to alleviate perimenopausal
symptoms, i.e. teaching the women how to reduce stress, eat healthy, engage in different
activities, regularly take the prescribed medication if needed, and also recognize the peri-
menopausal symptoms and learn how to differentiate them from possible serious diseases
that need professional help. Perimenopause cannot be prevented, but many of the perimeno-
pausal symptoms can and should be reduced, and that holds true also for perimenopausal
psychopathological symptoms.

6. Conclusion

Menopause is an event in a woman'’s life that marks the end of reproductive function. The
process of reproductive aging is gradual and begins in the early menopausal transition. The
decline in ovarian estrogen production causes physical symptoms, metabolic changes, and
influences the mood and cognition. The relationships between perimenopausal syndrome
and mental disorders are strong and confirmed with many different studies. Given these find-
ings, in the future, strategies to locally regulate hormone bioavailability may offer greater
therapeutic potential in the fight against age-related disease.
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Abstract

Endocrine and neural senescence overlap in time, by intertwined complex feedback
loops. Womens’ brain is genetically more prone to suffer during life, and perimeno-
pause is a “critical period” in neuroaging, when the degenerative processes begin. Many
hypotheses on the multifactorial nature of women'’s brain aging are elaborated, and
tested in high-tech research centers. The most analyzed Alzheimer’s disease (AD) is char-
acterized not only by A oligomers and fibrils accumulation, but also by metabolic and
inflammatory changes, with the onset during menopausal transition and early years of
menopause. Deep analysis of endocrine, neural, and metabolic pathways are giving new
insights to the sequential view of Af3-centric in AD pathogenesis, prevention, and treat-
ment from perimenopause, for maintaining women’s neurological health.

Keywords: neuroaging, perimenopause, critical period

1. Introduction: sex differences in contemporary neurodegenerative
disorders

Ovarian aging is very well-known in contemporary women's life, and the jeopardizing meno-
pausal effects of sex steroid hormones deficiency are clinically evident in late-life mental dis-
orders. Endocrine and neural senescence overlap in time, and are mechanistically intertwined
in complex feedback loops.

In the past century, both life expectancy and the average age of onset of menopause for women
in many countries from Western Europe and North America were slightly over 50 years,
whereas currently, women can expect to live until the age of 80 years, although the average
age of menopause remains in the early 50s. Given the importance of the brain as a target organ

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN



128

Sex Hormones in Neurodegenerative Processes and Diseases

for sex steroids, it is not surprising that many of the complaints that prompt women to seek
treatment related to menopause are neurological in origin.

Dementia with its most severe entities, such as the Alzheimer’s disease (AD), Parkinson’s
disease (PD), multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS), are the most
frequent contemporary neurodegenerative disorders, connected in majority by neural cell
loss and neuroinflammation.

There are sex/gender differences in cognitive trajectories in clinically normal older adults [1],
and women are known to have a higher propensity to develop AD versus men [2, 3], a higher
risk of mild cognitive impairment and a lower risk, but poorer outcomes after stroke [4].
Women's risk for AD is considered to be through their organizational effects during develop-
mental sexual differentiation of the fetal brain [5].

The AD is the most prevalent form of old-life mental failure in worldwide humans, being a
progressive neurodegenerative disorder, for which a number of genetic, environmental, and
lifestyle risk factors have been identified. The estimated prevalence of all-cause of dementia
varies from 4.7% in Central Europe to 8.7% in North Africa/Middle East, with North America
falling at 6.4%. Currently, over 46 million individuals live with dementia worldwide and the
number is projected to increase to 131.5 million by 2050 [6]. The AD is familial with early-
onset and sporadic with late-onset, and the present chapter will discuss the sporadic AD with
late-onset in women, the most common form of AD representing more than 95% of the cur-
rent human AD population [7].

In this very moment, the geroscience research is imperative with aims to forward a better and
full understanding of neurodegeneration/neuroprotection of “the sexome” [8], and to prevent
or delay by every tool the deleterious effects of brain aging [9]. Estrogen deficiency or estro-
gen disrupters are associated from menopause transition with episodic memory troubles, a
cognitive domain in which impairments are associated with the increased risk of AD, being
less known the onset of the other neurodegenerative disorders [10].

AD has an insidious onset and a gradual progression over several years—from 1.5 to 8 or up to
10 years, or a preclinical stage with a subtle loss of cognitive functioning—as verbal memory
on new information, that precede several years the AD diagnostic, period considered as a
transition period from normal aging brain to AD [11]. During this period, there are discovered
several subtypes of mild cognitive impairment (MCI), 10-15% with the risk to future evolution
to AD per year [12], or a 12% conversion rate from MIC to dementia yearly [13]. The character-
istic deposits of f-amyloid and tau proteins depicted by neuroimaging or at autopsy located in
the hippocampus, medial temporal regions, parietal, and frontal cortical regions [14] may be
prevented from extension, as other structural degenerative diseases. It is imperious to prevent
the intracellular appearance of the amyloid peptide, which induces by its toxicity neuronal
apoptosis and cell death, events that can be prevented by sex steroid hormones [15].

The clinical symptoms/signs of MCI are considered by neuroscientists as prodrome to AD
[16], and their algorithms for diagnosis may permit to initiate the hormone/estrogen therapy
(HT/ET), because their onset moment is coincidental to perimenopause, as considering the
North American clinicians [17]. The “timing” theory regarding the reproductive stage and
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role of time since menopause at initiation of HT/ET may work in preventing the mental dete-
rioration due to aging [17], and perimenopause can be the “critical window” for opportunity
in neuroprotection with steroids. The perimenopausal transition might also represent a “win-
dow of opportunity” to prevent age-related neurological diseases [10, 18, 19].

2. Hormonal and genetic data on perimenopausal neuroaging

The data of this chapter are regarding brain aging in perimenopause—a part in woman'’s
reproductive life, systematized in the stages of reproductive aging (STRAW) [20].

Menopausal transition starts with the variation of cycles duration and ends with the last period
(recognized only after 12 months of amenorrhea), natural menopause at the average age
51 years, premature menopause [premature ovarian failure (POF)] before 40 years, and early
menopause between 40 and 45 years [21, 22]. Women with POF have been reported to have
more anxiety, depression, somatization, sensitivity, hostility, and psychological distress than
women with normal ovaries [23]. Perimenopause or “near menopause” starts from the stage -2
of menopausal transition and ends at 12 months after last menstruation, may be of 10-15 years.
During this period, there are important variations of sex steroids, summarized by low ovar-
ian inhibin [24], which in turn reduces the restraint on both the hypothalamus and pituitary
gland, and results in elevated pituitary gonadotropin FSH, increased also by the hypothalamic
gonadotropin-releasing hormone (GnRH). During the late menopause transition and a part of
perimenopause, despite occasional episodes of normal cycling, women are exposed to peri-
ods of estrogen withdrawal, fewer ovulatory cycles, and prolonged hypogonadism, ultimately
leading to the last menstrual period, after which is an elevated level of gonadotrophin secre-
tion (only tonic, not phasic) [25]. During this phase, besides the low ovarian E2 and proges-
terone, there are productions of androgens and growth factors, which will decline in future
years of postmenopause [26]. The ovaries are stimulated during menopausal transition and
early postmenopausal years by gonadotropins, but the pulsatile GnRH pattern is different in
different species before reproductive failure. It is a decrease of GnRH gene expression in many
middle-aged rats [27], and an increase in perimenopausal rhesus monkeys [28].

Premature menopause/early menopause can be spontaneous or induced; after medical inter-
ventions such as chemotherapy/radiotherapy or surgery. The most common cause of prema-
ture/early menopause is bilateral oophorectomy with/without hysterectomy. Primary ovarian
failure (POF) may be a cause of early/premature menopause, for ischemic stroke [29], as for
all cardiovascular diseases risks [30], and these conditions were first described as a cause of
neurological disturbances in different European, North American, and Japanese populations
[21, 31-33].

Bilateral oophorectomy at premenopausal ages is inducing drops of E2 and testosterone
levels, by 40-50%, and an abruptly rise in FSH levels, the levels of androgen being lower
than in natural menopause at ages of 65 years, when women in normal or in premature/early
menopause continue to have some levels of androgens [34]. As it is shown in the Table 1,
the hazard ratios reached statistical significance in cases with bilateral oophorectomy: at the
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Adjusted odd ratio for dementia after unilateral oophorectomy

Age at surgery (years) Hazard ratio CI95% P value
<43 1.74 0.97-3.14 0.06
43-48 1.68 1.06-2.66 0.03
>48 1.09 0.74-1.61 0.66

Adjusted odd ratio for dementia after bilateral oophorectomy

<34 4.61 2.52-8.43 <0.0001
3441 1.23 0.67-2.26 0.51
>41 1.50 1.05-2.13 0.03

Adjusted odd ratio for PD after bilateral oophorectomy

<38 2.85 1.28-6.35 0.001
38-45 1.38 1.28-6.35 0.42
>45 1.38 0.92-3.03 0.09

Cases of cognitive impairment/dementia and Parkinson disease (PD) in women with unilateral (813) and bilateral
(676) oophorectomy: For a nonmalignant disease, in Olmsted County, Minnesota (USA) during 1950-1987, followed up
the death or the finish of study at 2001-2006 (Rocca et al. [32]).

Table 1. Utero-ovarian surgery and neurological disturbances in premenopause.

age <34 years for dementia and <38 years for PD. Perimenopause is a “fragile” period in wom-
an’s life, comparable to the fragility of the adolescence, if we speak about “hormonal storms,”
but the hormonal pyramid is upside down, and more than these, the North American neu-
rologists are considering perimenopause as a neurological transition state [35], because the
characteristic symptoms regarding thermoregulation, sleep, circadian rhythms, and sensory
processing are of neurological nature, besides the changes of cognitive function [36].

The central and peripheral hormonal changes in menopausal transition and perimenopause
were assessed in many research centers from Western Europe [37], Australia [24, 38], North
America [25], and besides these, the rat models on gene expression analyses demonstrated
that there are two distinct aging programs: chronological and endocrine, regarding bioener-
getic gene expression involved in brain metabolism and synaptic plasticity [39].

The endocrine transition marked by changing from regular to irregular menstrual cycles is
characterized by the impairment of the energy metabolism, glucose hypometabolism, and
chronic oxidative stress, which were demonstrated by gene expression in brain metabolism,
mitochondrial function, and long-term potentiation. Rat model analysis on brain energetic
metabolism in menopausal transition demonstrated that insulin/insulin-like growth factor
1 and adenosine monophosphate-activated protein kinase/peroxisome proliferator-activated
receptor gamma coactivator-1-alpha (AMPK/PGCla) signaling pathways are upstream
regulators [39], and these pathways suggest the critical role of E2 in neuronal survival. E2
stimulates the mitochondrial sequestration of Ca*" and protects neurons against adverse con-
sequences of excess cytoplasmic Ca®* and subsequent dysregulation of Ca® homeostasis, with
concomitant preservation of mitochondrial respiratory capacity [40].
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Genetic analyses demonstrated that the menstrual cycles acyclicity is accompanied by a rise
in genes required for fatty acid metabolism, a decline of genes required for mitochondrial
function, $-amyloid degradation, and neuroinflammation including increased number in
microglia population in aging hippocampus [41], plus the shift of microglia activation with
predominant production of inflammatory cytokines [42], and a higher basal level of comple-
ment cascade genes and interleukin 1 receptor-like 1 in women versus men [43].

There are neuroimmune modulation differences in normal memory processes and memory
dysregulation, in the roles of cytokines, astrocytes, and microglia in females and males [44].
These differences are from early development and differentiation of the brain [5], making
women’s brain inherently vulnerable to neurodegenerative diseases, to a higher risk of mild
cognitive impairment and AD in advanced ages [45] (though not all studies are in agreement
on this point, [1]), and non-neurodegenerative cognitive impairments fact that drive to the
deleterious/beneficial consequences for estrogen therapy. The metabolic and neuroinflam-
matory changes are connected via redox regulation during normal brain aging, and may be
predictive for later-life vulnerability to hypometabolic conditions of AD [46].

There are new animal studies on female neuroaging, regarding the microglia involvement in
neurogenesis [47], to innate immune system [48], being revealed the microglia sensome by
direct RNA sequencing [49]. Molecular studies on mice aging [50] revealed a central role of
gender in the transcriptomic response in hippocampal and cortex aging, demonstrating sexu-
ally divergent changes of neuroinflammation, mainly an increase of microglia-specific genes,
and Clq protein expression of the complement system, in the activation of astrocytes, and in
cytokine release and function in aging. Clqa induction is a driver of synapse loss with greater
Clqa induction associated with poorer cognitive performance. It is considered that the age-
related changes in inflammatory hippocampal genes amplified in women after estrogen fail-
ure may contribute to sex differences in age-related neurological diseases. There are classes
of genes in which inductions and reductions in gene expression are acting synergistically in
female aging hippocampus [50].

The rise of microglia-specific genes in aging females is interrelated to a significant decrease in
the activation of two pro-neurogenesis pathways evident in aging hippocampus: Notch1 and
Presenilin 1 and 2 (PSEN1 and PSEN2) regulated genes [51]: Notch1 is necessary for neural
stem cell maintenance [52], the PSEN1 expression regulates neuroprogenitor cell differentia-
tion [53], and the defects in PSEN1 expression are associated with the manifestation of AD in
old age [54]. Another change of neuroinflammatory genes in aging women is that of Tyrobp
known as TREM2, as a causal regulator in microglia-associated changes in AD [55], and its
proper mechanism in AD etiology is still being determined [56].

3. Hypothesis on brain aging and neurodegeneration during
perimenopause

The months/years of perimenopause represent an important moment during women’s aging,
when steroids and their receptors decline is evident in the hippocampal and cortical neurons,
after estrogen exposure during the reproductive years. The estrogens decline is associated/acts
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synergic to other factors as hypertension, diabetes, hypoxia/obstructive sleep apnea, obesity,
vitamin B12/folate deficiency, depression, and traumatic brain injury to promote different
pathological mechanisms involved in brain aging, memory impairment, and AD.

The Californian and Australian neuroscientists had shown that chronic cerebral hypoperfu-
sion deprives the brain from its two paramount trophic substances, oxygen and glucose, and
consequently, the brain suffers from synaptic dysfunction and neuronal degeneration/loss,
leading to both gray and white matter atrophy. The magnetic resonance imaging of the head
used in the North American studies from Kronos Early Estrogen Prevention Study (KEEPS)
showed a brain volume decrease with an average of 0.30-0.35% per year, and an increase
of 3.59-3.73% in the ventricular volumes in the first 18 months of menopause [57], with a
regional reduction of volume, which is more important in the hippocampus [58].

There are two hypotheses regarding neurodegeneration in brain aging, connected to low
energy fuel supply, glucose hypometabolism and its complications for normal functioning
[59], and microglia activation with associated secondary effect. In these hypothetical condi-
tions, there are sexually divergent differences in gene expression in aging brain with compar-
ing the number of gene expression changes in both males and females, and separating gene
expression profiles based on up or downregulation.

The first hypothesis regards to the deficiency in glucose availability and mitochondrial dys-
function well-known as hallmarks of brain aging, which are particularly accentuated in neu-
rodegenerative disorders, and the shift from an aerobic glycolytic to a ketogenic phenotype
of bioenergetic metabolism. The model on female rat brain aging revealed that bioenergetic
decline is starting from perimenopausal transition, which is followed by the decrease of brain
synaptic plasticity [39]. The mouse female transgenic model of familial AD revealed that
ovariectomy induces a shift in fuel availability and metabolism in the hippocampus, with
an increase of enzymes required for long-chain fatty acid and ketone body metabolism, to
obtain brain energy [46, 60]. Glucose hypometabolism associated to cerebral hypoperfusion
initiated with perimenopausal atherosclerosis [61], hypercholesterolemia, nitric oxide, and
impairment of redox homeostasis is considered as the key pathophysiologic promoter of
neurodegeneration [59], and the known differences in regional brain metabolism make some
women prone to AD [62].

Posterior cingulated and prefrontal cortex, which closely resembles the hypometabolic pro-
file of AD brains are the postmenopausal women’s brain areas with reduced cerebral blood
flow, with alteration of brain blood barrier glucose transport, and with significant decline in
glucose metabolism [63].

It was demonstrated that brain aging is associated with a decrease of central insulin concen-
tration [64—66], with an impairment of insulin receptor binding ability, resulting in an increase
in deterioration of glucose homeostasis in the brain. Brain insulin resistance [67] is associated
to peripheral insulin resistance—a typical feature of elder ages, associated to atherogenic dys-
lipidemia [65], and ET influences insulin resistance in medial prefrontal gyrus metabolism.

The second hypothesis is focusing on neuroinflammation specifically after low estrogen lev-
els, connected to the shift of microglia activation, with the changing rate of microglia after
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activation M1 (classical) to M2 (alternative) type [68] or it is a maladaptive microglia activa-
tion [69], or a shift from neuroprotection to neurotoxicity, underlining chronic neuroinflam-
mation and parainflammation, which is different in women and men [70, 71]. The shift is
connected to proinflammatory cytokines and oxidative-nitrosative stress, which plus elevated
levels of complement pathway components and other immune factors plays a key patho-
physiological role in promoting cognitive dysfunction by enhancing endothelin, Amyloid-f3
deposition, cerebral amyloid angiopathy, aberrant synapse elimination in the hippocampus
[72], and blood-brain barrier disruption.

AD is characterized by the loss of neurons and synapses from the cerebral cortex and cer-
tain subcortical regions of the temporal and parietal lobes, and parts of the frontal cortex
and cingulated gyrus [73], and accumulation of plaque made up of small peptides called
[B-amiloid (also written as A-beta or AP). B-amyloid is a fragment from a larger protein called
amyloid precursor protein (APP), a transmembrane protein that penetrates through the neu-
ron’s membrane. The Italian studies from Florence have demonstrated that estradiol is restor-
ing in menopause the neuroprotective gene, seladin-1 (for SELective Alzheimer’s Disease
INdicator-1), or the gene DHCR24, which is downregulated in AD [74]. This gene inhibits the
activation of caspase-3, a key modulator of apoptosis, and the gene encodes 33-hydroxysterol,
which catalyzes the conversion of desmosterol into cholesterol, and an appropriate amount
of membrane cholesterol plays a pivotal role to protect nerve cells against A toxicity and
counteracts the synthesis of Ap in AD [75, 76].

Microglia, a type of glial cell derived from myeloid precursors in the bone marrow that popu-
late the CNS during development, as well as a brain resident innate immune cell, is the first
line of defense in the CNS, as a monitor/sensor of neuronal activity in normal brain [77], pro-
tecting the local environment against invading pathogens, helping recovery from injury, and
also in synapse pruning and neurodevelopment [78]. It is crucial in clearing debris, apoptotic/
necrotic cells, or products from necrotic cells, infiltration of infectious agents, mediating the
brain’s inflammatory and repair response to traumatic injury, stroke, or neurodegeneration
[79]. It was suggested that age-dependent and senescence-driven impairments of microglia
functions and responses play essential roles during onset and progression of neurodegen-
erative diseases as AD and PD, in which molecular changes on microglia senescence are
similar [80]. The unique nature and developmental origin of microglia causing microglial self-
renewal and telomere shortening led to the hypothesis that these CNS-specific innate immune
cells become senescent [81]. There are two important characteristics of human brain microg-
lia: their heterogeneity observed in brain regions, and their different sensitivity to aging; the
microglia from cortex, basal forebrain, and hippocampus are more sensible [81].

Microglia is activated from its normal state of a functionally “resting” resident immune cell
of the CNS, and upon activation, microglia may proliferate and undergo a morphological
transformation from a ramified to amoeboid appearance, and movement to sites of injury or
stress can occur along with a release soluble immune mediators [82]. The activated microglia
are functioning like a phagocyte or macrophage, having toll-like receptors (TLRs), that recog-
nize specific molecular patterns as complement, mannose, scavenger, C-type lectin, nucleotide-
binding oligomerization domain-like, and this specific action of microglia is called autophagy.
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The autophagy is crucial for neuronal health and survival, the delivery of toxic molecules and
organelles from neuronal apoptotic cells to microglia lysosomes may be acutely and/or chroni-
cally dysregulated by senescence, affecting phagocytosis and inflammation-innate immune
functions in all age-associated neurodegenerative diseases [83]. There are two phenotypes of
activated microglia: M1 (the cells become more cytotoxic by releasing additional pro-inflamma-
tory cytokines- TNF, II-1p, I1-6, and free radicals [84]), and M2, which becomes more anti-inflam-
matory, by secreting anti-inflammatory cytokines and neurotrophic factors and helps repair
local damage [82]. The mouse model on AD is showing a distinct shift in activated microglia
phenotypes, that occurs between the beginning of A{3 pathology (alternative phenotype), and
advanced stages (classical phenotype), the latter may cause disease-associated neuron loss.

In this context, there are comments/discussions on microglia: if it is a scapegoat, a saboteur,
or something else. A multicenter research group has discovered the presence of microglia
amylin receptors mediating A3 inflammation and neurodegeneration on primary cultures of
fetal human and rats microglia [84], these receptors being common to neurons and microglia.
It was proposed a model of microglia activation for AD, and neuronal death, involving these
receptors, microglia, neurons, inflammation, amyloid precursor protein, and A{3 (Figure 1).

The amylin receptors are increasing as microglia responds to inflammatory triggers, such as
lipopolysaccharide, resulting in microglia activation. The interaction of Ap with amylin recep-
tors of the activated microglia leads to increased production and release of cytokines, which
act directly on neurons to produce cell death, with additionally increased production of A3
via processing the amyloid precursor protein. The A{ interacts with neurons and microglia
amylin receptors to produce cell death [84].

The microglia activation is via the release of ATP, neurotransmitters, growth factors or cyto-
kines, ion changes, special of Ca* in the CNS environment, or loss of inhibitor molecules dis-
played by healthy neurons, or when microglia cells encounter molecules not normally found
in the healthy CNS, as blood clotting factors, intracellular constituents released by necrotic
cells (hypomethylated mammalian DNA, RNA), externalized phosphatidylserine on apop-
totic cells, immunoglobulin-antigen complexes, opsonizing complement, abnormally folded
proteins or pathogen-related structures. When microglia activation occurs, the activation is
correlated to the severity degree of the stressor, being recorded the disruptions of microg-
lia functions causing synaptic dysfunction and excess synapse loss early in abnormalities of
learning and memory [77].

Being a debate about the initiator from the two hypotheses: first, the bioenergetic hypoth-
esis based on mitochondrial dysfunction, and the second on the microglia activation as the
driving force for neuroinflammation, which is “a lesson learned from microglia depletion
models” [85], there are multiple evidences that these abnormalities exacerbate each other,
and these mechanistic diversities have cellular redox dysregulation as a common denomina-
tor and connector [86]. According to these, one may consider a metabolic inflammatory axis
during brain aging and in neurodegenerative diseases [42]. In conditions of hypoglycemia,
lactate can serve as an auxiliary fuel by metabolism of glycogen stores to generate glucose
and subsequently lactate; some studies revealed that glial cells are likely to produce lactate in
excess to its utilization by neurons [46].
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Figure 1. Model of neurodegeneration in AD proposed by Fu et al. [84]: Through the involvement microglia and neural
amylin receptors in mediating the AB-induced neurodegeneration. Legend: The expression of amylin receptors of resting
microglia, increased in response to inflammatory triggers like LPS, induces microglial cells activation. The interaction
of AP with amylin receptors of the activated microglia leads to increased production and release of cytokines (TNF,
1I-1B, and I1-6), which act directly on neurons to produce cell death and additionally augment the production of Af
via processing of the amyloid precursor protein (APP). The A, in turn, interacts with neuronal and microglial amylin
receptors to produce cell death. Adapted from Fu et al. [84]. Open access to this article is distributed under the terms of
the creative commons attribution 4.0 international license (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original
author(s) and the source, provide a link to the creative commons license, and indicate if changes were made. The creative
commons public domain dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data
made available in this article, unless otherwise stated.

Neurological symptoms that emerge during perimenopause are indicative of disruption in
multiple estrogen-regulated systems, and affect multiple domains of cognitive and memory
functions [87].

Estrogens (special E2) are appreciated as a master regulator of bioenergetic systems in the
body and brain [88].

The hypothesis on estrogen action or “healthy-cell bias” hypothesis [87, 89] is similar to the
understanding of the different cardiovascular protective/harmful effects of estrogens at differ-
ent women ages—protective before 60 years and harmful after 65 years. The protective effect
of E2 is altered in the presence of the APOE4 genotype, which alters the response of microglia
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and macrophages to 173-E2 [90], and this fact may be an explanation of some studies showing
better results with ET on memory recall in women aged around 70 and 20 years postmeno-
pausal, if women have not demonstrated memory impairment [91].

It was demonstrated how during reproductive ages the estrogen-induced signaling pathways in
hippocampal and cortical neurons converge upon the mitochondria to enhance aerobic glycolysis
coupled to the citric acid cycle, mitochondrial respiration, and ATP generation, and in senescence
when estrogens are missing, it is a chronic oxidative stress due to the shift from an aerobic gly-
colytic to a ketogenic profile/phenotype/ [35, 60], and this shift is preceded by the early, already
mentioned decline in glucose transport and metabolism [46]. In mouse model, the mitochondrial
bioenergetic deficit precedes AD [92]. The estrogen decline in perimenopause is associated to the
decline in mitochondria bioenergetics and together with the shift to ketogenetic profile are steps
to AP depositions in AD [93, 94]. Hexokinase, the first rate limiting step in glycolysis, interacts
with mitochondria and prevents mitochondria-mediated apoptosis and through this mecha-
nism, is promoting survival in neurons and other cell types [95], but AD patients exhibit declined
hexokinase activity in the brain, cerebral microvessels, leukocytes, and fibroblasts.

Calcium dynamics play a pivotal and mandatory role in the estradiol-inducible cascade that
leads to neurotrophic and neuroprotective benefit [89]. Dynamics of Ca* homeostasis are
tightly regulated in healthy neurons and dysfunctional in degenerating neurons at elder ages.

The emergence of glucose hypometabolism, microglia activation, and impaired synaptic func-
tion in brain provide plausible mechanisms of neurological symptoms of perimenopause and
can be predictive of later-life vulnerability to hypometabolic conditions such as AD. The alter-
ation in the bioenergetic profile of the brain in the months/years of perimenopause may be an
explanation for the controversies on estrogen therapy/hormone therapy divergent outcomes,
beneficial [18, 19] or harmful (WHI Memory Study) effects on neural health, on memory and
cognition [46].
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Abstract

Alzheimer’s disease (AD) is the most common type of dementia and the most common
neurodegenerative disorder of elderly. It is not an accelerated form of aging but it is
characterized by distinct temporospatial brain pathological changes, including amyloid
plaques accumulation, neurofibrillary tangles deposition, synaptic loss and neuronal
death with gross brain atrophy. These changes result in persistent progressive memory
and cognitive decline interfering with the usual daily activities. AD is a multifactorial
disorder results from the interaction of genetic, epigenetic, environmental and lifestyle
factors. Estrogen, progesterone and androgen effects are important building stones in AD
pathogenesis, and their effect in brain modulation and development results in different
gender susceptibility to the disease. These sex hormones whether gonadal or neuros-
teroids (synthesized locally in the brain) play important neuroprotective roles influenc-
ing the individual’s vulnerability to AD development, rate of mild cognitive impairment
(MCI)/AD conversion and speed of AD progression. Despite the little therapeutic impli-
cations of hormonal replacement therapy in AD treatment, yet this topic still represents
a challenging hopeful way to construct a strategy for the development of personalized,
gender-specific AD management.

Keywords: Alzheimer’s disease, sex hormones, neurosteroids, estrogens, progesterone,
androgens

1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia and a key determinant of
healthcare costs. It is an age-related neurodegenerative disorder, and due to increased peo-
ple life expectancy, AD becomes one of the most burdensome threats to public health and a
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grand international research challenges. It is a system-specific brain disease affecting discrete
neurons in a nearly consistent temporospatial pattern and is characterized by progressive
memory decline and persistent cognitive impairment enough to interfere with the person’s
performance of the usual daily activities.

1.1. History

The gender difference in the cognitive and neurobehavioral performance had been noticed
since ancient time which may be the origin of the popular legend (men are from Mars, women
are from Venus and had met here in Earth) [1]. The concept of age-related cognitive decline
was well known since antiquity, which progressed through the ages till reached the term
dementia. The link between female sex and dementia had also noticed since a very long
period and this made Jean Etienne Esquirol put menstrual disorders and sequelae of deliv-
ery as direct causes of dementia in his book Des Maladies Mentales [2, 3]. In 25 November
1901, the German neurologist, Dr. Alois Alzheimer admitted a patient presented by recent
cognitive decline to the public mental asylum in Frankfurt. Surprisingly, this first description
was on a 51-year-old lady named Auguste Deter, who experienced marked memory decline,
fear of people and became jealous of her husband in the last year preceded her admission
in Frankfurt asylum by Dr. Alois Alzheimer and Dr. Hermann P. Nitsche. Later, the patient
developed severe behavioral abnormalities, delusions, disorientation of time and place, hal-
lucinations and severe language difficulties. In 1906, Auguste died and her autopsy revealed
gross brain atrophy and microscopically increased silver staining by using Bielschowsky
method, which later named amyloid plaques and neurofibrillary tangles (NFTs) [4].

1.2. Epidemiology

Dementia affects about 47 million people worldwide, and this number is expected to double
every 20 years due to increased life expectancy. AD is the leading cause of dementia account-
ing for about 30% of early onset cases before the age of 50 years and 60-80% of late onset ones
either as pure or mixed form [5]. It is one of the commonest causes of prolonged disability in
old age, the sixth cause of death in USA globally and the fifth cause for seniors above the age
of 65. Old age is the most important AD risk with estimated prevalence of 3% in people aged
65-74 years, 17% between 75 and 84 years and 32% in those >85 years [6, 7].

AD disproportionately affects both sexes, with females have 2-3 times higher incidence of AD
than males of the same age. The age-specific risk of developing AD is almost twofold greater
in women than men, 17.2% vs. 9.1% at 65 years and 28.5% vs. 10.2% at 75 years. The incidence
of amnestic mild cognitive impairment (MCI) is equal both in male and female, denoting that
females take shorter MCI/AD transitional state with rapid conversion to manifest AD [5, 8, 9].

1.3. Pathology

AD is not an accelerated form of aging but it is characterized by distinct cellular and molecu-
lar pathological changes, including amyloid plaque deposition, NFTs accumulations, synaptic
loss and neuronal death with gross brain atrophy.
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1.3.1. The amyloid hypothesis

The amyloid cascade theory with the resultant extracellular amyloid plaque aggregation is the
leading one for AD pathogenesis. Amyloid plaques are aggregates of amyloid beta (A[3) pep-
tide derived mainly from the cleavage of a transmembrane protein named amyloid precursor
protein (APP) by the sequential action of two aspartyl protease enzymes, - and y-secretases
(amyloidogenic pathway) in which the APP is firstly cleaved by (3-secretase to soluble APP
and residual C-terminal segment that is further digested by the y-secretase to Ap-40/42 seg-
ments. The insoluble AP aggregates start to appear 15-25 years prior to the onset of cognitive
decline or tau pathology, and their formation is triggered by enhancement of the amyloido-
genic pathway with increasing the pool of soluble Af3 production, which in turn aggregate to
form monomeric, oligomeric, protofibrils and finally mature insoluble A3 [10]. Under normal
circumstances, the ratio of Af3-42: AB-40 is 1:9 and increase in this ratio due to either aber-
rant production (increased y-secretase activity) or clearance (abnormal microglial activities)
is the cause of AP accumulation as the former has a high tendency to aggregate. The amyloid
aggregates spark a sequence of events that lead to AD development including neuronal injury
and synaptic loss. It is generally accepted that brain 3-amyloid deposition is relatively diffuse,
and there is non-linear correlation between the density of mature A3 aggregate and severity
of AD, which denotes that soluble AP oligomers per se are neurotoxic and cause synaptic
dysfunction even in the absence of insoluble aggregate [11, 12].

1.3.2. Neurofibrillary tangles

Tau pathology, including NFTs, neuritic plaques and neuropil threads intraneural deposition
is assumed to be the consequence of amyloid accumulation. NFTs are intraneural misfolded
twisted paired helical filaments, which accumulate to form intracellular deposits composed of
hyperphosphorylated tau protein that concentrates in the inner side of the cell membrane, but
when the neurons die, NFT may migrate to other healthy or less affected neurons or may be
found extracellular. Tau is essential for NMDA-dependent long-term potentiation and AMPA-
dependent long-term depression and acts as autophagy regulator by inhibiting histone deacety-
lase-6 enzyme. Thus, tauopathies result in marked synaptic disturbances and impaired selective
autophagic clearance. Tau has more than 25 serine, threonine and tyrosine residue sites, which
can be phosphorylated by specific protein kinases and phosphatases [13]. Genetic or acquired
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Figure 1. Photomicrography of Alzheimer’s disease pathology using Bielschowsky stain demonstrating neurofibrillary
tangles and amyloid plaques.
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induced dysfunctions result in tau hyperphosphorylation, misfolding and fibrillar formation
ending in NFTs deposition. On the other hand, tau dephosphorylation is regulated by protein
phosphatase 2A enzyme, which activity is impaired in AD. NFTs accumulation starts several
years after AP deposition but still before AD clinical manifestations and its accumulation dense
and distribution is directly proportional with the severity of AD cognitive decline. NFTs deposi-
tion usually follows a stepwise progression typically starting in the transentorhinal cortex, the
entorhinal cortex, hippocampus, medial temporal cortex and lastly other areas of the neocortex
[14, 15] (Figure 1).

1.3.3. Microglia and neuroinflammation

It is well known that the density of 3-amyloid deposition is not proportional with the severity
of AD cognitive decline making the amyloid hypothesis alone is not sufficient to explain the
whole AD pathological cascade and in turn the possible role of additional pathogenetic fac-
tors, including neuroinflammation and vascular amyloidosis. The neuroinflammatory theory
was supposed after identification of activated microglia within the vicinity of the amyloid
plaques, which number was proportional with the size of the plaques. At the same time, several
microglial expressed genes were associated with AD predisposition, including TREM2, CD33,
CR1, CLU, CD2AP, EPHA1, ABCA7 and INPP5D. Under normal circumstances, microglial
activities are modulated by several neuroimmune regulatory proteins, including insulin-like
growth factor-1, brain-derived neurotrophic factor, transforming growth factor-b and nerve
growth factor, which help in slowdown and resolving the inflammatory process [16].

Microglia have no role in A production; however, they act as AP scavengers as they play
major roles in its clearance either directly through phagocytosis or indirectly via the secretion
of several enzymes, including insulin degrading enzyme, neprilysin, matrix metalloprotein-
ase-9 and plasminogen. At the same time, microglia regulate synaptic network remodeling
(synaptic pruning) and neural circuit maintenance [17].

In AD, chronic reactivation and excessive proliferation of microglia result in the production
of inflammatory mediators, including reactive oxygen species, interleukin-1, interferon-y and
tumor necrosis factor-alpha. This imbalanced microglial function results in aberrant synaptic
pruning, pathological synaptic stripping, neuronal loss, enhancing the endothelial response to
hypoxia with impaired blood-brain barrier (BBB) stability, disturbed A3 clearance, increased
levels of phosphorylated tau protein, promoting NFTs accumulation and, consequently, cog-
nitive decline. Microglia also transport amyloid and tau from one brain area to another; thus,
they play a major role in spatial AD progression. Microglia are candidate for the action of
sex hormones, and they express abundant sex hormone receptors. These receptors modulate
microglial activities producing potent anti-inflammatory actions that resist AD development
and progression [18, 19].

1.3.4. Vascular theory

Diabetes, hypertension, smoking and heart diseases are associated with increased risk of
AD. This concept resulted in the emergence of the AD vascular theory, which can explain
why aging is the major risk of AD as vascular dysfunction is considered as a universal feature
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of aging and why AD progression increases after cerebral ischemic events like stroke and
transient ischemic attacks. Cerebral amyloid angiopathy (CAA) is present in more than 75%
of autopsy confirmed AD brains especially in mixed AD/vascular dementia where the vas-
cular risk factors predominate. Cerebral microvascular compromise is more common among
subjects having the APOE4 allele making them at increased risk of AD development. CAA
represents imbalanced A3 production and clearance with consequent deposition within the
basement membrane of the leptomeningeal vessels, intracerebral arteries and arterioles, and
less frequently in capillaries and veins [20].

Amyloid deposition in and around the blood vessel wall impairs its endothelial integrity and
disturbs the BBB leading to A3 trapping in the CSF and its diminished clearance to the venous
circulation. At the same time, CAA disrupts the microvascular homeostasis leading to chronic
cerebral parenchymal hypoperfusion with focal ischemia, microinfarcts, release of inflamma-
tory mediators, oxygen-free radicals, loss of nitric oxide bioavailability and mitochondrial
dysfunction. The net result is neurotoxicity, reduced neural plasticity, neural apoptosis and
synaptic loss [21]. Sex hormone receptors are heavily expressed in the cerebral blood vessels
and exert very important actions to keep the vascular integrity and prevent chronic ischemic
hypoperfusion through promoting endothelial relaxation by increasing the production/activity
of nitric oxide and prostacyclin and at the same time prevent vascular smooth muscle contrac-
tion by inhibiting intracellular Ca* influx and antagonize the actions of protein kinases [22].

1.3.5. Monoaminergic and cholinergic abnormalities

Synaptic failure is an important factor in the cognitive manifestations of AD before mani-
fest neuronal loss takes place. The neurochemical changes in AD include extensive seroto-
nergic denervation in the hippocampus and neocortex, depletion of the cholinergic neurons
in the basal forebrain, loss of >70% of noradrenergic locus coeruleus neurons, reduction of
dopamine, dopamine metabolites and dopamine receptors, histaminergic tuberomammillary
nucleus degeneration and impaired melatonin secretion and action in the pineal body and
suprachiasmatic hypothalamic nucleus, respectively [23].

Glutamate is a non-essential amino acid but it is one of the most important excitatory synaptic
neurotransmitter as most of the CNS myelinated axons are glutamatergic. AD patients show
aberrant increase in extracellular glutamate, which enhances tau pathology and enhances glu-
tamate receptors expressed oligodendroglia to transport tau from one brain area to another
leading to AD spatial progression. At the same time, there is a reciprocal relationship between
glutamate and A as soluble amyloid oligomers as well as insoluble A3 deposits increases
the extracellular glutamate concentration resulting in AMPA (a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate) and NMDA (N-methyl-p-aspartate) receptors dysfunction, disturbed
synaptic pruning and impaired synaptic plasticity with promotion of long-term synaptic
depression and inhibition of long-term synaptic potentiation leading to cognitive decline espe-
cially memory domain. At the same time, NMDA receptor inhibition promotes amyloidogenic
Y-secretase activities and inhibits non-amyloidogenic a-secretase with the resultant increase
in AP production and accumulation and vice versa. Many studies revealed protective effects
of sex hormones against glutamate-induced neurotoxicity through inhibition of glutamate
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release by reducing the activities of lactate dehydrogenase, inhibiting intracellular Ca* influx,
exerting antioxidant action and enhancing mitogen-activated protein kinase action [24, 25].

1.4. Genetics and epigenetics of AD

Genetic predisposition to AD is very complex although positive family history is a common
patients’ finding. The rare early onset AD constitutes less than 1% of cases and often transmit-
ted as autosomal dominant and fully penetrant inheritance. Common affected genes include
APP (genes encoding y-secretase complex), presenelin-1 (PSNL1) and presenelin-2 (PSNL2)
gene mutation in chromosomes 21, 14 and 1, respectively. Overexpression of these genes
results in increased production of the highly hydrophobic fibrillogenic longer Ap3-42 and on
the expense of the relatively shorter A{3-40 [23].

In late onset AD, apolipoprotein E series, especially APOE4, is the major genetic risk as >60%
of AD patients harbor at least one APOE4 allele. APOE is a lipid-binding cholesterol trans-
porter protein essential for maintenance of myelin and neuronal membranes, synaptogenesis
and dendritic reorganization. Three APOE isoforms exist in humans: APOE2, APOE3 and
APOE4. Heterozygous and homozygous APOE4 are at increased risk of significantly lower
age of AD onset and higher rate of AD development by about 4 and 15 folds than other allele
types. At the same time, males with APOE4 are more liable to develop MCI than others.
APOE4 allele expression interacts with the sex hormones leading to increased risk of AD in
women than men of the same age. APOE4 expression results in decreased soluble APPa/Af3
ratio, reduced Sirtuin T1 expression (NAD+-dependent deacetylases that attenuate amyloido-
genic), triggered tau phosphorylation and induced neuronal apoptosis [26].

Many studies revealed that people with a rare missense mutation (rs75932628-T) in the gene
encoding TREM2 (Triggering Receptor Expressed on Myeloid Cells 2) are at increased risk
of developing AD 2-3 folds than others possibly due to reduced clearing abilities of their
microglia to AP and apoptotic cells [10]. At the same time, other studies suggested a pos-
sible role of epigenetic changes and aberrantly expressed micro-RNAs (miRNAs) in the
pathogenesis of AD through disturbing neurogenesis, synaptic plasticity, synaptogenesis
and neuronal network preservation as well as enhancing A3 production and neuroinflam-
mation [27]. Both epigenetics and miRNAs are influenced by sex hormone receptor activa-
tion, and they are potentially versatile and adaptive, which gives a challenging hope for
novel therapeutic approaches in AD management. The epigenetics represents alterations in
genetic functions without changing DNA sequence and constitutes an interface of genetic/
environmental factors interplay, e.g. DNA methylation, histone modifications, non-coding
RNAs regulation and higher order chromatin remodeling [28]. MiRNAs are 18-22 nucleo-
tide long, non-coding RNAs that are involved in post-transcriptional suppression of gene
expression [29].

1.5. Clinical signs and symptoms

Dementia of Alzheimer’s type typically presents by episodic memory impairment, which
gradually progresses to interfere with the activities of daily living. Memory impairment is
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usually followed by other cognitive domains declines which vary according to the pattern
of cortical progression, including apathy, loss of interest in hobbies, sleep disturbances,
impaired spatial and temporal navigations, inability to solve problems due to executive
dysfunction, behavioral changes, difficulty in using common instruments due to apraxia,
language difficulties, incontinence and high dependency on others [7, 11].

The AD cognitive decline is usually preceded by a period of mild cognitive impairment
(MCI) in which the individual retains his usual daily activities but has subnormal per-
formance in cognitive neuropsychological testing. Many researchers reported a prodro-
mal stage of subjective cognitive decline in which the person experiences worsening in
his memory and/or cognitive performance despite the normal objective performance in
standardized cognitive neuropsychological tests [30]. Atypical AD types start by non-
amnestic manifestations but have the same pathological hallmarks include logopenic
aphasia type, dysexecutive type, parietal dominant and frontal dominant atrophy sub-
types [31, 32].

1.6. Investigations and biomarkers

It is generally accepted that AD pathological changes begin decades before the appearance
of dementia symptoms and this leads to the introduction of the term preclinical AD, which
is defined as biomarker evidences of AD pathological changes in a cognitively healthy indi-
vidual. The current challenge is to develop reliable biomarkers for early pre-dementia AD
diagnosis to maintain longer patients’ independence and prepare the floor for the discovery
of disease modifying agents including hormonal replacement therapy before irreversible neu-
ral damage takes place [11].

The ADNI-2 (Alzheimer Disease Neuroimaging Initiative-2) established CSF biomarkers
include reduced CSF Ap-42 and elevated total and phosphorylated tau-181, which are very
accurate in prediction of MCI/AD conversion with 85% sensitivity and 90% specificity.
Novel but still non-approved CSF biomarkers include high A{ oligomers and neurogranin
levels [33].

Figure 2. Brain MRI of a 56 years old female with early Alzheimer Disease showing medial temporal atrophy in T1 axial
section (left), decreased right entorhinal cortex volume (middle) and right hippocampus volume (right) in coronal 3D
spoiled gradient magnetic resonance images.
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Blood biomarkers include high plasma homocysteine, high serum angiotensin converting
enzyme activities and low plasma levels of the obesity-related hormone leptin [20]. Other ongo-
ing research biomarkers include prostate-specific antigen complexed to al-antichymotrypsin,
pancreatic prohormone, clusterin and fetuin B [34].

The imaging biomarkers that can predict MCI/AD conversion are usually directed to mea-
sure the neural and synaptic densities in the commonly affected cortical areas. In volumetric
MRI, manual and/or automated techniques can detect hippocampus and entorhinal cortex
atrophy with concomitant dilatation of the temporal horns of the lateral ventricle. Other
early neuroimaging biomarkers include task-free functional MRI (measures network failure
quotient), diffusion tensor imaging (DTI) MRI, SPECT, FDG-PET, amyloid PET and tau PET
[35] (Figure 2).

2. Sex hormones in normal cognition

Better keep progestogen as it is a wider term than progesterone and this is clarified in the
section of progesterone are synthesized from cholesterol by the action of aromatase enzyme,
and they play important roles in shaping the neural functions and behavior throughout all
stages of human life. The sex steroid hormones are potent regulators of neuronal survival and
function in multiple CNS regions during normal development, aging and in some neurode-
generative disorders including AD. In aging individuals, low levels of gonadal sex hormones
are associated with decline in neurogenesis especially in the hippocampus with the resultant
age-dependent memory decline and executive function difficulties [36].

2.1. Gender cognitive variability

Over along time, obvious sexual dimorphism in adult human brain was observed with females
harbor larger frontal and medial paralimbic cortices, while males exhibit bigger medial fron-
tal cortex, amygdala and hypothalamic volumes. This gender difference is mainly due to vari-
ability in sex chromosome and sex hormone neuronal action. Genetic studies revealed that
X-chromosome carry genes which expressions enhance visuospatial, executive and/or social
cognitive tasks, whereas genes on Y-chromosome are more responsible for behavioral sexual
differentiation [37].

At the same time, there is different gender cognitive performance starting during the early
neonatal period and persists throughout human survival. This sex difference may be the base
of the striking variable susceptibilities to various cognitive disorders in men and women [38].
Under normal circumstances, there is non-significant sex difference in global cognitive perfor-
mance, but generally, males are better in mathematics and 3D spatial tests, while females are
superior in autobiographic, episodic memory and verbal tests. Regarding spatial navigation,
males perform better in allocentric strategy (world-centered object-to-object spatial relations)
but females excel in egocentric navigation (self-centered subject-to-object spatial relations).
This different cognitive performance is universal and evident in humans and animals which
weaken the suggestion that environmental factors or gendered socialization are the causes of
these gender variations [39, 40].
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2.2. Estrogen actions in normal cognition

Estrogen is the primary female sex hormone, which regulates fundamental physiological pro-
cesses in both reproductive and nonreproductive organs, including the CNS. The brain can
synthesize estrogens (neuroestrogens) either by the aromatization of androgens or via a series
of enzymatic steps from the precursor of all steroids, cholesterol. This neuroestrogen plays
major roles in sexual differentiation of brain in both male and female. Four natural types of
estrogens exist: estrone (E1; a weak estrogen and the main postmenopausal type), estradiol
(E2; the most potent endogenous estrogen and the main type during the reproductive age),
estriol (E3; very weak estrogen and hardly detected in non-pregnant females) and estetrol (E4;
secreted only during pregnancy) [41].

Estrogens can cross the cell membrane lipid bilayer to bind to the estrogen receptors (ER),
which are of two types: nuclear and membrane ER. The nuclear ER are either ERa or ERp,
which are responsible for the estrogen genomic action through regulation of various tran-
scriptional gene expression mechanisms. The brain contains both types of nuclear ER, which
are abundant in the hippocampus, pyramidal cells and glial tissue [42]. The membrane estro-
gen receptors (mERs) are G protein-coupled and ligand-gated ion channels, including GPER1
(previously known as GPR30), ER-X and Gg-mER, which are responsible for the rapid non-
genomic actions of estrogen that is initiated within minutes after estrogen administration
(estrogen neurotransmitter actions) due to recruitment and activation of kinase-dependent
signaling pathways. Membrane ER are abundant in the neocortex and their activation results
in increased activity of nitric oxide synthase and Ca*" influx to the cells through N-methyl-b-
aspartate (NMDA) receptor-mediated mechanism [43, 44].

The cellular mechanisms underlying estrogen CNS actions are still uncertain due to the differ-
ent estrogen expression in both sexes and in different brain areas, but it is generally accepted
that estrogens usually promote neurogenesis, exert neuroprotective actions and support neu-
ronal survival by antiapoptotic action, stimulating nerve growth factor and brain-derived
neurotrophic factor [45]. Estrogens also improve neuronal plasticity especially in the hippo-
campus, increase cerebral blood flow by enhancing endothelial derived nitric oxide and pros-
tacyclin pathways, regulate neural mitochondrial functions (both types of ER are expressed
in the mitochondria) especially in stressful conditions by stimulating anti-apoptotic proteins
and decrease free radical production. At the same time, estrogen exerts anti-inflammatory
actions by reducing the expression of astrocyte to chemokines, promoting the maturation of
oligodendrocyte precursor cells and improve their ability for CNS repair, which enhances the
growth and differentiation of axons and dendrites and prevents axonal loss and demyelin-
ation [46].

Estrogens also have well-documented direct cognitive and behavioral actions, and their post-
menopausal depletion been associated with cognitive decline and increased risk of AD. The rapid
estrogen non-genomic actions are important for hippocampal memory consolidation and hippo-
campal-dependent spatial navigation memory and improve learning performance, novel objects
recognition and object placement tasks when administered before the cognitive tests. At the same
time, estrogens improve choline acetyltransferase activity, promote serotonergic neuronal func-
tion and stimulate dopamine release in the caudate, prefrontal cortex, nucleus accumbens and
dorsal raphe nucleus, which in turn enhance age-related learning and memory declines [36, 47].
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2.3. Progesterone actions in normal cognition

Progesterone is a steroid hormone and it is most active natural progestogen, synthesized in
the gonads, placenta, adrenal glands and CNS (neurosteroids). It has many reproductive
and non-reproductive functions, including regulation of a wide range of brain functions [48].
Progesterone has a lipophilic structure, which can cross the cell membrane to interact with its
specific intracellular progesterone receptors (PRs) expressed throughout the brain without sex
difference with special higher expression in the hypothalamus, hippocampus, frontal cortex,
medial amygdaloid nucleus, norepinephrine neurons of the nucleus tractus solitaries and cere-
bellum. Progesterone exerts its CNS actions through regulation of gene expression, modulation
of neurotransmitter systems and epigenetic actions as well as enhancing estrogen actions [49].

PRs are either nuclear type (PR-A and PR-B), transmembrane PR (7TMPR{) or membrane-
associated 25-Dx PR (PGRMCI). Nuclear PRs are ligand inducible transcription factors
that regulate target genes expression and play important roles in sexual brain differentia-
tion, reproductive behavior, neuroprotection, neurogenesis, Schwan cell activities and their
myelination programs, proliferation of neural progenitor cells and the release of the brain-
derived neurotrophic factor important for cell differentiation and survival. Progesterone also
has anti-inflammatory actions through regulation of the activities of astrocytes, microglia and
oligodendrocytes [50, 51].

Transmembrane PRs are G protein-coupled receptors responsible for the rapid action of
progesterone, and when activated, they block the activity of adenylyl cyclase, including
enhancement of mitochondrial functions and regulation of cell viability. At the same time,
progesterone alters dopaminergic and GABAergic system activities in many brain regions
mainly the hippocampus, amygdala and fusiform gyrus enhancing the memory and learning
performances [52, 53].

2.4. Androgen actions in normal cognition

Androgens are very important sex steroids that exert cognitive functions in both males and
females as they not only regulate the CNS development but also help to maintain its proper
function from infancy to adulthood [54]. It is generally accepted that androgens play a pivotal
role in cognitive performance and their depletion or signaling inhibition (in normal aging
or anti-androgen hormonal therapy in cancer prostate) results in dysfunction in androgen-
responsive tissues, including the brain and consequently deleterious cognitive impairment.
At the same time, discontinuation of anti-androgen in cancer therapy restores cognitive per-
formance especially verbal memory [55].

The CNS action of androgens is mediated either directly through stimulation of androgen recep-
tors (ARs) (nuclear receptors regulating target genes expression at transcriptional level) or indi-
rectly after conversion to estrogen by the action of aromatase enzyme. ARs are highly expressed
in the septum pellucidum, stria terminalis, preoptic area, ventromedial hypothalamus and
cerebellum where they regulate the sexual reproductive behaviors [56, 57]. Neuroandrogens
production had detected in the hippocampus where they modulate the hippocampal structure
specifically CAl and CAS3 areas. In the medial amygdala and prefrontal cortex, androgens exert
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important roles in cognitive function regulation through promoting neuroprotection (anti-glu-
tamate action) and neurogenesis, improving neuronal survival and anti-apoptotic effect (regu-
lating mitochondrial genome activities and suppressing reactive oxygen species), modulating
hippocampal synaptic plasticity, enhancing remyelination and exerting anti-inflammatory
action by regulating astrocytic and oligodendrocytic activities [58]. Beside the delayed genomic
effects of androgens, non-genomic rapid actions are mediated by trans-membrane G-protein-
coupled ARs, which stimulations increase the intracellular Ca*" influx and result in improved
inhibitory avoidance task, spatial learning and memory performance [59, 60].

Androgens especially anabolic androgen steroids (AAS) are not always neurobehaviorally
beneficial, and their short-term use results in aggressive and manic behaviors, whereas their
long-term use is associated with impairment of decision making, behavioral flexibility, cogni-
tive control and spatial memory [61, 62].

3. Brain responses variability to sex hormones

The neurocognitive actions of sex hormones are not simple but several factors may interact
to control their beneficial effects including the inter-balance between their levels as well as
the age and sex of the individual. In pregnancy, simultaneous increase in progesterone and
estrogens results in impaired mood and decreased memory [63]. At the same time, sex hor-
mones seem to play their major neuromodulatory action in early person’s prepubertal life
with subsequent decrease in the neuronal sensitivity to their actions with advancement of age.
Some studies revealed that prepubertal sex hormones have permanent effects in individual’s
behaviors and cognition including spatial abilities. Early pubertal testosterone administration
to gonadectomized male Syrian hamsters resulted in their attaining adult mating behaviors
while administration in late puberty did not give the same results denoting that neurons are
highly sensitive to the organizational effect of sex hormones at certain age with decreased
sensitivity later after passage of this time [64-66]. On the other hand, brain estrogen expression
was reduced in adult female mice previously exposed to stress in adolescence but not in early
adulthood which concludes that adolescent stresses suppress estrogen activities and interfere
with its organizational actions to attain adult mating behavior. From these results, we can con-
clude that the individual’s susceptibility to many neurodegenerative disorders including AD
may be attained since early life and we may not be able to reverse it easily later [67, 68].

4, Sex hormones in MCI and Alzheimer’s disease

Alzheimer’s disease is a heterogenous disorder with multiple variants and wide variety
of manifestations, which result from the interactions between multiple etiological factors,
including genetic, epigenetic, environmental and lifestyle factors. Neuronal action of sex hor-
mones represents one of the well-defined AD pathogenetic factors and may represent a hope
to understand the biology of sex-dependent variability in AD predisposition and in turn leads
to the development of personalized, gender-specific AD management.
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4.1. Sex hormones and MCI

The concept of MCI had received much attention nowadays for early detection of those can-
didates to AD conversion which open a gate for future disease modifying agents including
hormonal therapy before irreversible neuronal damages take place. MCl is a clinical condition
lies between normal aging and dementia in which the cognitive dysfunctions are greater than
expected for age but is not severe enough to significantly interfere with the daily life or warrant
the diagnosis of dementia [8, 69]. MCl is classified to amnestic (am-MCI) and non-amnestic
(nam-MCI) types. In the former, memory impairment is the dominating manifestation, and
in the latter, non-memory cognitive domain is the affected one (language, attention, execu-
tive function, visual-spatial). Amnestic MCI is termed multiple domain if another cognitive
domain is affected, whereas nam-MCI becomes multiple domain if more than one cognitive
non-memory domain is affected. People with am-MCI are more liable to develop AD [11, 70].

The prevalence of am-MCI is about 8.5-25.9 per 1000 of general population and 10-20% of
those above the age of 60 years; 10-15% of am-MCI persons will develop AD compared to
1-2% of nam-MCI people. Several clinical and biochemical markers had been studied to be
used as predictors of MCI/AD progression. In general, women have a higher prevalence of
nam-MCI but most metanalytic studies showed non-significant gender difference in the prev-
alence of am-MCI, which means that women take shorter time to convert from am-MCI to
manifest AD [71, 72].

4.2. Sex hormones and Alzheimer’s disease

One of the most common observations associated with AD onset is decreased levels of sex
hormones, including estrogens, progesterone and androgens, pointing the potential role of
these hormones in AD pathogenesis and the possible benefits of their targeting in AD man-
agement strategies.

4.2.1. Estrogens and Alzheimer’s disease

Estrogen neuroprotective actions in AD are well documented by decades of researches show-
ing that women used estrogen supplements or those with late menopause are at significantly
decreased risk of AD development. On the other hand, early menopause because of increased
sex hormone-binding globulin is associated with higher risk of AD in later life [73]. Estrogens
exert anti-AD actions through different mechanisms including inhibition of tau deposition
and A accumulation. The former action is exerted through inhibition of tau hyperphosphor-
ylation and promotion of tau dephosphorylation in an estrogen receptor-dependent mode
through inhibition of protein kinases and promotion of protein phosphatase 2A enzyme
activities, respectively [13, 74]. Estrogens inhibit A accumulation by several mechanisms,
one of which is decreasing A production by enhancement of non-amyloidogenic APP path-
way through activation of a-secretase enzyme that cleaves APP to soluble APP-a peptides and
shorter membrane-attached C-terminal segment. The latter is further digested by y-secretase
to non-toxic P3 and C59 segments. Other estrogen actions include inhibition of [3-secretase
(amyloidogenic pathway) and stimulation of APP-containing vesicle budding by trans-Golgi
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network [75]. Estrogens also promote A clearance by stimulation of microglial A phagocy-
tosis and enzymes involved in AP degradation, including metalloproteases-2 and -9, insulin-
degrading enzyme and neprilysin [76].

At the same time, estrogens exert anti-AD actions by increasing dendritic spine densities, pro-
moting synaptogenesis, inhibiting the neurotoxic effects of oxidized low-density lipoproteins
and glutamate, improving mitochondrial functions and enhancing the hippocampal cholin-
ergic neurotransmitter system. Estrogens also regulate the epigenetic DNA methylation and
miRNAs biogenesis especially in the hippocampus and thus master the genes expressions
both transcriptionally and post-transcriptionally, which in turn play pivotal roles in enhance-
ment of neuroprotection and prevention of neurodegeneration. Estrogen actions seem to be
age dependent with obvious dysregulation in old-aged people. At the same time, estrogens
have neuroprotective actions through increasing the expression of antiapoptotic Bel-xL and
Bcl-w and suppressing the expression of proapoptotic Bim, which lead to prevention of neu-
ronal loss from A toxicity [77-80].

Women are at increased risk of AD due to age-related sharp decline in sex steroid hormones
and spending a large proportion of their life in the postmenopausal period because of increased
their life longevity with the resultant prolonged hypoestrogenic state and its negative neuro-
logical consequences. Studies showed that postmenopausal women with AD had lower estra-
diol (E2) and estrone (E1) levels in both blood and CSF compared to normal controls. Moreover,
female CSF-E2 level is positively correlated with CSF-Af3 level and cerebral glucose metabolism
in the left hippocampus PET scan, which denotes that they are at increased risk to develop
AD. In short-term studies, transdermal estrogen administration is associated with increased
attention, verbal and visual memories; however, long-term studies failed to slow down AD
progression or adding benefits to rivastigmine therapy in postmenopausal women [47, 81].

The neuroprotective effect of estrogen is not the same in both sexes as brain E1 and E2 levels
have no relations with Af3 accumulation in males pointing to different gender expression of sex
steroid hormones. At the same time, estrogen administration in male to female cross sex sub-
jects results in significant decreases in the hippocampal volume despite producing neurogene-
sis, which means that the estrogen AD risk prevention in males is negligible [82, 83] (Figure 3).

4.2.2. Progesterone and Alzheimer’s disease

Studies in progesterone neuroprotective actions against AD predisposition are not so plenty
like those on estrogens but despite this, it is generally accepted that progesterone has a direct
neuroprotective action while its indirect actions against AD development by regulating the
neuroestrogen effects are matter of controversy as in some studies, progesterone enhances
estradiol neuroprotective actions and in others antagonizes them beside reducing the cerebral
blood flow [84].

The direct progesterone protecting actions against AD development and/or progression
include regulation of -amyloid metabolism by reducing A production and decreasing
the pool of soluble AR by enhancement of the non-amyloidogenic a-secretase pathway,
decreasing AP} accumulation through modulation of y-secretases activities and increasing A3
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Figure 3. Estrogen anti-Alzheimer’s neuroprotective actions.

clearance by enhancing insulin-degrading enzyme expression and downregulation of
[-secretase gene expression [85, 86]. At the same time, progesterone reduces tau hyperphos-
phorylation and the serum level of endogenous progesterone is inversely correlated with
tau accumulation, and at the same time, progesterone administration in transgenic AD mice
improved cognitive performance in object recognition and T-maze task [87].

4.2.3. Androgens and Alzheimer’s disease

Androgens have neuroprotective effects against AD in both males and females. Many studies
had detected lower testosterone level in men with AD relative to normal age-matched control
both in the blood and CSF. At the same time, APOE4 allele, which is a major risk of late onset
AD, is associated with significantly lower level of circulating testosterone [88]. In accordance
with these results, the Baltimore Longitudinal Study on Aging had detected significantly
lower testosterone level 5-10 years in healthy men prior to their development of clinically
manifest AD compared to those who did not develop AD [89].

Short-term testosterone administration improves cognitive functions in MCI and AD patients
possibly through non-genomic transmembrane ARs activation [90, 91]. The long-term direct
genomic action of androgens results in reduction of A3 accumulation through enhance-
ment of non-amyloidogenic APP pathway and promoting A{3 clearance by stimulation of
Ap-degrading enzyme action. Postmortem studies had shown that brain levels of testoster-
one were inversely correlated with cerebral soluble Af, which precedes insoluble fibrillar
AP accumulation. These androgenic anti-amyloid actions are exerted in both sexes [92, 93].
Androgens can also indirectly reduce A3 accumulation either through enhancing the estrogen
pathway or through hypothalamo-hypophyseal-gonadal axis where they inhibit the release
of gonadotropin luteinizing hormone secretion by the negative feedback, and it is well known
that the latter hormone increases A{3 production by enhancement of APP/B-secretase initiated
amyloidogenic pathway [94].
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Males are subjected to andropause due to age-dependent high level of sex hormone-bind-
ing globulin with subsequent decrease in androgen levels and effects. Sex hormone-binding
globulin is significantly higher in AD patients than age- and sex-matched control resulting in
functional impairments of androgen-responsive tissues including the brain with consequent
increase in AD risk [73]. Male andropause occurs very slowly over a long period of time
where total androgen level starts to decline in thirties in a rate of 0.2-1% per year, while free
testosterone decreases in a higher rate (2-3% yearly). This slowly gradual andropause relative
to the rapid menopause may be one of the explanations of decreased male gender AD risk,
delayed male MCI/AD conversion and slower AD cognitive deterioration [78, 95].

5. Sex hormone therapy trials for Alzheimer’s disease

Based on the abundant data supporting the numerous neuroprotective actions of sex hor-
mones in ameliorating many pathological processes occurring in AD, hormonal replacement
therapy (HRT) seems to be theoretically beneficial but the translation of this hypothesis to
practice met a lot of difficulties which made the use of HRT in AD management still a matter
of skepticism [36, 94]. The values of female estrogens and progesterone replacement therapies
carry controversial results, which are mainly dependent on the timing, dose and duration of
their application to the AD predisposed individual. Promising results were only attained on
early HRT initiation at a close menopause temporal proximity and any delayed administra-
tion may even give counterproductive bad consequence. This time limit of proper HRT initia-
tion resulted in introduction of the term the critical window of intervention or the window of
opportunity which describes the time after which HRT become worthless. HRT has not the
same effect in all genotypes but it is found to be more beneficial in people with APOE2 and
APOE3 genotypes than APOE4 [96-100]. At the same time, some studies revealed that the
protective effect of HRT against AD is only achieved in long-term users (>10 years), while
short-term therapy had no AD preventive actions pointing to the need of long-term HRT use
to gain significantly beneficial AD protection [101, 102]. The need for long-term use of conven-
tional HRT opens a new obstacle due to the high cardiovascular risks which in some instances
may overwhelm the anti-AD cognitive benefits. This makes AD patients in ultimate need for
future introduction of new hormonal drugs with little side effects [103, 104]. At the androgenic
level and despite their numerous anti-AD neuroprotective actions, the long-term androgens
use carries many neurological and extra-neurological risks including decreased dendritic
reorganization and spine density in the limbic regions after initial increase due to increased
glutamate turnover and neurotoxicity in amygdala structures with functional impaired con-
nectivity with areas involved in cognitive functions [105, 106].

6. Conclusions and future prospect

Alzheimer’s disease is a complex multifactorial neurodegenerative disorder resulted from
dysregulation of many biological processes at multiple levels in a specific neuronal temporo-
spatial pattern. Sex hormones, including estrogens, progesterone and androgens, play crucial
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CNS modulatory functions and their disturbances result in impairment of neuroprotection,
neurogenesis, synaptogenesis, synaptic plasticity and myelination as well as abnormal glial
cell activities. The sharp decrease of neurosteroids influences in menopause relative to the
slow andropause makes females sex at increased risk of AD development, rapid MCI/AD
conversion and rapid course of cognitive deterioration. Trials used sex hormones as a disease
modifying neuroprotective anti-AD agents revealed that their possible beneficial effect can be
achieved only by early HRT before the beginning of critical window of intervention and the
therapy must continue for long time which may put the treated individuals at increased risk
of cardiovascular complications.

So, what is nowadays considered normal menopausal or andropausal sex hormones’ declines
may be sufficient triggers irreversible neuropathological changes which latter on progress to
AD in susceptible individuals, and it is the time to use these changes as early AD biomarkers
in high risk persons and in turn correct them before the onset of the window of opportunity by
safe and effective HRT for long-term use and sufficient to produce significant AD prophylaxis.
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Abstract

Parkinson’s disease (PD) higher incidence has been observed in postmenopausal women
compared to premenopausal women, suggesting estrogen neuroprotective -effect.
L-DOPA (LD) chronic treatment causes dyskinesia; evidences indicate that LD increases
the preexisting oxidative stress condition. This study determines melatonin ability, alone
or in combination with LD (LD/Mel) to protect dopaminergic loss induced by 6-OHDA in
a rat PD model in ovariectomized (OVX) and intact (with ovaries (W/OV)) rats on motor
behavior and cytological alterations, comparing with LD-only treated rats. LD/Mel-
treated rats showed dyskinesia decrease (score 5-7.5) and had the best performance in
the staircase test (five pellets) throughout all studies. The beam walking time was 20-35s,
showing good coordination (as control group (20-38 s)), dopaminergic cells increase
of 22.8% (W/OV rats) and 27.2% (OVX rats) in the contralateral side as well as 100%
conservation in the contralateral dendritic spines. Our results suggest that LD/Mel
co-administration and estrogen presence result in an efficient treatment to reduce dyski-
nesia through the conservation of some dopaminergic cells, which imply a well-preserved
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neuropil of a less denervated striatum. We assume that these results are because of a
synergistic effect between LD, melatonin and estrogens.

Keywords: L-DOPA/melatonin dyskinesia, estrogen, Parkinson’s disease experimental
model, rat

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized by the loss
of dopamine-containing neurons in the substantia nigra compacta (SNc) and by Lewy body
presence. The subsequent striatal dopamine (DA) deficiency leads to the parkinsonian condi-
tion of bradykinesia, rigidity, tremor, and motor and postural instability [1, 2]. Some efficient
drugs, including L-DOPA (LD), dopamine agonists, and inhibitors of dopamine-metabolizing
enzymes, have been used for the clinical treatment of LD [3]. Unfortunately, chronic LD
therapy is compromised by numerous side effects, the most evident LD-induced dyskinesia
(LID) that is abnormal involuntary movements (AIMs), which severely compromise patients’
lifestyle [4]. LID usually increases when DA reaches the maximum concentration in the brain
per LD dose (peak-dose dyskinesias), and dystonia (“off” dystonia) can occur when the level of
LD is very low [5]. Risk factors for LID include duration and dose of LD treatment, and consist
of asymmetric choreiform movements, athetosis, and dystonia of facial muscles, jaw, tongue,
neck, limbs, and toes [6]. Similarly, rats with unilateral 6-hydroxydopamine (6-OHDA) lesion,
LD-treatment produces abnormal involuntary movements (AIMs), which are displayed as
asymmetric and purposeless movements affecting the limbs, orofacial muscles, and trunk [7].
AIMs evaluation maintains prognostic validity for the preclinical screening of novel
antidyskinetic PD treatments [8, 9]. Therefore, the identification of neurochemical features
involved in the regulation of motor function may enable the discovery of new potential targets
that perform together with LD, improving the effectiveness of these drugs and decreasing the
incidence and severity of AIMs and response fluctuations [10].

The etiology of sporadic PD, which is most PD cases, is still unclear. Numerous results have
been accumulated from pharmacological and pathological studies on PD and animal or in vitro
reports using dopaminergic toxins, which cause Parkinsonism in animals [11]. These reports
have revealed that oxidative stress [12], inflammation [13], and mitochondrial dysfunction
[2, 14] play essential roles in the progress and pathogenesis of sporadic PD. Nevertheless, the
mechanisms of dopaminergic neuron cell loss have not been entirely elucidated. However,
some data suggest oxidative stress as the main candidate to mediate in the primary unknown
cell death cause. Studies on PD brains have given evidence to support this hypothesis [15-17].
The free radical formation has been confirmed in lipids [18], proteins, and SNc nucleic acids
of PD patients [19]. Therefore, the reactive oxygen species (ROS) production induced by
oxidative stress, the basal ganglia and SNc lack of antioxidant defenses, is commonly consid-
ered [20] the final cause of neuronal death [21, 22]. On the other hand, previous studies have
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investigated the reasons for LD long-term problems. Some proposed mechanism that describes
LD to induce oxidative damage, perpetuating the cell death [23-25], and it seems that LD
produces 6-OHDA in the mouse striatum, generating more ROS formation [26, 27]. It has been
proven that dopaminergic nuclei are full with DA following LD acute, subacute, or chronic
administration [26], and the augmented DA can stimulate the 6-OHDA production in the
brain [27]. Hence, we assumed that parkinsonian neurotoxins that generate free radicals in
a DA-enriched milieu would promote oxidative stress production, and it is possible that
melatonin might be a free radical scavenger protecting against ROS formation preventing the
cell death.

Melatonin is an indoleamine first described in 1993 by Tan et al. [28] as an effective antioxi-
dant. This indoleamine possesses unique benefits. First, its solubility in both water and lipids
allows it to be efficiently allocated to the cell. Second, its capacity to cross the blood-brain
barrier allows it to reach the central nervous system [29]. There are reports which mention
that melatonin protects neurons from neurotoxin-induced damage in a wide range of neuro-
nal culture systems serving as PD experimental models (for review, see [30]). Previous
studies have shown that short-term treatment with melatonin does not exert a
neuroprotective effect in DA-depleted animals, probably because the levels of this neurohor-
mone are low in the brain [29]; in this sense, it is suggested that melatonin level has to be
high and continuously maintained for a long time in the brain to guarantee its neuro-
protective effect [30, 31]. It is important to note that in vivo experiments are still uncommon,
and most of them have been done in acute models of the disease. These studies show
melatonin protective effects in both the striatum dopaminergic terminals [31] and midbrain
neurons [32]. However, there are insufficient reports about its effects on the initial stages of
neurodegeneration.

On the other hand, it is known that the prevalence of several neurodegenerative diseases, such
as PD, correlates with gender [33]. Therefore, PD happens 1.5 times more frequently in men
than in women [34-37]. In women, the onset age of PD relates to the fertile life duration
[38, 39].

It seems that there are several mechanisms of estrogen protection on the nigrostriatal pathway
[39]. It has been reported that estrogen has neuroprotective effects in PD animal models
utilizing the neurotoxins MPTP [40, 41], 6-OHDA [42, 43], or methamphetamine [44, 45]. The
foundations for these sex/gender differences in SNc DA cell death are not known. Neverthe-
less, the gonadal steroid hormone estrogen seems to be a critical aspect responsible for these
differences [39]. In vivo confirmation of the neuroprotective effects of estrogens has been
reported since estrogen treatment in female ovariectomized (OVX) rodents protects against
neurotoxin-induced depletion of striatal dopamine [46, 47]. However, it is not well known
whether this neuroprotective effect prevents SNc dopaminergic cell death. Besides, it is not
known whether L-DOPA/melatonin (LD/Mel) cotreatment can influence the neuroprotection
degree. Therefore, the present study tries to investigate the capacity of melatonin or LD/Mel to
protect striatal dopaminergic denervation induced by 6-OHDA in a hemiparkinsonian rat
model, comparing the results with LD-only treated rats. The treatments were administered
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4 days after lesioning, daily for 6 months at doses suitable to improve motor performance, and
their effects were assessed using measures of skilled forelimb use, stepping ability, and AIMs.
At the cellular level, the treatment response has been evaluated using tyrosine hydroxylase
(TH) immunoreactivity and estimating the number of dendritic spines in the striatal medium-
sized spiny neurons, all in female rats, to examine estrogen’s presence or absence.

2. Experimental procedures

The experiments were conducted in 50 female Wistar rats weighing 180 + 20 g at the start of
the study. The animals were individually placed in plastic cages under controlled light condi-
tions (12:12-h light-dark regime) and fed with Purina Rat Chow® and water ad libitum. Body
weight was registered daily. The experimental protocol was conducted out in agreement with
the National Institutes of Health, Guide for Care and Use of Laboratory Animals certificated
by the Secretaria de Agricultura, Ganaderia, Desarrollo Rural, Pesca y Alimentacion
(SAGARPA) (NOM-062-ZO0O-1999, Mexico) and approved by UNAM institutional animal
care committee. All attempts were made to reduce the number of animals used and their
suffering.

2.1. Motor behavior

Before ovariectomy and 6-OHDA surgery, all animals were trained for 1 week in the beam
walking and in the staircase tasks to evaluate motor performance. Training and testing were
performed during the light part/period of the cycle, at the same hour every day. For the
staircase test, rats were food-deprived for 24 h. Afterward, they received a restricted diet of
~10-g/kg body weight adjusted to keep their weight constant. Food restriction considered the
natural gain in body weight during the training period, which prevented excessive weight
reduction. After the 6-OHDA surgery, each rat was tested once a week, a different day for each
test. Two observers blind to the rats’ condition perform all behavioral assessments.

2.1.1. Staircase test

Rats were trained in the staircase test, which measures the independent use of forelimbs in
skilled reaching and grasping tasks [48]. Briefly, each rat is placed into a clear plexiglass case
(length 30 cm, width 6.8 cm, and height 12 cm) in which the rat rests on a central elevated
platform with six stairs descending on each side. Each stair contained one food pellet. Food
pellets on the left stairs may be retrieved only using the left paw, whereas pellets on the right
stairs must be obtained using the right paw (Figure 1). Rats were trained for a week (2/15 min
sessions/day) and were excluded from this test if they did not retrieve at least six pellets/side
[49]. The last 5 days of training were used to calculate baseline performance. The skilled
reaching ability was quantified by recording the number of food pellets retrieved with each
paw. The qualitative analysis of this test comprises the appropriate movements to take the
pellets: (1) prepared to take food, (2) stretched the forelimb, (3) took the pellet (pronation
movement), (4) paw rotation around the wrist (supination), and (5) eat the food [49].
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Figure 1. Staircase test used to assess skilled reaching deficits after 6-OHDA lesion.

2.1.2. Beam walking task

The additional test to measure motor coordination was evaluating the ability of the animals to
traverse a narrow beam (12 mm wide) to reach an enclosed safety platform [50]. The rats were
trained for 1 week to cross the wooden beam. The beam measured 2 m long and was elevated
to a height of 1 m over the floor with wood supports with 15° inclination. Each test session
consisted of four trials in which latency to cross the beam was recorded (establishing a
maximum range of 120 s; if the animal did not pass at that time, the activity was terminated
and assigned the value of 120 s for that evaluation). Five trials were averaged to give a mean
latency [51]. The testing was done every week after 6-OHDA lesion during the first month and
after that every 15 days.

2.2. Surgery
2.2.1. Ovariectomy

Bilateral ovariectomy (OVX) was performed through two lateral incisions of the abdominal
wall under Isoflurane anesthesia (n = 25).

2.2.2. Stereotactic surgery and treatments

The rats were anesthetized with Isoflurane and placed in a stereotaxic apparatus. The rats
(n=20 OVX and 20 with ovaries (W/OV)) were infused with 4 pl saline solution carrying 8 g
of 6-OHDA (Sigma Chemical, USA) and 0.2 mg of ascorbic acid into the left medial forebrain
bundle (MFB) (n = 40), and sham lesion was made with vehicle (7 = 10; 5 OVX and 5 W/OV
(control group) [7]. The injections were given over a 5-min period with a Hamilton syringe
attached to a glass micropipette with a tip diameter of 20-50 pm. The stereotaxic coordinates
were as follows: AP = —3 mm anterior of the ear bar; L = 1.6 mm lateral of bregma; V = —8 mm
vertical of the Dura (according to [52]). After anesthesia recovery, the animals were returned to
their cages. Apomorphine (Sigma Chemical, USA; 0.25 mg/kg i.p.) provoked contralateral
rotational behavior was tested 2 days after lesioning. Only those animals displaying more than
200 full turns in a 30-min period were used [53]. Two days after the rotational behavior test, we
began the treatments as follows: 5 OVX and 5 W/OV lesioned rats were treated with 7.5 mg/kg
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LD (Sinemet® (Carbidopa-L-DOPA 25/250)), 5 OVX and 5 W/OV lesioned rats were treated
with 10 mg/kg melatonin (Sigma Chemical, USA), and 5 OVX and 5 W/OV lesioned rats were
treated with 7.5 mg/kg LD/10 mg/kg Mel. The drugs were dissolved in 10 ml distilled water
and given orally with an insulin syringe for 6 months during the light period (at 10:00 AM
every day) [7]. The other 10 (5 OVX and 5 W/OV) lesioned rats without treatment, as well as
the control animals (5 OVX and 5 W/OV), were kept for the same time. The motor performance
was evaluated weekly during the first month and after every 15 days; the rats were tested
during the light period at 14:00 h, a different day for each test.

2.3. AIMs rating

LD-induced AIMs were calculated at day 30 according to a rat dyskinesia scale [54-56]. Rats
were placed individually in transparent cages and observed every 20th min, from 20 min
before to 180 min after giving the treatments (10 monitoring periods of 1 min each). Four
AIM subtypes were classified according to their topographic distribution as locomotive, axial,
forelimb, or orolingual (for details, see Figure 2). Signs of otherwise normal behaviors, such as
rearing, sniffing, grooming, and gnawing, were not included in the evaluation [57]. AIM
severity was assessed using the method of Cenci et al. [55], and Lundblad et al. [9], which
designates a score from 0 to 4 to each of the four AIM subtypes mentioned before according to
the proportion of time/monitoring period through whichever AIM is observed. Borderline
scores, such as 0.5, 1.5, 2.5, and 3.5, were allowed to increase the sensitivity of the evaluation
[7, 57].

2.4. Video recording

Performance during motor tests and AIM analysis was video-recorded (Panasonic camcorder
DR-H80 model). Representative still frames were captured from digital video recordings with
the video-editing software Final Cut Pro. Pictures were cropped and adjusted for color and
brightness contrast in Adobe Photoshop but were not altered in any other way [57].

2.5. Cytological analysis

All animals were perfused under sodium pentobarbital anesthesia immediately after the
6-month treatments via the aorta, with saline solution followed by fixative including 0.2%
glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer (PB). The brains were
removed and deposited in the fixative solution for 1 h. For the TH Immunocytochemistry,
coronal sections (50 pm) were collected on a vibrating microtome through the mesencephalon.
Tyrosine hydroxylase (Chemicon International, Inc.,, CA, USA; 1:1000) immunostaining
with the ABC detection method (Vector Lab MI, USA) was conducted for light microscope
analysis. The analysis was performed with a computer-assisted system (Image-Pro Plus, Media
Cybernetics, L.P. Del Mar, CA, USA) connected to a CCD camera to Optiphot 2 microscope
(Nikon, Japan). The number of TH-positive neurons was calculated in 1500 um? from
seven SNc sections of each animal [58]. The dendritic spines analysis was performed by the
Golgi method. Blocks from the striatum were cut into 90-pum-thick sections and processed
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Figure 2. Video recording sequences from rats affected by orolingual (A), axial (B), forelimb (C), and locomotive (D)
AlMs. Orolingual AIMs (A) include opening and closing of the jaws and tongue protrusion toward the side contralateral
to the lesion (arrow). The series in (B) displays a neck and upper trunk torsion action toward the contralateral side to the
lesion. Body torsion is maximally critical (>90°), causing the rat to lose equilibrium. Forelimb AIMs (C) include purpose-
less up and down translocation of the Parkinsonian (right) forelimb (arrow). Locomotive AIMs (D) comprise circular
movement toward the contralateral side to the lesion. Only locomotive movements involving all four limbs are considered
under this AIM category.

for the rapid Golgi method. The analysis consisted in counting the number of dendritic
spines in a 10-um-long section from 5 secondary dendrites to 20 striatal medium-sized spiny
neurons [58].

2.6. Statistical analysis

Two-way ANOVA was used to analyze the number of TH-immunoreactive cells, the number
of dendritic spines, and the behavioral data. Group differences were considered statistically
significant at P < 0.05. When appropriate, post hoc comparisons were made with Tukey test. All
analyses were conducted with GraphPad Prism 7 for Mac Software.
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3. Results

After 6 months, neither clinical alterations nor significant weight changes were detected in the
experimental animals compared to controls.

3.1. Staircase test

It is well known that motor behavior is crossed; We lesioned the left MFB (ipsilateral) affecting
the right side (contralateral), so we only show the contralateral paw data. For the treatment’s
effect analysis, data from OVX and W/OV rats were plotted separately (Figure 3A and B,
respectively). Those graphs show that all control rats maintained the same number of reaching
success through all the study (5.2 + 0.20-6) comparing to the baseline. In contrast, the
6-OHDA-lesioned rats showed significant motor alterations during the whole study showing
a drastic decrease in the number of pellets reached (1.5 + 0.28-2.2 + 0.750). 6-OHDA + LD
treatment animals presented motor behavior recovery until 21-28 days after treatment, and
then, the rats failed in the task (1.8 £ 0.12-2.4 £ 0.47 pellets), behaving very similar to the
untreated lesioned animals (Figure 3A and B). Unlike the 6-OHDA + melatonin rat’s motor
performance, initially they had similar values to untreated 6-OHDA animals (2.2 £ 0.47) and
subsequently had a gradual recovery of reaching values (5.8 £ 0.10) as control animals
(5.2 £ 0.2). The 6-OHDA + LD/Mel rats showed improvement in the performance from the
start, lasting this effect until the end of the study; the number of successes (4.2 + 0.25-5 & 0.40)
was similar to control animals (5.4 £ 0.24-5.8 & 0.20) (Figure 3A and B).

To compare estrogen protection data from W/OV and OVX, rats were plotted by treatment
(Figure 4). We can observe that 6-OHDA + LD OVX rats at 21 days decrease the reaching
values (3 £+ 0.49) similar to 6-OHDA animals (2.22 £ 0.27), unlike 6-OHDA + LD W/OV rats
presented motor impairment until 42 days (2.2 + 0.026 pellets), this group exhibited delayed
deterioration (Figure 4A). W/OV 6-OHDA + melatonin rats, reaching values (5.8 £ 0.10), were
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Figure 3. Contralateral forelimb staircase test results. The number of reaching successes recorded in W/OV (A) and OVX
(B), with the different treatments. * = P < 0.05 experimental groups vs. control groups; # =P < 0.05 treatments vs. untreated
6-OHDA; & =P < 0.05 6-OHDA + LD vs. 6-OHDA + melatonin; @ = P < 0.05 6-OHDA + LD and 6-OHDA + melatonin vs.
6-OHDA + LD/Mel.



Differences Between Intact and Ovariectomized Hemiparkinsonian Rats in Response to L-DOPA, Melatonin, and... 179
http://dx.doi.org/10.5772/intechopen.70898

- GHAR

A 60D

A WA B-DHDA LD
O AN G E0A L0

vf"h" Gl - S AR LY -
s post-sosion

WO B-CHDAYMEL
B OV §-OHDA-MEL

LS ___r___..-h“i_

Maant o pellets eaem = SEM
-

v,ﬁ‘ﬂ\h-p-&ﬁ-a--h#*.:-“'.:ﬂ-.ﬁ##
Daye posl-lesicon

- BEAK

A GeTHDA,

I DN B-DHDALDMEL
& OV G-OHDA=LDMEL

Whean of pedels eaten = SEM
h +

P T T A
Bravy s povsd -lesicn

Figure 4. Estrogen protection in the staircase test contralateral forelimb. The number of reaching successes recorded in
W/OV and OVX. 6-OHDA + LD (A), 6-OHDA+ melatonin (B) and 6-OHDA + LD/Mel (C). * = P <0.05 experimental groups
vs. control groups; # = P < 0.05 treatments vs. untreated 6-OHDA; @ =P < 0.05 W/OV vs. OVX rats.

similar to the control animals (5.8 £ 0.20) after 42 days of treatment, unlike OVX rats who
reached control group values (4.25 + 0.27) at 84 days of treatment (Figure 4B).

All animals receiving 6-OHDA + LD/Mel perform similarly to control group animals during
the 6 months of treatment and displayed no statistically significant differences between them
(Figure 4C).
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3.2. Beam walking test

Figure 5A and B illustrates the mean numbers of total time to cross the beam, and the
treatments’ effect in W/OV and OVX rats. 6-OHDA animals significantly increased the time
(120 s) compared to control animals (30 s + 2.71-40 s £ 1.3), remaining these values through-
out the study. The 6-OHDA + LD group showed statistically significant improvement for about
21-28 days (25 & 4.26 and 38.5 & 2.7), displaying scores like the control group (24.8 £ 1.31 and
20.4 £+ 2.24 s). Afterward, these rats increased the time (62 £ 6.1), behaving similarly to
untreated 6-OHDA group (100 + 6.7). 6-OHDA + melatonin rats, at the beginning of the
treatment, showed increased time to cross the beam (72.7 + 4.71) to approximately 28 days,
with values like 6-OHDA-untreated animals (112.8 & 7.2), and then, at 42 days, the animals
improved their motor activity (46.6 & 1.83 s), reaching values of control animals (25.6 + 2.48 s).
6-OHDA + LD/Mel rats presented values (30.40 £+ 2.71 to 40.4 £ 1.37 s) similar to control
animals during the entire study (Figure 5A and B).

Regarding the comparison between estrogen status, we observed that OVX 6-OHDA + LD
decreased the time to cross the beam. They have reached values (62 £ 6.1 s) similar to 6-OHDA
untreated group (100 £ 6.78) to day 42, and unlike 6-OHDA + LD W/OV showed similar
(67 + 2.14 s) values to 6-OHDA untreated animals (104.5 & 9.17) from 126 days of treatment,
again, we observed that W/OV rats showed delayed motor impairment compared to
6-OHDA + LD OVX rats (Figure 6A). OVX 6-OHDA + melatonin rats increased the time to
cross the beam (107.8 & 2.2 s) as 6-OHDA untreated animals (105.2 £ 9.82 s) until 21 days of
treatment; unlike 6-OHDA + melatonin W/OV rats increased the time (60.83 + 3.95 s); subse-
quently, after 28 days of treatment, 6-OHDA + melatonin W/OV animals had similar values
(46.66 £ 1.86 s) to the control group (25.60 + 2.48 s), while OVX rats reached values (50 + 5.6 s)
as control animals (30.2 £ 6.55 s) until 70 days of treatment. W/OV 6-OHDA + melatonin rats
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Figure 5. Beam walking test evaluation W/OV (A) and OVX (B) rats, with the different treatments. * = P < 0.05 experi-
mental groups vs. control groups; # = P < 0.05 treatments vs. untreated 6-OHDA; & = P < 0.05 6-OHDA + LD vs.
6-OHDA + melatonin; @ =P < 0.05 6-OHDA + LD and 6-OHDA + melatonin vs. 6-OHDA + LD/Mel.
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Figure 6. Estrogen protection on the beam walking test. The time to cross the beam recorded in W/OV and OVX rats.
6-OHDA + LD (A), 6-OHDA+ melatonin (B) and 6-OHDA + LD/Mel (C). * = P < 0.05 experimental groups vs. control
groups; # =P < 0.05 treatments vs. untreated 6-OHDA; @ = P < 0.05 W/OV vs. OVX.

recovered faster compared to OVX rats (Figure 6B). It is important to note that all
6-OHDA + LD/Mel animals displayed similar (values 19.8 + 0.97 to 38.75 + 1.03) to the control
animals (30.4 + 2.71 to 40.4 £ 3.37) over the 6 months of treatment and no statistically
significant differences between groups (Figure 6C).

3.3. Abnormal involuntary movements
3.3.1. Time course and overall incidence AIMs

To get an overview of the development of dyskinesia in the different groups, we carried out
the summation of all AIMs subtypes (axial + locomotive + limb + orolingual). As shown in
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Figure 7. Total AIMs (orolingual, axial, forelimb, and locomotive) within 6 months of treatment of W/OV (A) and OVX
(B) rats with the different treatments. * 6-OHDA + LD vs. untreated 6-OHDA and 6-OHDA + melatonin; # 6-OHDA + LD
vs. 6-OHDA + LD/Mel. P < 0.05.

Figure 7 A and B, repeated-measures ANOVA revealed significant overall differences between
untreated 6-OHDA-lesioned (2.5 £ 0.80 to 2.75 £ 0.14) and melatonin-treated groups
(5.3 £ 0.30 to 3.16 £ 0.17) comparing to LD-treated groups. 6-OHDA + LD rats from the first
month of the evaluation showed high values (12.30 + 2.068) of MIAs (Figure 7A and B).

Remarkably, all 6-OHDA animals receiving LD/Mel coadministration developed MIAs scores
(4.80 £+ 0.25 to 5.83 £ 1.20) similar to untreated 6-OHDA (2.5 + 0.80 to 2.75 + 0.14) and
6-OHDA + melatonin animals (5.3 & 0.30 to 3.16 £+ 0.17) (Figure 7A and B).

Concerning total LIDs and the comparison between estrogen status, we observed that OVX
6-OHDA+ LD began to develop LIDs after 3 months of treatment unlike W/OV 6-OHDA + LD
rats, which showed LIDs from the first month, and the OVX 6-OHDA + LD group showed
delay in LIDs development, the two groups subsequently, had similar scores (18 + 2.40 for
W/OV 6-OHDA + LD rats and 13.5 £ 0.28 OVX 6-OHDA+ LD), and showed no statistically
significant differences between them (Figure 8A). W/OV and OVX 6-OHDA + melatonin rats
developed low MIAs scores (5.3 = 0.30-3.16 & 0.16 and 4.5 & 0.1-3.25 £ 0.25, respectively) like
the untreated 6-OHDA animals (2.5 & 0.80-2.70 £ 0.14) and showed no statistically significant
differences (Figure 8B). It is important to note that all 6-OHDA + LD/Mel rats, since the first
evaluation, showed small LID scores (4.80 & 0.25-5.83 + 1.20) and no statistically significant
differences (Figure 8C).

3.4. TH immunocytochemistry

Our results show that W/OV and OVX control rats had similar values in the number of TH-
immunopositive cells, in both ipsilateral and contralateral sides (Figures 9A and B and 10),
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Figure 8. W/OV and OVX rats’ comparison in total AIMs during 6 months of treatment. 6-OHDA + LD (A),
6-OHDA + melatonin (B), 6-OHDA + LD/Mel (C). *6-OHDA + LD vs. untreated 6-OHDA; @ OVX vs. W/OV rats, P < 0.05.

and display no statistically significant differences between groups. In Figure 9A, it can be
observed a drastic dopaminergic neuronal loss in the ipsilateral SN¢, W/OV and OVX
6-OHDA-lesioned rats had neuronal survival of 3.97% and 6.14%, respectively, like W/OV
and OVX 6-OHDA + LD (2.2% and 3.46%) and 6-OHDA + melatonin (3.45% and 5.9%). Note
that both W/OV and OVX rats who received 6-OHD + LD/Mel had a higher percentage of cells
7.67% and 10.46%, respectively; however, we found no statistically significant differences
between groups.

Regarding contralateral SNc, Figure 9B shows that W/OV and OVX 6-OHDA-lesioned groups
and all animals with 6-OHDA + LD showed a decline of approximately 20% neuronal loss,
compared to control groups, and showed no statistically significant differences between
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Figure 9. TH-immunoreactive cell percentages from the ipsilateral (A) and contralateral (B) SNc in the control and
experimental groups. The data are depicted as mean + SEM. * Experimental vs. control; # 6-OHDA + melatonin and
6-OHDA + LD/Mel vs. untreated 6-OHDA and 6-OHDA + LD; & 6-OHDA + melatonin vs. 6-OHDA + LD/Mel; P < 0.05.

groups. W/OV and OVX rats 6-OHDA + melatonin-treated had values (values to 102% and
111%, respectively) similar to the control group. Surprisingly, the W/OV and OVX 6-
OHDA + LD/Mel rats showed a higher percentage of TH-immunopositive cells (22.8% and
27.2%, respectively) compared to control group and no statistically significant differences.

3.5. Dendritic spines

When performing dendritic spines counting, we observed that control W/OV rats displayed a
mean of 7.94 & 3.23 in the ipsilateral striatum and 7.97 £ 3.47 in the contralateral side; these values
were taken as 100%. OVX rats showed a decreased of 21.3% dendritic spines in the ipsilateral
striatum and 20.94% in the contralateral side compared to control W/OV (Figure 11A and B),
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Figure 10. Representative tyrosine hydroxylase immunostained from coronal sections containing the SNc of control,
6-OHDA-untreated, 6-OHDA + LD, 6-OHDA + melatonin and 6-OHDA + LD/Mel-treated rats. Note the significant cell
loss in the ipsilateral SNc in the four experimental groups (arrows), being more evident in the untreated 6-OHDA and LD

treated ones; also, the contralateral SNc of melatonin and LD/Mel-treated rats lost fewer neurons than the other two
experimental groups, and LD/Mel-treated rats had more neurons than control rats (magnification 4x).
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Figure 11. Striatal medium-sized spiny neurons dendritic spine percentage ipsilateral (A) and contralateral (B). * Exper-
imental vs. control; # 6-OHDA + melatonin and 6-OHDA + LD/Mel vs. untreated 6-OHDA and 6-OHDA + LD; @
untreated 6-OHDA OVX vs. untreated 6-OHDA W/OV, P < 0.05.

In the ipsilateral striatum, W/OV and OVX 6-OHDA-lesioned rats and 6-OHDA + LD-treated
rats presented severe dendritic spines loss (50, 44, 49, and 51%, respectively), unlike 6-OHDA +
melatonin-treated (72 and 73%) and 6-OHDA + LD/Mel coadministration rats (77 and 73%),
which showed a greater number of dendritic spines and showed no significant differences
between groups (Figures 11A and 12). Regarding contralateral striatum, we observed that
OVX untreated 6-OHDA rats displayed higher dendritic spines loss (41%) compared to
W/OV 6-OHDA untreated animals (36%), showing statistically significant differences. W/OV
and OVX all 6-OHDA + LD groups showed significant dendritic spines loss (35% and 34%),
showing similar values with W/OV and OVX untreated 6-OHDA rats (36% and 41%), with no
statistically significant differences between groups. W/OV 6-OHDA + melatonin (95%) and
W/OV 6-OHDA + LD/Mel (99%) rats had similar values for the number of dendritic spines to
control group. OVX 6-OHDA + melatonin (92%) and OVX 6-OHDA + LD/Mel-treated rats
(97%) had a higher percentage of dendritic spines compared to control group (76%), showing
increased number of dendritic spines similar to control W/OV group (Figures 11B and 12).
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Figure 12. Representative micrographs of Golgi-stained medium-sized spiny neurons of the ipsilateral striatum with an
illustrative box of dendritic spine densities from the control group (A), untreated 6-OHDA group (B), 6-OHDA + LD (C),
6-OHDA + melatonin (D), and 60HDA + LD/Mel (E). Both untreated 6-OHDA and LD-treated induced a marked
decrease in the total number of spines mainly in the ipsilateral striatum. In contrast, melatonin and LD/Mel-treated
groups showed a well-preserved dendritic spine density (magnification, 40x and 100x).

4. Discussion

Our data show that the LD/Mel coadministration and the estrogen presence appear to be a
very effective combination to reduce AIMs through the conservation of some functional SNc
dopaminergic cells, which in turn imply a well-preserved neuropil of a less denervated stria-
tum. We assume that these results are probably because of a synergistic effect between LD,
melatonin, and the estrogen presence.

4.1. Staircase test

It has been reported that PD patients have poor manual skills that worsen as the disease
progresses, and patients have difficulty performing tasks that require sequential movements,
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for example, when performing repetitive movements of forearm pronation and supination,
openness and closing hand and reaching for objects [59]. The rats’ movements in the staircase
test are very like humans, so that test allows evaluating DA deficiency and treatments effec-
tiveness [48, 59]. The rats” movement in the staircase test by using the forelimb to keep the
pellet and eat it is a complex and anomalous activity for animals with 6-OHDA unilateral
lesion. According to our results, all untreated 6-OHDA animals showed severe motor damage
mainly affecting the contralateral side, expressed by the drastic reduction in the number of
pellets eaten, which is consistent with other authors [60, 61]; the performance of this activity
was abnormal, and although sometimes the rats obtained the food pellet successfully, supina-
tion and pronation movements were limited compared to control animals. Some rats also use
compensatory strategies such as increasing their digit pressure and frequently used tongue
and teeth to achieve the pellet [59]. In this respect, it is known that motor alterations in the
staircase test depend on the striatonigral dopaminergic system integrity [60, 62, 63]. Besides,
several authors have reported that animals with this motor impairments display severe SNc
TH-immunopositive neuronal loss and fewer DA fibers in the striatum [60, 64].

4.2. LD treatment

As our results show, all 6-OHDA + LD animals showed recovery since the first day to 21—
28 days of treatment. Subsequently, they displayed notorious motor alterations. Thus, our
results are consistent with previous studies where it has been observed that PD-experimental
animals LD-treatment therapeutic benefit in rodents are approximately 3 weeks [57, 65]. In this
respect, it has also been reported that LD-treated PD patients improve the motor response in
tests that include taking objects on a surface, display greater coordination, and recover the
movement initiation [66, 67]. However, when LD treatment is chronically administered (6—
13 months), patients do not improve and show alteration in elbow flexion, supination, prona-
tion, and bradykinesia [68]. It is suggested that, after a while, LD treatment is no longer
effective [66, 67, 69, 70]. In our results, we also observed 6-OHDA + LD animals when they
used the contralateral forelimb, the movement was limited, and the limb tended to remain
flexed, which are clear signs of hypokinesia and rigidity. It is important to note that with
chronic LD treatment, the animals showed mainly orolingual, axial, and limb-type dyskinesia
at the time they were evaluated in the staircase test. Therefore, the pellets were harder to take,
corresponding with Winkler et al. [71] results. Besides, it is considered that the motivation that
leads the animal to get the food pellets is the food restriction [48], generating anxiety and
promoting the realization of quick and inaccurate limb movements [72].

4.3. Melatonin treatment

All 6-OHDA + melatonin-treated animals behaved very similarly to untreated 6-OHDA ani-
mals at the beginning of the treatment; later at approximately 21 days, they showed gradual
improvement. In a study conducted by Singh et al. [73], they show that 35 days of melatonin
treatment in 6-OHDA-lesioned animals, they display improvement in posture and ability to
take the food pellets in the staircase test with the contralateral forelimb, coinciding with our
data, since we found improvement in the animals between days 28 and 42. These authors
propose that melatonin neuroprotective effect is due to its ability to stimulate antioxidant
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enzymes, which act on the 6-OHDA-free radicals; in addition, it is known that these enzymes
are diminished in the DA-depleted brain [74, 75]. Previous studies have shown that short-term
melatonin treatment does not exert a neuroprotective effect in DA-depleted animals [76, 77],
probably due to the fact that this neurohormone levels are low in the brain [76]. In this sense, it
is suggested that melatonin level has to be high and continuously maintained for a long time in
the brain to guarantee its neuroprotective effect [76, 78, 79].

4.4. LD/Mel treatment

Remarkably, as shown in our results, all animals treated with 6-OHDA + LD/Mel coadmini-
stration showed improvement in their motor performance in the staircase test from the begin-
ning of treatment. We also observed that these animals improved the digit contraction and
projection movements, pronation, and supination, in comparison with the other groups. The
neuroprotective effect we observed is probably due to the melatonin’s characteristic as an
antioxidant, avoiding LD autoxidation and the consequent ROS formation, thus restoring LD
levels and increasing striatal DA bioavailability [26, 27].

4.5. Beam walking test

This test evaluates stereotyped movements, coordination, and motor alterations characteristic
of PD in this animal model [80]. The device we used implied greater difficulty in its execution
due to the thickness of the beam (12 mm). Besides, when placed diagonally to 15° to the floor, it
required more effort to maintain a stable position. In humans, balance deterioration occurs
when the loss of dopaminergic neurons is >70% [81]. Bracha et al. [82] report that PD patients,
when tested showed asymmetry toward the hemisphere containing less dopaminergic activity,
decreased movement initiation (akinesia), and walking was slow and presented postural
changes. So that it is suggested that these changes may be similar in hemiparkinsonian rats,
which may contribute to motor deficit observed in the beam walking test [50].

4.6. LD treatment

The data obtained from the 6-OHDA + LD animals are consistent with data previously reported
in our laboratory, where 6-OHDA LD-treated rats show motor activity recovery in the first days
of treatment, but after 28 days dramatically increased the time to pass the beam [57]. PD patients’
studies treated with LD showed a significant increase in walking speed and balance [83]. In our
study, we observed that the animals frequently interrupted their ascent and slipped due to the
low digit clamping force produced by the lesion, which is not reversed by LD treatment [68]. The
SNc degeneration produced by 6-OHDA lesion considerably decreases LD therapeutic benefit
[71] probably because this drug produces oxidative stress and therefore increases the neuro-
degeneration of the remaining dopaminergic cells [84]. In addition, when animals attempted to
traverse the beam, they stopped because they had axial and limb-type AIMs.

4.7. Melatonin treatment

6-OHDA + melatonin-treated animals, after 42 days, showed gradual motor activity recovery,
suggesting that somehow melatonin contributed to the improvement motor coordination [57];
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so the animals were probably able to make optimal postural adjustments to maintain the
balance and move on the beams. Patki and Lau [85] performed a study on DA-depleted
animals, which were continuously melatonin-treated for 18 weeks, and when evaluating the
animals in the beam walking test, they observed improvement in motor coordination com-
pared to animals that did not receive treatment. In addition, chronic melatonin treatment
increased striatal DA levels, so the authors conclude that long-term melatonin treatment has a
neuroprotective potential to preserve nigrostriatal dopaminergic function. Probably because
during the treatment, high and constant melatonin levels were maintained in the brain [79].

4.8. LD/Mel treatment

Animals receiving chronic LD/Mel coadministration showed recovery of motor coordination;
the animals cross the beam alternating the limbs, which made the movement faster and better
so that they presented similar times to pass the beam to the control group animals throughout
the experiment. In this regard, recent studies show that melatonin, given in conjunction with
LD in MPTP mice, reverses akinesia by restoring the number of dendritic spines in medium-
sized spiny neurons and attenuating striatal DA loss. Proposing that melatonin could be an
ideal LD adjuvant in PD therapy [77]. In this sense, our data also showed that animals
receiving LD/Mel treatment had preservation of dendritic spines and more dopaminergic
neurons on the contralateral SN, so it is feasible to think that maintaining the nigrostriatal
connections would allow the animals to make optimal adjustments in their movements to
maintain the balance and move better over the beam.

4.9. Abnormal involuntary movements

As shown in Figures 7 and 8, untreated DA-depleted animals had small AIM scores compared
to those receiving LD treatment, which is consistent with results of other authors [71, 86]. Also,
animals receiving melatonin treatment showed similar behavior, corroborating these data with
those previously reported by our group [57]. These groups of animals are primarily character-
ized by having contralateral and orolingual AIMs (considered as resting tremor [71]). Previous
studies suggest that rat AIMs, regarding severity and topographical distribution, are related to
striatal dopaminergic denervation [71], and this can be explained by the somatotopic organi-
zation of this structure. According to this, the dorsolateral striatum controls jaw and limb
movements. Abnormal function of this region is correlated with the presence of orolingual
AlIMs [87, 88]. Some studies have shown that the response to LD changes with the progression
of the disease. Deogaonkar and Subramanian [89] demonstrated that LD minimal dose pro-
duces dyskinesias in PD patients in advanced stages compared to patients in early stages,
suggesting that the LD therapeutic window is lost in advanced stages of the disease. The DA
fluctuations are closely related to the development of LIDs [90]. Furthermore, LD treatment
triggers LIDs via signaling pathways in striatonigral neurons, probably by D1 and D2 recep-
tors” stimulation [91]. On the other hand, there are data which sustained that dopaminergic
depletion can generate changes in the postsynaptic neurons, which involve modifications in
the neuronal morphology and striatal dendritic spines loss, which would result in a decrease in
synaptic connections [92-97].
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On the other hand, 6-OHDA + LD/Mel animals displayed low AIM scores compared to those
receiving exclusively LD, showing that somehow melatonin has some influence on LIDs. It is
important to stand out that there are no studies on the effect of LD/Mel coadministration on
LIDs in PD. However, several authors suggest that melatonin may have a beneficial effect on
LIDs because of its antioxidant properties [27, 98] and its ability to stimulate antioxidant
enzymes [99]. Rocchitta et al. [100] reported that LD/Mel coadministration inhibits LD autox-
idation, thereby increasing striatal DA bioavailability, and then, melatonin appears to be the
most suitable antioxidant drug to be used as LD adjuvant to avoid LD and DA nonenzymatic
autoxidation. According to these studies, it is feasible to think that with LD/Mel coadmini-
stration the DA concentration fluctuations are avoided, thus reducing LIDs.

4.10. TH immunocytochemistry

As expected, MFB 6-OHDA lesion drastically reduced the number of TH-immunopositive neu-
rons in the SN¢, coinciding with previous works in PD patients [101] and 6-OHDA model [80,
102-105]. Thus, it is suggested that this model simulates PD advanced stages. The precise 6-
OHDA cytotoxicity molecular mechanism remains under discussion. Several hypotheses have
been proposed. One of which is related to free radical formation, in addition to decreasing
mitochondrial complex I activity with the consequent ATP decrease and cell death [106], which
has also been reported in PD postmortem studies [107]. Moreover, LD-treated animals showed a
dramatic loss of TH-immunopositive cells and both, the ipsilateral and contralateral SNc, similar
to untreated 6-OHDA-lesioned rats, features are also reported by Smith et al. [108] and by our
group [57]. In vivo and in vitro studies confirm that LD-treatment decreases TH-immunopositive
cells; these results suggest that LD induces cell death due primarily to the ROS generation [12, 25,
27], which may increase oxidative stress in the nigrostriatal pathway [109, 110]. In addition,
previous studies in our laboratory showed that hemiparkinsonian LD-treated animals displayed
increased levels of lipid peroxidation, which is the principal oxidative stress characteristic [57].

Melatonin treatment favored SNc dopaminergic neuron preservation compared to untreated
rats, consistent with previous studies [57, 85]. It is proposed that melatonin protection may be
by direct antioxidant action [57, 111, 112] or by indirect stimulating antioxidant enzymes [112,
113]. LD/Mel-treated animals had lower SNc TH-immunopositive cell death compared to the
other groups, although no significant differences; so, it is feasible to think that this small
percentage of cells could be involved in improving motor tests and decreased dyskinesia.
Surprisingly, on the contralateral SNc, the animals showed dopaminergic neurons increase,
probably trying to compensate ipsilateral SNc damage. In this regard, it has been reported that
DA is essential for neurogenesis, which was evidenced in DA-depleted animals [114, 115], and
this effect was reversed when given LD [116]. Apparently, the neurogenic effect is modulated
by activation of DA receptors [115].

4.11. Dendritic spines

Our results show that dopaminergic denervation produced by 6-OHDA results in loss of
striatal neuron dendritic spines. PD patients’ postmortem studies have shown 30% decrease,
and this loss can reach 50% in dendritic spine density, and the reduction in the size of dendritic
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trees [92, 117]. Similarly, MPTP nonhuman primates and 6-OHDA-lesioned rodents show
drastic loss of these structures [7, 57], suggesting nigrostriatal system importance in morpho-
logical regulation and plasticity of dendritic spines in the striatum [104]. We have observed
that LD chronic treatment does not restore striatal dendritic spine density, which is consistent
with previous PD postmortem studies that show that the loss of dendritic spines was present
even though all patients were treated with LD for several years [117]. Deutch et al. [92] propose
that LD may be ineffective in PD advanced stages, probably due to dendritic spine loss. In
rodents with different models of PD LD-treated, the number of dendritic spines [7, 77, 92] is
not restored. We also observed that melatonin treatment helped the conservation of dendritic
spines. In this regard, it is reported that melatonin prevents cytoskeletal damage by reducing
oxidative stress [118].

LD/Mel coadministration significantly restored the dendritic spine density of both ipsilateral
and contralateral striatum. Recent studies show that the presence of dopaminergic neurons
enhances dendritic spine formation in medium spiny neurons in culture. So it is possible that
dopaminergic neurons have neurotrophic effect [119]. In this context, it is feasible to think that
as LD/Mel coadministration increases the number of dopaminergic neurons in contralateral
SNc and exerts a neurotrophic effect, promoting the formation of new dendritic spines. Our
results are also consistent with those described by Naskar et al. [77], who show that MPTP-
exposed rodents and LD/Mel-treated for 2 days have restored the morphology and density of
dendritic spines of medium-sized spiny neurons, suggesting that melatonin primarily regu-
lates this effect due to its characteristics of reducing excessive calcium flow.

4.12. W/OV and OVX comparison

In our study, we show that W/OV rats, which were 6-OHDA-lesioned and received different
treatments, have greater neuroprotection compared to OVX females, confirming the estrogen
protection, besides the neurodegeneration delay difference, suggesting beneficial estrogen
effect in the development and progression of the disease. It has been observed that estrogen has
a neuroprotective effect on the nigrostriatal system. Recent studies suggest that PD women
tend to have a delay in the appearance of certain motor symptoms compared with men
[33, 120]. Furthermore, PD postmenopausal women treated with estrogen showed improve-
ment in their motor performance [121, 122], suggesting estrogen symptomatic role [123]. As
our results indicate, 6-OHDA-untreated W/OV and OVX rats showed no significant difference
from both ipsilateral and contralateral SNc dopaminergic cells. This could be because the
neurotoxin is very aggressive, which somehow does not allow the cell survival. It is also
proposed that estrogens protect dopaminergic neurons surviving for a short time, but subse-
quently the cells could die as a result of neurotoxin action [124]. Previous studies showed the
effect of replacement estrogen therapy in physiological doses in OVX rats after 6-OHDA
injection in the nigrostriatal pathway, reporting that estrogen treatment showed no effect on
survival of TH-immunopositive cells. Nonetheless, estrogen attenuated the striaral DA loss;
the authors suggest that estrogens can somehow promote an adaptive DA mechanism synthe-
sis, release, and metabolism in the surviving cells, so probably the females may be able to
resist the onset and progression of neurodegenerative lesions compared with males [125].
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Interestingly, our results also show that there is a difference between the estrogen condition
regarding dyskinesias and motor behavior, noting that W/OV 6-OHDA + LD have motor
impairment delayed but are more likely to develop dyskinesias compared to OVX 6-OHDA +
LD, which is consistent with previous studies, which shows that there are sex differences in LD
treatment, showing that women performed better in the UPDRS test (unified Parkinson’s
disease Rating Scale) and presented longer “on”-LD state compared to men. However, women
had a higher prevalence to develop dyskinesias. It is still uncertain why women are more
prone than men to develop dyskinesias, but it is suggested that estrogen may be the basis of
this susceptibility [123, 126, 127]. One possible explanation for such proneness is the fact that
humans and rats have similar expression characteristics of the catechol-o-methyl transferase
(COMT) [128], which is a catecholamine degrading enzyme, and that women have 20-30%
decrease in COMT activity compared to men [129]. In this regard, it has been demonstrated
that estrogen can decrease the regulation of COMT gene [130]. Therefore, if estrogens decline,
the COMT system could have a pharmacological potential to increase the LD striatal availabil-
ity and prolong LD-"on” state as well as dyskinesias [130].

On the other hand, W/OV melatonin-treated rats recover faster in behavioral tests compared to
OVX rats, and in the last month of treatment, all animals had similar control values; cytolog-
ically W/OV rats exhibited contralateral SNc dopaminergic cell protection and dendritic spine
recovery of both ipsilateral and contralateral striatum. Studies of melatonin and estrogen
therapy in neurodegenerative models are few, so this work provides new knowledge about it.
In a study of W/OV rats that were subjected to a stroke model and receiving melatonin, it was
observed that estrogen and melatonin exhibit synergistic effect to decrease the levels of lipid
peroxidation, increasing the activity of free radical scavenger and the number of surviving
neurons in the cortex, and improve sensorimotor behaviors [131]. According to these studies,
we can expect that after 6-OHDA injection melatonin treatment and estrogen presence in W/
OV rats work together to activate different signaling pathways to reduce oxidative stress and
thus protect the dopaminergic neurons (at least the contralateral SNc) and the number of
striatal dendritic spines and thus improve motor capacity; this could be a possible explanation
of why W/OV rats tend to recover faster in motor performance compared to OVX rats.

Interestingly, animals receiving LD/Mel treatment showed behavioral recovery from the start
of the treatment, increase in the number of dopaminergic neurons in the contralateral SNc and
striatal ipsi and contralateral dendritic spine protection; these results were estrogen indepen-
dent. So, we suggest that LD/Mel cotreatment could improve the LD efficacy by increasing
striatal DA levels [77]. Also, it has been suggested that these drugs could act synergistically to
exert a modulatory role in nigrostriatal transmission pathway, which may be responsible for
many of the beneficial effects, such as biochemical alterations, regulation of dendritic spines
and cell survival [77, 131], and motor disorders such as dyskinesias.

Finally, it is important to mention that estrogens act as neuroprotectors in neurodegenerative
diseases such as PD and Alzheimer disease, improving women quality of life [126]. But it
should be noted that the use of estrogen also involves risks. Women who take hormone
replacement treatment are more likely to suffer cancer [132] if there is a family history of these
diseases, so careful and controlled administration of estrogens is required.
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5. Conclusion

According to our results, we can conclude that regardless of the estrogen situation, LD/Mel
coadministration was the most effective in reducing motor alterations. So, it is feasible to think that
the combination of these drugs exerts a modulatory role in the nigrostriatal transmission involving
motor activity and dyskinesias by protecting dendritic spines and dopaminergic neurons. There-
fore, we consider that the LD/Mel coadministration may be a possible candidate for PD treatment.

Furthermore, our data show that W/OV rats have a better response to LD or melatonin
treatment, being less motor and cytological damage than in OVX rats, suggesting that estro-
gens have a beneficial effect on the development and progression of the disease. Those facts
could lead us to think about the importance of taking into consideration the estrogens-based
therapies for PD as a possible adjunct in women. So it is suggested to study the effect that
could have estrogen in males in subsequent studies.

The study of estrogens mechanisms of action in the basal ganglia and their role in movement
disorders will become stronger. It is recognized that estrogen may have neuroprotective effects in
many neurodegenerative processes, including PD. The neurodegenerative diseases field is in
great need of therapies that can prevent or slow the disease progression. Thus, the introduction
of Melatonin combined with LD treatment is a promising therapeutic strategy. So, we suggest the
use of such drug combination plus the estrogen replacement therapy as useful PD treatments.
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Abstract

The brain is a complex organ in charge of regulating the homeostasis of our body and
behaviors such as motivation, reward, memory, and movement control, between others.
These behaviors are regulated by dopaminergic neurons, which can be modulated by
several stimuli throughout the life of an individual. For example, early exposure to sex
hormones or endocrine disruptors during critical period of neuronal development
affects dopaminergic pathways permanently, producing some disorders such as drug
addiction. On the other hand, current knowledge regarding neurodegeneration in
Parkinson and Alzheimer diseases pointed out the neuroprotection that estradiol can
exert, but contradictory information can also be found in the literature. To know the
underlying mechanisms that are related to the above mentioned diseases will help to
improve health policies and treatments development.

Keywords: sex hormones, neonatal programming, dopaminergic circuit, neuroprotection,
drug addiction, Alzheimer, Parkinson disease

1. Introduction

In the current world, humans are exposed to different compounds that can exert deleterious
modifications in their bodies, taking special attention of the short- and long-term effects of
endocrine disruptor chemicals, which mimic or block hormonal activity. Endocrine disruptor
chemicals are natural or synthetic molecules that can alter the endocrine homeostasis, especially
if exposure to these molecules is during critical developmental windows [1]. These compounds
are used in plastic industries, chemical, and pharmaceutical industries, and for different events
that are bioavailable in the environment affecting animals and humans. Endocrine disruptors
exert their action through different pathways that converge on the molecular targets such as
hormone receptors, enzymatic pathways involved in biosynthesis and metabolism of endobiotics
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in endocrine, reproductive, and nervous system. In this sense, different brain areas are sensible to
the action of endocrine disruptors and sex hormones due to the presence of its receptors that can
modulate the synaptic transmission and neuronal survival. In this regard, nuclear receptors for
sex hormones are ligand-activated transcriptional factors that regulate different neural process
such as neurodevelopment and behaviors. Alterations in hormonal homeostasis (e.g., aging) or
signaling (e.g., exposure to agonists or antagonists of sex hormone receptors) may induce the
onset of diseases before mentioned, affecting lifespan, quality of life, and high medical costs.

Worldwide, drug abuse has increased dramatically, especially in susceptible populations such
as youth. However, human and animal studies show that not all drug consumers become
addicts. In addition, it has determined sex differences in behaviors related to motivation,
reward, and cognition, among others. Clinical observation has shown that children who have
developed precocious puberty show an increase in risky behaviors such as drugs abuse, sexual
risk, and anti-social behaviors in adolescence.

Also, when Parkinson (PD) and Alzheimer disease (AD) is analyzed, it observed a sex differ-
ence in terms of prevalence, which draws the attention to the possible role of sex hormones in
the onset of these pathologies. In this term, meta-analysis has shown that males have aug-
mented prevalence of PD than women, overall in the age range of 50-59 years (134 per 100,000)
compared to women (41 per 100,000) [2]. However, the prevalence of AD is greater in women
compared to men, considering different age range and ethnicity [3, 4].

In this chapter, we will discuss about the exposure to abnormal levels of sex hormones, due to
metabolic alterations or endocrine disruptor chemicals, during critical period of neurodeve-
lopment; and based on clinical evidence and current scientific knowledge, we will discuss the
mechanisms involved in the development of drug addiction, Alzheimer and Parkinson dis-
ease, and the sex differences observed between patients.

2. Programming: early exposure to sex hormones

Programming concept was defined by Lucas as the physiological redirection of a tissue or
organ by a deleterious stimulus in a sensitive period of development produces adverse func-
tional changes in adulthood [5]. Currently, research in programming has been focused in the
study of stimuli that affects sensitive periods of development such as prenatal and neonatal
stages.

In that sense, experiments are carried out in female rats, where precocious puberty is induced
by neonatal exposure to estradiol valerate, is accompanied by increased catecholamine content
in the adrenal gland, noradrenaline content in the ovary and reproductive alterations in the
adulthood [6]. Using the same model of neonatal administration of estradiol valerate [7], it
observed an increase in dopamine (DA) and noradrenaline content in dopaminergic neurons
of tuberoinfundibular [8], nigrostriatal, and mesolimbic pathways [9] of the adult. Indeed,
neonatal administration of estradiol valerate and testosterone propionate increases DA content
and tyrosine hydroxylase (TH), (rate limiting enzyme of dopamine synthesis) expression in
substantia nigra (SN), and ventral tegmental area (VTA) of adult male rats [10]. Others works
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have shown that neonatal administration of testosterone reduces spatial memory and TH
positive terminals in prefrontal cortex in an animal model of attention deficit disorder with
hyperactivity [11].

In recent years, it has been shown that environmental pollutants (being most of them chemical
disruptors) produce a myriad of effects in the brain [12]. For example, in rats, neonatal and
postnatal administration of bisphenol A produce an increase of spontaneous locomotion
behavior associated with the decreased immunoreactivity for TH in SN and decreased expres-
sion of dopamine transporter (DAT) in midbrain nuclei [13].

Sex hormone levels affect cortical and subcortical brain areas, especially in sensitive periods of
development in childhood and adolescence [14]. In this regard, dopaminergic brain areas such
as SN, VTA, and hypothalamus are sensitive to the effects of sex hormones because they
express estrogens and androgens receptors [7, 15, 16].

It has been demonstrated that exposure to a single dose of sex hormones during the neonatal
period can change the profile expression of DA [8]; in fact, when female rats are exposed to a
single dose of estradiol during the neonatal period, DA levels are increased in the ventrome-
dial hypothalamus-arcuate nucleus, but not the exposure to testosterone, during adult life [8].
In addition, when male rats are exposed to estradiol or testosterone, DA levels and TH
expression are increased in substantia nigra-ventral tegmental in addition to increased dopa-
mine release in nucleus accumbens. This effect is not seen when rats are exposed to a
nonaromatizable androgen, dihydrotestosterone, suggesting an estrogenic mechanism involv-
ing increased TH expression, either by direct estrogenic action or by aromatization of testos-
terone to estradiol in substantia nigra-ventral tegmental area [10].

2.1. Long-term epigenetic programming of the dopaminergic circuit

The programming is exerted through epigenetic modifications, which comprised DNA meth-
ylation and post-translational histone modifications, interacting with regulatory proteins and
noncoding RNA to reorganize the chromatin in active or inactive domains (euchromatin or
heterochromatin), being possible to be inherited from one generation to another without
subsequent exposure to the endocrine disruptor [17]. The normal development of mammals
involves the activity of DNA methyl transferase (DNMTs) to determine the de novo methyla-
tion, where DNMT3A and DNMT3B are involved, and to maintain the methylation pattern in
the genome, where DNMT1 is involved. The expression levels of these enzymes are highly
regulated during specific stages of life [18], and therefore, the impact of the exposure to
endocrine disruptors and the consequences over the offspring are alarming.

In this view, in humans the social alcohol drinking during periconceptional or pregnancy
period may induce changes in the promoter methylation of DAT in mothers and their babies.
Specifically, using peripheral blood from mothers or cord blood from newborns, they found
that alcohol intake decreases the methylation level of the locus-specific DAT promoter region
of the parents and newborns [19]. However, these findings are controversial, since also found a
decrease of DAT mRNA expression in drug addicts (to opioid drugs) compared to control
subjects, but not in the methylation pattern of DAT promoter [20]. One of the methodological
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factors that could determine this difference is from where the samples are obtained, in the case
of the peripheral blood, it is not a direct measurement of DAT expression in brain.

3. Sex hormones, dopaminergic neurotransmission, and addiction

Worldwide, drugs of abuse have increased dramatically, especially in susceptible populations
such as youth. However, human and animal studies show that not all drug consumers become
addicts [21, 22]. Lately, it has been determined differences in behaviors related to motivation
reward and cognition between women and men (for review see 23). Accordingly, sex hormone
levels affect cortical and subcortical brain areas, especially in sensitive periods of development
in childhood and adolescence [14]. In this regard, dopaminergic brain areas such as SN, VTA,
and hypothalamus are sensitive to the effects of sex hormones because they express estrogens
and androgens receptors [7, 15, 16]. Interestingly, sex hormones induce opposite effects
between female and males. While estrogens increase the expression of tyrosine hydroxylase
in SN and VTA of adult female rats [24], androgens such as testosterone and dihydrotestoster-
one reduce TH expression in the same brain areas in adult male rats [25]. However, in
adolescent male rats, androgens increase TH expression in SN [26].

In humans, it has been observed that an excess of testosterone levels during prenatal stage is
related with the development and maintenance of alcohol dependence during adolescence and
adulthood [27, 28]. Children who have developed precocious puberty (an early activation of the
reproductive axis leading to the onset of puberty closer to 8, 9 years in girls and boys, respec-
tively) shows an increase in risky behaviors such as drugs abuse, sexual risk, and anti-social
behaviors in adolescence [29]. Many of these behaviors and the neuroendocrine pathways that
regulate them are sexually dimorphic. These sex dimorphisms reflect adaptive differences for
behavioral strategies in coping as a result of sexual selection. Disruptions in these behaviors
may lead to reduced social adaptation and impaired responsiveness to environmental
demands [30]. On the other hand, the exposure to several environmental pollutants, with
neuroendocrine activity, has been associated with behavioral effects. For example, genistein (a
phytoestrogen produced by legumes and present in soy bean-based food) increases locomotor
activity in males, ethinylestradiol (a synthetic estrogen used as contraceptive) affects response
to reward in females and bisphenol A, an endocrine disruptor, increases anxiety and sexual
behavior in males (for review see [12]). In summary, our brain is modulated by sex hormones
(or exogenous compounds) and depending on the stage of development, this interaction could
affect the organization and activation of neural systems (for review see [31-33]). The alteration
of sexually-dimorphic behaviors may be relevant for concerns regarding the increased devel-
opmental, cognitive, and/or emotional disabilities reported over the past 30 years [34].

Some studies of enrichment and deprivation of sensory inputs to the brain have provided
information regarding the role of experience on the development of the brain. These studies
suggest widespread effects of experience on the complexity and function of the developing
system, while the deprivation studies document the capacity for neural reorganization within
particular sensory systems [35]. These studies suggest that plasticity in developing neural
systems can modulate the capacity to develop fundamentally different patterns of organization
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and function in response to injury. Therefore, the neurochemical interaction and environmental
aspects can modulate the pathophysiological processes that determine the development of
neurodegenerative events [36] (Figure 1).

The mesocorticolimbic system comprises the midbrain dopaminergic projection from the VTA
to the nucleus accumbens (NAcc) [23, 37] and prefrontal and orbitofrontal cortexes [38]. One of
the most important neurotransmitters in mesocorticolimbic system is DA, which is released in
response to natural rewarding stimuli as food [39] or sex [40]. Drugs of abuse produce an
increase in DA release in NAcc and striatum [41]; however, the magnitude and duration of this
effect are much greater than with natural reinforces [42]. This acute supraphysiological DA
release induced by drugs of abuse in the NAcc exherte its actions through the activation of the
DA receptor type 1 (D, receptor), leading to early gene products induction (e.g., cFos) [43]. In
situ hybridization studies have demonstrated the expression of estrogen receptors (ESR1,
ESR2) and androgen receptors in SN-VTA [16, 44]. Using immunohistochemistry, it has been
shown that ESR2 is expressed in high proportion in TH positive neurons of the VTA, whereas
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Figure 1. Schematic representation of the influence of neuroactive compounds like estradiol, testosterone, DHT, genistein,
and bisphenol A on brain areas. These compounds can cross the blood-brain barrier, reaching brain areas that are related
to cognition and learning (prefrontal cortex and hippocampus), movement (striatum), reward (VTA), social emotional
(amygdala), the endocrine system (hypothalamus). Abbreviations: Ey, estradiol; T, testosterone; DHT, dihydrotestoster-
one; PFC, prefrontal cortex; VTA, ventral tegmental area.
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androgen receptor is expressed in high proportion in TH positive neurons of NAcc [15]. Thus,
sex hormones can regulate the expression of Tyrosine hydroxylase; specifically, estrogens can
increase the expression of TH in SN and VTA of adult female rats [24], while androgens reduce
TH expression in the same brain areas in adult male rats [25]. Noteworthy, in adolescent male
rats, androgens increase TH expression in SN [26], suggesting a mechanism that depends on
the physiological/hormonal context. The effects of sex hormones are mediated by the activa-
tion of specific receptors expressed in cell bodies of midbrain dopaminergic neurons and its
limbic projections. The dopamine transporter, DAT, is a protein that mediates the active
reuptake of dopamine from the synapse and is a principal regulator of dopaminergic neuro-
transmission, dopamine receptor 1 and 2 (D; and D,, respectively) are modulated by 17p-
estradiol and testosterone. Experiments using ovariectomized adult rats have shown a signif-
icant reduction of DAT levels in the NAcc and Striatum, which is restored to normal levels
after E, replacement or the use of diarylpropionitrile (a selective ER(3 agonist) and tamoxifen
(selective estrogen receptor modulator) [45-48]. In the same model, levels of D; in mPOA are
decreased after E, replacement [49]. Noteworthy, immunoreaction to D, is not affected by E,
replacement, when is measured using immunohistochemistry. However, when western blot is
used, levels of D, are apparently increased in mPOA and PLC [49]. In NAcc, D, levels are
significantly increased in the NAcc and striatum of ovariectomized rats and E, replacement
reduced D, receptors to lower levels than in controls rats [48].

It has been shown that circulating levels of female and male sex hormones modulate the
mesocorticolimbic system, regulating the addictive behavior. Women in reproductive age
who are users of drugs of abuse show greater rate of escalation of drug use than men [50],
leading to the establishment of the addictive behavior quickly [51]. On the other hand,
depending on circulating levels of sex hormones in menstrual cycle, the reward effects of
psychostimulant drugs such as amphetamine are more potent in follicular phase when estra-
diol levels are higher than luteal phase, when progesterone levels are higher [52, 53].

Exposure to hormone disruptors has shown to produce effects on the behavior of animals.
Thus, the prenatal administration of bisphenol A to pregnant mice and postnatal administra-
tion to offspring until postnatal day 15 produces anxiolytic behavior in elevated plus-maze
and open field tests [54]. Interestingly, this behavior has been related to a significant decrease
of DAT in striatum and NMDA receptor in frontal cortex [54]. Silverman and Koenig [55]
showed the involvement of ESR2 in the reinforcement induced by low doses of amphetamine
in female rats. In this work, ovariectomized female rats do not show conditional place prefer-
ence to amphetamine compared with intact female rats. The replacement with estradiol or
estradiol plus progesterone reestablishes the conditioned place preference induced by amphet-
amine in ovariectomized rats [55]. Interestingly, the authors found that conditioning with
amphetamine was significant in the ovariectomized groups that were administered with
estradiol or the ESR2-specific ligand DPN. These results provide new evidence of the specific
requirement of ESR2 in response to drugs of abuse [55].

3.1. Attention-deficit/hyperactivity disorder (ADHD)

Regarding the behavioral effects produced by the administration of androgens, it has been
observed that the neonatal administration of testosterone in spontaneously hypertensive rats
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(SHR) (an animal model of attention-deficit hyperactivity disorder [ADHD]) decreases cogni-
tive function and TH immunoreactivity in prefrontal cortex [11]. In this work, the authors
implanted at postnatal day 1 pellets of testosterone in SHR rats, observing at postnatal day 45,
through the Morris water maze test, an increased latency to find the platform. The authors
conclude that the administration of androgens in neonatal period may predispose to ADHD-
like behaviors in the adulthood.

With regard to pharmacological therapies of ADHD, animal studies and case reports have
suggested that methylphenidate exerts adverse effects on gonadal hormones. In this case, meth-
ylphenidate could be altering testosterone levels in children with attention-deficit/hyperactivity
disorder through the comparison of those with or without methylphenidate treatment [56].

Recently, prospective study conducted in Taiwan that included 203 ADHD patients with a
mean age of 8.7 years (boys: 75.8%). After the initial recruitment, 137 received daily methyl-
phenidate treatment and 66 were assessed through naturalistic observation (nonmedicated
group). During the study period, salivary testosterone levels did not significantly change in
the treated group (P = 0.389) or in the nontreated group (P = 0.488). After the correction for
potential confounding effects of age and sex, salivary testosterone levels still remained
unchanged in the treated and nontreated groups during the 4-week follow-up [57]. Findings
suggest that the short-term treatment with methylphenidate at usual doses does not signifi-
cantly alter salivary testosterone levels in attention-deficit/hyperactivity disorder patients.
Future studies should clarify whether long-term methylphenidate treatment disrupts testos-
terone production as well as the function of the reproductive system.

In summary, these evidences indicate that sex hormones play an important role modulating
the mesocorticolimbic system and behavioral, neurochemical, and neuroplastic effects of drugs
of abuse.

4. Sex hormones and Alzheimer disease

During the menopause in women or andropause in men, there is a normal decrease in sexual
hormones, due to the loss of ovarian sex hormones (estrone, estradiol, and progesterone) or to
a decrease in testosterone levels, correspondingly. Noteworthy, postmortem analysis has
shown lower brain levels of estrogens in women with AD, and lower levels of androgens in
men with AD compared to nonAD patients. Specifically, studies performed in caucasic female
subjects with neuropathological diagnosis of AD, according to Braak stages V-VI, with the
absence of other neuropathologies (ranging in age from 61 to 90 years old) show a decrease of
two times in estrone levels (midfrontal gyrus samples) when compared to controls, but not in
estradiol, testosterone, or dihydrotestosterone (DHT) levels [58]. However, when male subjects
with neuropathological diagnosis of AD, according to Braak stages V-VI, are analyzed (rang-
ing in age from 50 to 97 years old) estradiol or estrone levels are not different between AD
subjects and controls, but there is a decrease in androgen levels in AD patients, compared to
controls [58]. Thus, it is proposed that the sex hormone decrease observed in brain samples
from AD patients is not just related to the normal decrease in gonadal synthesis, but also to a
decrease in local brain steroidogenesis [58, 59].
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Supporting that, the premenopausal bilateral oophorectomy (surgical menopause), which
induces early menopause through an abrupt decrease in circulating estrogen levels in young
women, has shown lights about the role of sex hormones, its decline during the menopause
and correct timing of hormonal replace therapy [60, 61]. Thus, in a study where 1884 women
were followed longitudinally for upto 18 years (natural menopause n = 1277, surgical meno-
pause n = 607) relating the onset of menopause (natural or surgical) to cognitive decline and
AD. According to the study, surgical menopause at earlier age was associated with the decline
in cognition (decline in episodic and semantic memory) as well as a greater level of Alzheimer
disease in women who survived free of dementia to a mean age of 78 years [61]. Noteworthy,
when the use of hormone therapy was considered in the study, a protective role was found
when the treatment was administrated within 5-year perimenopausal period for at least
10 years: less decline in visuospatial ability, episodic, and semantic memory, but no influence
over the onset of AD [61].

In women, it has been determined that the hormonal treatment with estradiol has more
protective effects than the treatment with conjugated equine estrogen. Noteworthy, many
studies have pointed out that the hormonal treatment needs to start during what is called a
“window of opportunity”, since the protective effects of estradiol treatment depend on when
hormonal treatment is started. In particular, hormonal treatment needs to start during the
perimenopause period (i.e., under age of 65 years). During this period is necessary to maintain
a constant treatment (not withdraw), since doing so could decrease the memory improvement
obtained by the hormonal treatment [62]. Verbal memory is enhanced with the treatment with
E,. Although there are many studies supporting the benefits of hormonal treatment, there are
other studies that are against this statement. The window of efficient therapy depends on the
capacity of the brain to respond to sexual hormones, and the presence of receptors in brain
areas related to memory. This decrease is related to the normal decrease in sexual hormones
due to aging, in man and woman. In that term, HT is focused on to keep the hormonal levels
constant, so the brain cannot lose its responsiveness to hormones. Basic studies have shown
that the role of estrogens or molecules like tamoxifen, a selective estrogen receptor modulator
used as hormone therapy, may induce/modulate the dopamine system, inducing neuropro-
tection. In that term, the use of tamoxifen in murine AD model has shown an increment in
dopamine content in striatum, and an improvement in memory tasks [63].

Recently, seven prospective cohort studies with a total of 5251 elderly men and 240 cases of
Alzheimer’s disease were included into the meta-analysis of AD follow-up. Meta-analysis using
random effect model showed that low plasma testosterone level was significantly associated with
an increased risk of Alzheimer’s disease in elderly men (RR = 1.48, 95% CI 1.12-1.96, P = 0.006)
[64]. This decrease is in direct relation with appearance of Af3 plaques in the brain, since androgen
and estrogens can regulate the amount of Af3 through the modulation of signal transduction or
enzymes related to the clearance of AP, like insulin-degrading enzyme, neprilysin, endothelin-
converting enzymes 1 and 2, and angiotensin-converting enzyme. In that term, animal models of
gonadectomy, to reduce the sexual hormones, have shown a direct relationship between the
hormonal decrease and the increased amount of AP in the brain [65-67]. Also, in this type of
models, the hormone therapy reduces the levels of Af and improves the memory. Thus, the
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formation of A plaques can be induced by a reduction in sensitivity to estrogens or androgens
due to long periods of low steroid hormones synthesis from gonads, modifying the mechanism of
amyloid precursor protein elimination that is regulated by estradiol.

Clinical approach involved the estradiol and its role in maintaining brain architecture and
metabolism, and chronically low levels of estradiol associated to anovulation may impair brain
health. In women with functional hypothalamic amenorrhea, alterations in the thyroid axis
impair neurogenesis and synaptic connectivity [68].

5. Sex hormones and Parkinson disease

Parkinson disease is a progressive neurodegenerative, multisystemic disorder characterized by
a combination of motor symptoms like resting tremors, rigidity, bradykinesia, and postural
abnormalities [69]. In addition, there are cognitive, neuropsychiatric, sleep, autonomic, and
sensory disturbances associated to PD, which are related to the degeneration of serotoninergic
neurons of the raphe nucleus, noradrenergic neurons of the locus coeruleus or cholinergic
neurons of the nucleus basalis of Meynert [70]. PD is associated to degeneration of dopamine
neurons in substantia nigra pars compacta, being PD the most common disease of dopamine
dysfunction [71].

It has been reported that higher incidence rates of PD in men are compared to women [72, 73],
and special interest has been put on sex hormones, due to its role on the regulation of
dopamine synthesis, being estradiol the main regulator of this synthesis. In addition, studies
performed to oophorectomized women, have revealed a higher risk of PD in this patients,
suggesting that the abnormal decrease in estradiol prior to the menopause can be related to the
onset of PD condition [74]. On other hand, increased exposure to endogenous estrogen can be
associated with a late onset of PD and less sever motor impairment according to a study where
579 female patients were analyzed according to menarche age, menopause age, and PD onset
age; also, delayed exposure to estrogens, through an increased age at menarche, is associated
with older age at PD onset [75].

The synthesis of estrogen differs between reproductive and nonreproductive women, being
the extragonadal tissues, like kidney, adipose tissue, skin, and brain, the main source of
estrogen in nonreproductive women. In reproductive women, the main sources are ovaries,
corpus luteum, and placenta. In men, the main source of testosterone is the testis.

As was mentioned for Alzheimer, sex hormones levels are crucial to maintain the proper
functioning of brain circuits. Regarding to that, the normal decrease of estrogen levels in
women, or testosterone in men, has been related to the onset of Parkinson. Many studies have
shown that hormonal replacement therapy can reduce the risk of PD is applied during what is
called a “window of opportunity”, which is immediately after menopause. Using the same
treatment after that period, the beneficial effects could be lost, due to a long-term hormone
deprivation reviewed by [76] (Figure 2).
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Figure 2. Effects of estradiol and testosterone on dopamine synthesis. Neonatal exposure to estradiol or testosterone
increases TH expression in midbrain dopaminergic neurons. Abbreviations: E;, estradiol; T, testosterone.

5.1. Clinical aspects in Parkinson disease

Male patients with Parkinson disease have less testosterone and estradiol than healthy males.
In a recent study, it was determined if dopaminergic therapy using levodopa and dopamine
agonist influenced testosterone levels. In this study, a cohort of 32 consecutive male patients
from the INSPECT trial were used. INSPECT is a multi-center, prospective study that primar-
ily examined the effects of short-term treatment with pramipexole or levodopa on cohort of PD
patients [77]. There were statistically significant differences in the change in free testosterone
level, increased in both the levodopa group and pramipexole group but decreased in the
untreated group at 12-weeks post-treatment. These preliminary data support the premise that
dopaminergic medications do not reduce testosterone levels in early PD patients. In a clinical
study, where male subjects were analyzed (36 PD patients and 69 age-matched controls):
prolactin levels were higher in PD subjects, compared to healthy ones. Also, concentrations of
estradiol and testosterone in the control group were higher than those found in patients. In
addition, the level of sex hormones was positively correlated with better mood and quality of
life in patients affected with PD; prolactin levels correlated negatively with sex steroid concen-
trations [78, 79]. Therefore, it is extremely necessary to determine the level of hormones that
may influence patients’ cognition, mood, and quality of life of PD patients. The more impor-
tant clinical trials that show the relationship between sex hormones and neurodegenerative
disorders are shown in Table 1.
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Pathology Trial (N) Primary end point Treatment/Results (R) Reference
ADHD Phase III trial Salivary testosterone levels 137 received daily methylphenidate [57]
(n=203) treatment and 66 were assessed through
naturalistic observation
Alzheimer Phase II trial Plasma testosterone Meta-analysis using random effect model [64]
disease (n=240) showed that low plasma testosterone
level was significantly associated with an
increased risk of Alzheimer’s disease in
elderly men
Prospective 2-year prospective brain Continuation of HT use appears to [62]
brain imaging imaging study and randomized  protect cognition in women with
study trial of HT continuation or heightened risk for AD when initiated
(n=>54) discontinuation in a sample of close to menopause onset
middle-aged postmenopausal
women (aged 49-69 years).
Parkinson INSPECT trial-A Testosterone levels and motor There were statistically significant [77]
Disease multi-center scores differences in the change in
Phase III trial free testosterone level, increased in both
(n=32) the levodopa group and pramipexole
group but decreased in the untreated
group at 12-weeks post-treatment
Phase II trial The plasma levels of oestradiol, ~ The level of sex hormones was positively  [78]
(n=236) testosterone, prolactin and sex  correlated with better mood and quality
hormone-binding protein were  of life in patients affected
examined in 36 patients affected with Parkinson’s disease; prolactin levels
with Parkinson’s disease and in  correlated negatively with sex steroid
69 age-matched control subjects, concentrations.
using chemiluminescent
reactions.
Hormone  Cognitive Participants received either one daily [80]
decrease  Impairment in tablet of 0.625 mg of conjugated equine
postmenopausal estrogen plus 2.5 mg of
women medroxyprogesterone acetate or a
(n=4532) matching placebo. Results demonstrate
that estrogen plus progestin therapy
increases older women'’s risk for probable
dementia, including Alzheimer
Phase 1II trial Ovarian function (ovulating) Randomized to Cognitive behavioral [68]
Functional therapy or observation for 20 weeks
hypothalamic
amenorrhea
(n=60)

Table 1. More important clinical trials that show the relationship between sex hormones and neurodegenerative

disorders.

6. Concluding remarks

Here, we review how sex hormones (i.e., neuroactive modulators) can differentially modulate
neuronal neurodegeneration in animal and clinical models. Specifically, we provide an over-
view of the effects of sex hormones, stress hormones, and metabolic hormones on structural
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plasticity and some pharmacological targets. In addition, we also discuss how sex hormones
such as estrogen and testosterone can be affected by variables such as duration and intensity of
motor and cognitive impairment. Understanding the neurobiological mechanisms underlying
the modulation of neuronal structural plasticity by intrinsic and extrinsic factors will impact
the design of new therapeutic approaches aimed at restoring physiological state and determine
some pharmacological therapies. This approach is very important for the design of phase III
clinical trial (randomized clinical trial) in the clinical practical conditions.
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Abstract

Since its discovery, several chemical modifications in the testosterone molecule have
been done by pharmaceutical industry in order to improve its pharmacological effects,
resulting in the creation of anabolic steroids (AS). Despite the therapeutic benefits, AS
abuse has spread among elite and recreational athletes in the search for improvements
on physical appearance and physical performance. Illicit use of anabolic AS has been
correlated with several adverse effects, such as cardiovascular, endocrine, reproduc-
tive, and neurobehavioral dysfunctions. Recently, declines on cognitive and mnemonic
performance have been demonstrated clinically and experimentally. Experimental
studies have demonstrated that these neurological dysfunctions are correlated to
spread neuronal apoptosis throughout important areas of the central nervous system
(CNS), such as hippocampus and cortex. Several pathophysiological mechanisms have
been linked to the AS-induced neurotoxicity, including redox imbalance and recruit-
ment of pro-apoptotic downstream pathways. Furthermore, exposure to AS has arisen
as a potential risk factor to the development of Alzheimer’s disease. Altogether, these
evidences imply that AS abuse per se induces neurodegeneration and can aggravate the
prognosis of neurodegenerative diseases.

Keywords: testosterone, anabolic steroids, neurotoxicity, neurodegeneration

1. Introduction

The history of anabolic steroids (ASs) inevitably passes through the discovery of endogenous
androgens. Based on previous evidences of several renowned scientists, such as Arnold Adolf
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Berthold, Charles Edouard Brown-Séquard, and Fred C. Koch, the group of the pharmacologist
Ernst Laqueur purified and described the chemical properties of the testicular-derived sub-
stance called testosterone. Subsequently, de novo synthesis of testosterone from cholesterol was
described by two different groups leaded by Adolf Butendandt and Leopold Ruzicka. Thus,
testosterone became not only the first hormone to be described, but also the first drug to be
genuinely synthesized in vitro, since predecessors were plant extracts, fungi, and other sources.
Conceptually, ASs are synthetic testosterone derivatives that share a common molecular struc-
ture characterized by four aromatic rings of cyclopentanoperhydrophenanthrene with 19 car-
bon atoms [1]. Given the structural similarities, AS can bind to androgenic receptor (AR) and
exert testosterone-like physiological effects.

1.1. General pharmacological aspects of AS

Despite the molecular similarities, ASs exhibit different chemical characteristics within their
structure in comparison to testosterone, which determines the differences in the pharma-
cological properties and physiological effects between distinct compounds. So far, three
classes of AS have been described. The first class includes injectable AS with esterification
of the 17p3-hydroxyl group on testosterone molecule, such as testosterone propionate. This
chemical modification in the structure of testosterone down-regulates the rates of absorption
and degradations, resulting in substantial prolongation of the biological effects [2]. Within
bloodstream, the ester bonds are rapidly hydrolyzed by blood esterases, releasing the active
compound.

Like the first class, the second class of AS is composed by injectable steroids, although the bio-
logically active compound is the 19-nor-testosterone, instead of testosterone. Furthermore, the
side chain is significantly longer when compared to AS of the class I. In addition, class II ASs
have a methyl group at C19 position, instead of a hydrogen atom [2]. Altogether, these chemical
modifications prolong even more the rates of absorption and degradation when compared to
the AS of class I. Class II includes mainly nandrolone esters, such as nandrolone decanoate and
undecanoate. Basically, the longer the side chain, the prolonger the biological effect. Similarly,
the esterification is rapidly hydrolyzed by blood esterases, releasing 19-nor-testosterone into
the bloodstream.

The third class includes C17-alkylated AS, such as 17a-methyltestosterone, oxymetholone,
methandrostenolone, and stanozolol. Given that these drugs can be orally administered, the
alkylation is especially important to decrease the first-pass effect and, thus, hepatic metabo-
lism, which could result in decreased absorption [2]. The C-1 group can also be methylated
and, thus, present oral activity, but the effects induced by these drugs are relatively weaker
compared to C-17-alkylated compounds.

AS compounds can be carried throughout the bloodstream by plasma proteins, such as
albumin and sexual hormone-binding globulin (SHBG), or they can circulate without being
conjugated. Free AS can reach target tissues and, thus, promote physiological effects. The
molecular structure of AS, rich in hydrocarbons, confers to them apolar characteristics and the
capacity to easily cross hydrophobic layers composed by lipids. From the systemic point of
view, this characteristic allows AS to permeate physiological barriers between capillaries and
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target tissues, such as the blood-brain-barrier. Furthermore, from the cellular perspective, the
high hydrophobicity gives AS the capacity to cross plasma membranes without necessarily
binding to membrane-associated proteins.

Within target tissues, AS can undergo three different pathways. First, biological active com-
pounds can bind directly to the target receptors, promoting their physiological effects. Second,
AS can undergo 5a-reduction, by the enzyme 5a-reductase, resulting in specific metabo-
lites [3]. This enzymatic reaction can substantially affect the physiological effects induced
by the AS and must be taken into account in both therapeutic and toxicological conditions.
For example, the a-reduced nandrolone-derived metabolite, 5a-dihydro-19-nor-testosterone,
has a significant decreased binding affinity for the AR when compared to nandrolone, which
results in decreased androgenic effects. On the other hand, dihydrotestosterone (DHT), a
a-reduced testosterone-derived metabolite, has a binding affinity for the AR approximately
10-fold higher than testosterone and, thus, impose profound androgenic effects. Third, AS can
be converted into estrogen by aromatase enzyme, a reaction especially observed in AS from
class 1 [4].

Classically, AS can exert their effects by binding to AR. This receptor is a member of nuclear
receptors family, which also includes estrogen, glucocorticoid, mineralocorticoid, proges-
terone, thyroid hormones, and retinoic acid receptors. In general, ARs have four distinct
molecular domains: ligand-binding domain (LBD), which presents a canonic molecular
structure among nuclear receptors; N-terminal transactivation domain, which per se confers
the capacity of ligand-independent activity in the case of estrogen receptors; DNA-binding
domain (DBD); and hinge region [5]. In the absence of agonist, the AR remains in the cyto-
sol due to its bindings to specific chaperone proteins, such as the heat-shock-protein 90
(HSP90). These interactions are thought to be necessary for the stabilization of the receptor in
an appropriate conformation that enables the steroid molecule to bind with high affinity to
the LBD. Furthermore, the interaction with HSP90 prevents the AR to dimerize and bind to
co-regulators.

When AS binds to the LBD, the interaction between AR and HSP90 is lost. In such a condi-
tion, active AR dimerizes, resulting in the formation of a homodimer, which is translocated
into the nucleus by cytoskeleton myofilaments [6]. The interaction between the homodimer
and the chromatin occurs due to the binding of zinc fingers located in the DBD at the level of
androgen-responsive elements, a complex process that involves the recruitment of a cluster of
co-regulators to this site [7]. Co-regulators include co-activators and co-repressors which are
crucial to the transcriptional activity of the complex AR steroid. It is generally accepted that
the recruitment of co-activators results in increased transcription of a target gene [8].

Besides the bioavailability within target tissues, the extent of the physiological effects induced
by each AS is also correlated to the binding affinity to the AR consonant with this view; pre-
vious studies have shown that nandrolone binding affinity to the AR is 2- to 3-fold higher
than testosterone-related binding affinity for the same receptor [9]. As a result, nandrolone
has a more potent anabolic effect in skeletal muscle compared to testosterone [9]. Further
experimental studies compared the binding affinity of nandrolone, oxymetholone, stanozo-
lol, 17a-methyltestosterone, methenolone, methandienone, mesterolone, fluoxymesterone,
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and ethyl estrenol for the AR in both skeletal muscle and prostate tissues of rodents [10].
Among these steroids, nandrolone has shown the highest binding affinity to the AR, followed
by methenolone > testosterone > mesterolone. Interestingly, although the binding affinity of
stanozolol, fluoxymesterone, and methandienone is thought to be significantly decreased
compared with the above-mentioned steroids, the cell-based AR transactivation is compa-
rable [11]. This evidence suggests that the degree of activation of AR does not seem to be
strictly dependent on the binding affinity, despite the clear influence exerted by the latest.
Indeed, gene expression can be affected in different degree by structurally distinct AS. In this
context, the different conformational changes induced by distinct AS in the AR and the subse-
quent impact in the recruitment of co-regulators might develop a more important role in the
dimension of gene expression and biological effects, although more studies are necessary to
demonstrate these pharmacodynamics aspects [12].

The classical mechanism of action of AS is the AR-mediated genomic effects; however, rapid,
nongenomic effects were also demonstrated for several target organs. Nongenomic effects
are generally thought to request faster responses, mainly in the range of seconds to minutes,
besides activation of membrane protein-mediated signaling cascades and lack of direct tran-
scriptional/translational activation [13]. Given that rapid AS-induced responses have been
observed in cell types that do not express the AR or in the presence of AR antagonists, it is
reasonable to hypothesize that these effects might be triggered by mechanisms other than
AR mediated. In keeping with this, experimental evidences have demonstrated that the com-
plex AS-SHBG can bind to membrane receptors and induce increases in intracellular levels of
second messengers, such as cyclic-adenosine monophosphate and inositol 1,4,5-triphosphate
(IP,), resulting in rapid cellular effects. Other studies hypothesized that AS can bind directly
to noncharacterized G-protein-coupled-receptors or to nonreceptors tyrosine kinase c-SRC,
which pharmacological aspects remain unclear. Furthermore, the recruitment of collateral
signaling cascades by the AR activation, aside of the classical genomic mechanism, must also
be taken into account [14].

Despite these divergences, evidences that AS can promote rapid changes in intracellular ion
concentrations have been widely demonstrated elsewhere. Exposure of neuroblastoma cells
to testosterone resulted in concentration-dependent increase of intracellular calcium in a time
range of 50-100 sec [15]. Interestingly, knock down or blockade of endoplasmic reticulum
IP, receptor (InsP,R) abolished the testosterone-induced increase on intracellular calcium
concentration, suggesting that InsP,R-mediated testosterone effect [15]. Similarly, it has been
shown that the incubation of primary hippocampal neurons with DHT-increased baseline
calcium concentration [16].

Testosterone and its synthetic metabolites can modulate several physiological aspects in a wide
range of cell types, and their effects can be didactically divided in androgenic and anabolic.
Androgenic effects include the development of primary and secondary male sexual charac-
teristics, the initiation and maintenance of spermatogenesis, and the maintenance of sexual
behavior, such as the libido and spontaneous erections. However, as previously stated, several
testosterone synthetic derivatives have lower androgenic capacity, especially those from class II.
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AS-induced anabolism has been observed in both experimental and clinical studies. These
effects have been widely described in several target tissues and are basically related to cellu-
lar hypertrophy and hyperplasia. AS significantly potentiates nitrogen retention and protein
synthesis, resulting in increased muscle mass, strength, and muscle healing, perhaps the most
prominent effects aimed among bodybuilders, elite, and recreational athletes [17]. Skeletal tis-
sue is also affected by AS, in which they stimulate osteoblasts and chondrocytes maturation,
leading to epiphyseal fusion, whereas the stimulation of osteocytes promotes increases in
bone formation and density. In the bone marrow, ASs stimulate the proliferation of progeni-
tor hematopoietic cells and their maturation directly. Besides the classical androgenic/ana-
bolic effects, AS can induce a broad spectrum of physiological effects that have been widely
described and reviewed elsewhere.

1.2. Therapeutic applicability of AS

ASs were rapidly adopted as the primary therapeutic approach to treat low-circulating testos-
terone conditions, such as hypogonadism and andropause. Moreover, AS-related therapeutic
benefits were also observed in women with endocrine dysfunctions secondary to oophorec-
tomy and menopause. The hematopoietic effect in the bone marrow is frequently explored in
the treatment of aplastic anemia and myelofibrosis. In addition, ASs are also indicated for the
treatment of catabolic diseases, such as cachexia, sarcopenia, and osteoporosis correlated with
malnutrition, HIV, and cancer.

ASs are considered controlled medical substances and must be used just for medical pur-
poses and under supervision of physicians. Due to their anabolic properties, the International
Olympic Committee Medical Commission banned AS from the list of substances allowed in
sports competitions [18]. Currently, the rules and technical documents regarding the use of
AS in sports field are under regulation of the World Anti-Doping Association. Furthermore,
commercialization and consumption of AS are illegal, such as in Brazil, in the United States of
America (USA), and in Great Britain.

2. Epidemiological aspects of AS abuse

Despite the beneficial therapeutic effects, illicit use of AS by individuals aiming improvements
in their physical performance and esthetics has been increasingly reported during the last
century. Illicit use of AS is characterized by administration of doses 10 to 1000 times higher
than the doses prescribed to treat medical conditions, such as hypogonadism [19]. Dose regi-
mens are mainly characterized by cycling, i.e., intercalation between period of time of admin-
istration and withdrawal, stacking, i.e., the combination of different types of AS, especially
oral and injectable AS, and pyramiding, i.e., progressive increase of dose and frequency at a
peak followed by a progressive decrease on both. Among AS users, these dose regimens are
thought to supposedly reduce adverse effects associated with AS abuse, although so far, no
scientific evidence supporting this hypothesis has been demonstrated.
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The misuse of testosterone was firstly reported during the World War II by Nazi German
army with the purpose of enhancing soldier’s aggressiveness, and there has also been uncer-
tain reports about the administration of AS in Nazi athletes during the Olympic games of
1936 [20]. During the 1940s, the use of synthetic testosterone for medical purposes spread,
especially to increase sexual libido and to treat mood disorders, menorrhagia, dysmenorrhea,
hypogonadism, and breast cancer [21-25]. Concomitantly, AS use was correlated with a sense
of well-being and boosting of physical performance among AS users.

The reports about the relationship between the use of testosterone or its metabolites and
the increase in muscle mass and strength resulted in great interest for these substances by
elite athletes. It has been suggested that the first report of AS abuse by athletes was during a
weightlifting championship in Vienna, 1954, by Russian weightlifters [26]. During the 1950s
and 1960s, AS abuse skyrocketed among elite athletes of different countries in several cat-
egories, and obviously, it was followed by a rapid and significant increase in the athletic per-
formance in sports competition, such as shot, hammer, and high jump [27, 28]. Interestingly,
some reports suggest that popular media supported the supplementation with AS, especially
with methandrostenolone, with allegations that it had no side effects [29]. Probably, the
most notorious case about AS abuse by athletes involved the State Plan 14.25 of the German
Democratic Republic (East German). Although AS abuse had turned into a common practice
among elite athletes worldwide, East German government together with both medical and
scientific communities organized massive efforts to stimulate AS administration in young and
adult athletes, in order to improve their performance in Olympic games [30]. A similar sort
of “governmental program” happened in the former Soviet Union between 1960s and 1970s,
where it has been believed that athletes as young as 8 years were included [31]. In general,
1950s, 1960s, and 1970s decades were marked by the spread of AS administration among elite
athletes. Finally, in 1974, the International Committee banned the use of testosterone and its
derivatives in the Olympic games.

The first reports about AS use among bodybuilders occurred in the late 1960s and 1970s, but
it was in the late 1970s and especially in the 1980s that this practice spread in this class [32].
Interestingly, this delay in comparison to elite athletes was mainly due to a current thinking
that AS did not potentiate the gain of muscle mass [26]. Concomitantly, the recreational use
of AS rapidly increased throughout the general population, especially in gyms. This scenario
was further aggravated by the rising cult for a muscularized body shape among the general
population, which was boosted by popular media [33]. Furthermore, given that this body
shape paradigm has been even more complex in adolescents, AS abuse also reached high-
school students [34]. In this context, underground guidelines containing information about
the ways to obtain and use AS have arisen and quickly gained popularity by pseudo-scientific
reports [35]. Consequently, AS abuse became a major concern to public health organizations
given the severe adverse consequences that frequently follow this practice, and first, epide-
miological studies have been conducted during the late 1980s and beginning 1990s showing
that approximately 6.6% of 12th grade students reported AS use, and two thirds admitted its
use when they were aged 16 years or less [34]. Among male Canadian adolescents, the aver-
age AS use was estimated in 5.5%, mostly stimulated by their coaches [36, 37]. In the USA,
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approximately one million individuals reported AS use [38]. Furthermore, AS use was posi-
tively correlated to the use of other illicit drugs, cigarettes, and alcohol [38]. Interestingly, the
perception of AS abuse-induced effects among college athletes has been inversely correlated
with the academic performance. In retaliation to this practice, several countries sanctioned
laws prohibiting nonmedical use of AS, such as the Anabolic Steroid Act, in the USA.

Despite the classical and still frequent AS abuse among elite athletes, recent reports have
suggested that the biggest group of AS users are recreational athletes and individuals aim-
ing a supposed improvement on their esthetic appearance [39]. In the USA, epidemiological
studies estimated that approximately 2.9-4.0 million Americans have used AS over their
lives, a significant rise compared with data from early 1990s. Several epidemiological stud-
ies on the consumption of psychotropic drugs in Brazil have revealed that 0.9% of Brazilians
have used AS, surpassing the prevalence of use of crack and heroin. Recently, it has been
estimated that worldwide prevalence of AS use is approximately 3.3%, although the rate
among males can reach 6.4% [40]. Middle East exhibits the highest rate of AS consumption
at 21.7%, followed by South America, 4.8%; Europe, 3.8%; North America, 3.0%; Oceania,
2.6%; Africa, 2.4%; and Asia, 0.2% [40]. However, recent reports suggest that the real epide-
miological extent of AS abuse might be overshadowed by the high rate of omission among
AS abusers [41].

3. Adverse effects of AS abuse

Unsurprisingly, AS abuse can impose harmful adverse effects. The prevalence of these effects
among AS abusers remains unclear, and recent reports have demonstrated that approxi-
mately 56% of AS users had never reported this practice to any physician, which turns the
correlation between AS abuse and the adverse effects elicited by them underreported [41]. In
sum, AS-induced adverse effects include reproductive, endocrinological, hepatic, cardiovas-
cular, dermatological, and neurological dysfunctions, as demonstrated by several clinical and
experimental studies. Furthermore, many effects can be persistent or even irreversible after
interruption of AS use, whereas other effects arise only after AS withdrawal.

3.1. Endocrine and reproductive dysfunctions

Among adverse effects, the most common are dysfunctions in the reproductive system. Given
the substantial similarity between AS and endogenous androgens, chronic use of AS results
in down-regulation of both follicle-stimulating hormone and luteinizing hormone and overall
suppression of the hypothalamus-pituitary-testicular (HPT) axis. Consequently, endogenous
production of testosterone can be dramatically reduced, which consists in the main cause of
hypogonadism in former AS users [42]. Secondary hypogonadism recovers relatively rapidly
after the interruption of AS abuse, although recent reports suggest that it can last for more
than a year [42]. Altogether, these abnormalities underlie the significant dysfunction in the
spermatic production in AS users. When aromatizable ASs are used, secondary effects linked
to increased estrogen levels can be seen, such as gynecomastia [43].

231



232

Sex Hormones in Neurodegenerative Processes and Diseases

Important, but still poorly explored endocrine effects of AS abuse are those related to metab-
olism. In this context, abnormalities in the glucose metabolism have been reported during
AS abuse, as evidenced by decreased glucose tolerance in powerlifters under AS abuse [44].
Even so, post-glucose insulin levels were increased in this condition, which suggests that AS
can significantly reduce insulin sensitivity [44]. In addition, serum leptin can be significantly
increased in AS abusers, without considerable changes in the adipose tissue content [45].
Interestingly, administration of nandrolone decanoate in rats can induce a significant decrease
in proopiomelacortin (POMC) expression in the arcuate nucleus, despite the increased levels
of leptin and insulin found in AS abusers evaluated in this study [46]. Given that anorexigenic
POMC neurons can be directly activated by both insulin and leptin, these findings suggest
that POMC neurons might become insensitive to these hormones, which is a common dys-
function observed in obesity and metabolic syndrome.

AS abuse has been correlated with overall down-regulation of HPT axis activity. In particular,
decreased serum concentration of thyroid-stimulating hormone (TSH), thyroxine (T4), triio-
dothyronine (T3), free thyroxine, and thyroid-binding globulin have been found in AS abusers
[47, 48]. In addition, the stimulatory effect induced by parenteral thyrotropin-release hor-
mone (TRH) injection in the secretion of T3 can be significantly decreased by AS administra-
tion, despite the increased level of TSH observed after TRH bolus, suggesting that secondary
hypothyroidism can be a prominent consequence of indiscriminate AS use [49]. On the other
hand, the level of T3 can be significantly increased after AS withdrawal [47]. Experimentally,
rats chronically exposed to nandrolone decanoate can also present significantly decreased
serum TSH, T3, and free-T4, besides reduced hepatic deiodinase type 1 activity, followed by
secondary thyroid hypertrophy [50].

3.2. Cardiovascular effects

AS abuse and cardiovascular adverse effects have long been correlated and reviewed [51].
Cardiovascular effects are marked by dyslipidemia, higher serum low-density-lipoprotein,
interstitial fibrosis, cardiac hypertrophy, increased thrombogenesis, arterial hypertension,
dysautonomia, and cardiac arrhythmias, as evidenced by clinical and experimental studies
[52-58]. Importantly, clinical evidences suggest that some of these abnormalities, such as
hypertension and dyslipidemia, are reversible after AS interruption, but others can persist
for long periods or are likely irreversible. Notwithstanding in increasing the susceptibil-
ity to myocardial infarction and stroke by the above-mentioned abnormalities, chronic
administration of AS has been shown to increase the damage induced by myocardial isch-
emia and reperfusion, which per se can aggravate the post-infarction prognosis [59-61].
Furthermore, recent evidences have demonstrated that therapeutic efficacy of cardiopro-
tective maneuvers against the myocardial ischemia/reperfusion injury can be abolished
by chronic exposure to AS [62]. Biochemical and molecular analyses revealed that sup-
raphysiological doses of AS are related to redox imbalance, increased proinflammatory
signaling, and overactivation of renin-angiotensin system in the heart, which seems to be
closely correlated to the loss of cardioprotection after myocardial ischemia/reperfusion
injury [55, 60, 61, 63].
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3.3. General neurological consequences

Neurological effects of AS abuse include a broad spectrum of neurobehavioral disturbances.
Increased aggressiveness and violence and abnormal sexual behavior have been widely
described in AS abusers, whereas anxiety and depression have been observed after AS with-
drawal [64]. The behavioral abnormalities found in AS abusers seem to be correlated to pro-
found changes in the neurochemical profile of important limbic regions, such as amygdala,
hippocampeal, cortical, and hypothalamic regions. These changes are probably promoted by
direct bindings to the AR, which is widely expressed throughout the central nervous system,
allosteric modulation of neurotransmitter receptors, or by conversion into estrogen and acti-
vation of estrogenic receptors.

Experimental studies have demonstrated that the levels of serotonin and catecholamines are
closely associated with mood phenotype, motivation, anhedonia, and attention. Specifically,
down-regulation of these neurotransmitters throughout limbic regions can increase the sus-
ceptibility to depression and anxiety. Interestingly, chronic exposure to AS elicited signifi-
cant decrease of serotonin levels in the hippocampus, hypothalamus, cortex, and amygdala
of rats [65], whereas norepinephrine and dopamine levels are up-regulated in these regions
[66, 67]. In the amygdala and hypothalamus, ASs modulate the main excitatory and inhibi-
tory neurotransmitters, namely glutamate and GABA, respectively. ASs have been shown to
potentiate glutamate signaling, increasing its excitatory potential in these regions, whereas
GABAergic signaling is mainly down-regulated [68, 69]. These limbic regions are associated
to a broad spectrum of neurobehavioral functions that include the process of environmental
information and memories, as well as the elaboration of a behavioral phenotype in response
to these inputs. Therefore, the set of neurochemical alterations elicited by AS within these
regions can impose remarkable neurobehavioral manifestations frequently observed in AS
abusers.

Besides the neurobehavioral disturbances, AS abuse has been recently linked to loss of cogni-
tion and mnemonic performance. These evidences have been widely demonstrated in animal
models of AS abuse, but so far, cognitive performance in human AS abusers remains poorly
investigated. It has been reported that decline of cognition is the major consequence of the
neurotoxic effect of AS, and consequently, neuronal loss in pivotal areas, such as cortex and
hippocampus. Altogether, the changes in the neurophysiology elicited by supraphysiological
doses of AS can substantially increase the susceptibility to neurodegenerative diseases.

4. Neurodegenerative diseases

Neurodegenerative diseases are a heterogeneous group of disorders that affect the nervous
system, being primarily characterized by degeneration and dysfunction of several neural
structures. Despite the efforts to develop therapeutic approaches and the significant num-
ber of studies published in this area, such findings have not resulted into development
of an effective treatment so far. This lack of success is mainly attributed to the unclear
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pathogenesis underlying neurodegenerative diseases, despite the well-known pathophysi-
ological aspects, such as redox imbalance, autophagy, inflammation, and accumulation of
neurotoxic substances.

In sum, it has been proposed that genetic and/or environmental factors can trigger early
pathophysiological changes, such as aggregation of amyloid-f (Af)-protein, a common fea-
ture throughout the progression of Alzheimer’s disease, resulting in primary neural damage.
Subsequently, these early events can evoke secondary damages, due to inflammation, redox
imbalance, and endoplasmic reticulum stress, leading to synapse dysfunctions, which has
generally been accepted as a reversible process, and culminating in neuronal death and irre-
versible neuronal damage. Consistent evidences have implied that the accumulation of A3
correlates —temporally and pathophysiologically —with decreased synaptic function early in
the progression of Alzheimer’s disease [70]. The occurrence of these events in the hippocam-
pus has been correlated with impaired hippocampal-dependent memory consolidation. Thus,
synapse dysfunction and the consequent neuronal death are the cornerstones during the pro-
gression of neurodegenerative diseases.

Conceptually, synaptic function can be modulated by distinct but correlated mechanisms.
Changes in the physiological regulation of these mechanisms can lead to marked neurologi-
cal effects, including cognitive impairments. First, the bioavailability of neurotransmitters is
crucial to an effective synaptic function, thereby neurochemical imbalance can lead to impair-
ment of synaptic transmission. Furthermore, post-synaptic expression of neurotransmitter
receptors is equally important in the maintenance of synaptic transmission. For example,
down-regulation of acetylcholine signaling in the hippocampal and cortical neuronal net-
works results in cognitive deficit, as observed during the progression of schizophrenia and
Alzheimer’s disease [71, 72]. In Parkinson’s disease, loss of dopaminergic neurons located in
the substantia nigra, and the consequent interruption of neural transmission in the nigrostria-
tal pathway results in a substantial drop on dopamine bioavailability in the dorsal striatum
(i.e., the caudate nucleus and putamen), and decreased activity of GABAergic neurons located
in the striatum [73]. Taken together, these disturbances culminate with loss of locomotor con-
trol, the most prominent characteristic of Parkinson’s disease. Moreover, the pathophysiologi-
cal development of neurobehavioral dysfunctions and loss of cognitive performance found
in major depression are related to a decrease on the bioavailability of noradrenaline, dopa-
mine, and 5-hydroxytryptamine [74]. Thus, drugs that enhance the bioavailability of these
neurotransmitters are the first-line therapeutic approach to treat this condition.

All the above-mentioned conditions are examples of how down-regulation of synaptic
transmission can induce severe degeneration in cognitive, locomotor, and behavioral con-
trol. However, synaptic function is not only negatively affected by down-regulation of neu-
rotransmitters but also by an up-regulation of those molecules and their signaling. In some
conditions characterized by increased circulating levels of glucocorticoids, such as stress and
major depression, glutamatergic signaling can be significantly potentiated in hippocampal
neuronal networks by cortisol and corticosterone [75]. Overactivation of glutamate recep-
tors promote a significant increase in intracellular calcium concentration, resulting in recruit-
ment of several downstream signaling that culminate in neuronal death, an event known as
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excitotoxicity. As a result, depressive patients generally have loss of hippocampal mass and
mnemonic deficit. Furthermore, the extent of dendritic arborization, the density of dendritic
spines, and the process of synaptogenesis are crucial aspects in the consolidation of synaptic
transmission [75]. During the progression of major depression, increased levels of glucocor-
ticoids elicit a decrease on these events in hippocampus, which contribute to the previously
mentioned decline on learning and mnemonic capacities. When neurotransmitter bioavail-
ability, receptor expression and extent of dendritic arborization are chronically up-regulated,
synaptic transmission is substantially facilitated. This process is called long-term potentiation
(LTP), which is thought to exert a pivotal role in the process of memory consolidation [75]. On
the other hand, chronic down-regulation of these properties can elicit a process denominated
long-term depression, culminating in long-term cognitive impairment.

It is important to note that all the synaptic abnormalities mentioned above can develop slowly
and progressively, being frequently asymptomatic. Overtime, the spread damage culminates
in functional deficit. Unfortunately, the lack of sensitive biomarkers to diagnose and to esti-
mate the extent of these changes makes the early diagnostic of neurodegenerative diseases
very difficult. As a result, this set of functional abnormalities is most commonly noted only
in elderly individuals, in which the prevalence of neurodegenerative diseases is higher.
Furthermore, several environmental factors can progressively increase the susceptibility to
neurodegenerative diseases over lifetime, such as chronic stress and drug abuse. In this con-
text, recent clinical and experimental findings suggest that long-term AS abuse can induce
neurotoxic effects that might increase the susceptibility to loss of cognitive capacity and neu-
rodegenerative diseases.

4.1. Pathophysiological mechanisms associated to AS-induced neurotoxicity

Studies performed in animal models and cell cultures have demonstrated a broad spectrum
of pathophysiological mechanisms underlying the neurotoxicity induced by AS, and all of
them seem to culminate in cell apoptosis. Apoptosis is a programmed cell death in which cell
volume is progressively decreased, chromatin is condensed, and cell nucleus is fragmented
[76]. Generally, apoptosis can be triggered by several distinct intracellular and extracellu-
lar stimuli, such as DNA damage, redox imbalance, calcium overload, and excitotoxicity.
Naturally occurring apoptosis has been thought to exert a pivotal role in the development
of multicellular organisms; moreover, it is considered a defense mechanism in several con-
ditions, such as metabolic imbalance, infections, and neoplasia [77]. However, unbalanced
apoptotic process can induce harmful effects into target tissues. In the case of cancer, for
instance, the decreased apoptotic rate among neoplastic cells results in growing and spread
of tumors. Conversely, increased cell death in cases of neurodegenerative diseases has been
attributed to the uncontrollable apoptotic process among neuronal cells [77]. Apoptosis is
triggered by two main pathways—the extrinsic, also called death receptor pathway, and the
intrinsic, namely mitochondrial pathway. The extrinsic pathway is stimulated by activation
of death receptors family, which includes the tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL-R1 and TRAIL-R2), FAS and TNF receptors TNF)-related apoptosis-
inducing ligand TNF)-related apoptosis-inducing ligand. The activation of these receptors
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results in recruitment of pro-apoptotic proteins, such as BAX, BID, BAK, BAD, besides down-
regulation of anti-apoptotic proteins, like Bcl-2, and culminates in activation of caspases, a
family of cysteine protease enzymes, leading to cleavage of caspase substrates and cell death
[77, 78]. The intrinsic apoptotic pathway is mainly triggered by intracellular stimuli, such as
DNA damage, endoplasmic reticulum stress and redox imbalance. Irrespective of the central
cause, these events lead to mitochondrial inner-membrane permeabilization, mainly through
opening of mitochondrial permeability transition pore, culminating in mitochondrial swell-
ing and release of apoptosis-triggering factors, such as cytochrome c [78].

Experimental studies have demonstrated that exposure to high concentrations of AS can elicit
both extrinsic and intrinsic apoptosis. Long-term administration of nandrolone decanoate
results in increased activation of caspase-3 and apoptosis throughout hippocampal and cortical
structures [79]. Several in vitro studies have also demonstrated that exposure of neuroblastoma
cells, primary hippocampal cells, and pheochromocytoma cells to AS can result in increased acti-
vation of caspase-3 [15, 80, 81]. Caspase-3 can be activated in both extrinsic and intrinsic apop-
tosis pathways and exerts a pivotal role in the execution of the apoptotic process by proteolytic
cleavage of several proteins and chromatin condensation, resulting in DNA fragmentation and
other changes throughout the apoptotic process. In the context of neurodegenerative diseases,
caspase-3 has been shown to have a prominent role in the proteolytic cleavage of amyloid-3
precursor protein and neuronal death during the progression of Alzheimer’s disease [82].

Interestingly, in neuroblastoma cell culture, exposure to testosterone-induced concentration-
dependent sustained increase in intracellular calcium concentration that involved up-regulation
of inositol-triphosphate receptor (InsP,R) type I-induced calcium release [15]. As demonstrated
elsewhere, prolonged calcium overload can trigger apoptosis in several cell types [83]. Indeed,
exposure to testosterone can induce caspase-3 activation in these cells, an event that can be
prevented by pharmacological inhibition or knock down of InsP,R [15]. The increased activa-
tion of caspase-3 by testosterone and its synthetic metabolites induces the cleavage of poly
(adenosine diphosphate-ribose) polymerase (PARP), a nuclear protein involved in DNA repair
signaling [81]. In response to single-strand DNA breaks induced by cellular stressful condi-
tions, PARP initiates the synthesis of polymeric adenosine diphosphate-ribose and leads to
recruitment of DNA-repairing enzymes, such as DNA ligase and DNA polymerase [84]. As a
result, cleavage of PARP by caspases can substantially increase DNA damage and apoptosis.
Conversely, co-exposure with flutamide prevented the activation of caspase-3 and proteolytic
cleavage of PARP, demonstrating that activation of AR is crucial to the process of DNA dam-
age and apoptosis after exposure of neuronal cells to high concentrations of AS [81].

Furthermore, testosterone-induced activation of caspase-3 can induce proteolytic cleavage and
activation of protein-kinase Cd (PKC?) in different cell types, including neuronal dopaminer-
gic cell line [85]. Although the precise role of PKCd remains controversial and experimental
studies have shown both protective and pro-apoptotic effects, testosterone-induced coronary
smooth muscle cell apoptosis was prevented by PKCd and caspase-3 inhibition [86]. In addi-
tion, PKCd has been shown to have a prominent role in the aging-related decline on hippo-
campal and mnemonic performance, as well as in the apoptosis of dopaminergic neurons in
experimental models of Parkinson’s disease [87-89]. Thus, it seems reasonable to hypothesize
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that PKCd might have a pathophysiological role in AS-induced neuronal apoptosis. In con-
trast, the activation of ERK and Akt, two key proteins involved in the recruitment of cellular
pathways linked to cell survival can be considerably decreased in neurons exposed to AS [81].

4.1.1. Redox imbalance

Redox imbalance has long been reported as a prominent mechanism underlying the apoptotic
process in several pathophysiological conditions. At low concentrations, reactive oxygen spe-
cies (ROS) can act as second messengers, especially hydrogen peroxide. In the thyroid gland,
ROSs have been shown to have a crucial role in thyroid hormones synthesis and overall thy-
roid homeostasis [90]. However, in high concentration, ROS can induce oxidative damage of
several cellular structures, culminating in cell death by apoptosis or necrosis [91].

Redox homeostasis is characterized by cellular antioxidant activity, such as the enzymes
superoxide dismutase, catalase, thioperoxidases and glutathione complex, and ROS produc-
tion by the mitochondria, nicotinamide dinucleotide phosphate oxidases (NOX), and xan-
thine oxidases. Thus, redox imbalance can arise in conditions of down-regulation of cellular
antioxidant defense and/or ROS overproduction [90]. In the context of neurodegenerative
diseases, redox imbalance has been shown to have a pivotal role in synaptic dysfunction and
neuronal loss, which is observed in the brain during the development and progression of
neurodegenerative diseases [92, 93]. Moreover, the hallmarks of apoptosis, including caspase
activation, DNA damage, and binding of pro-apoptotic transcription factors, and cytoskeletal
alterations can be strictly affected by ROS.

Redox imbalance has been reported as a prominent mechanism underlying the AS-induced
cell damage and apoptosis. Experimental studies have demonstrated that chronic administra-
tion of AS can up-regulate the activity of NOX in several cell types, resulting in increased ROS
production, whereas antioxidant activity seems to be substantially decreased in this condition
[63, 94]. In the CNS, chronic administration of nandrolone decanoate in rats has been shown
to decrease glutathione peroxidase (Gpx) activity in the hippocampus and pre-frontal cor-
tex [79]. Gpx catalyzes the oxidation of two monomeric glutathione molecules by hydrogen
peroxide into H,O and glutathione disulfide, thus reducing the concentration of hydrogen
peroxide. Thus, down-regulation of Gpx activity by AS increases hydrogen peroxide bioavail-
ability, which is correlated to increased lipoperoxidation and reduced thiol residues induced
by AS exposure in the brain [79, 95].

Interestingly, pretreatment of neuronal dopaminergic cell lines with testosterone has also been
shown to protect them against oxidative damage induced by hydrogen peroxide [95]. The neu-
roprotective effect was correlated with a slight increase in the calcium-induced mitochondrial
ROS production. In contrast, in conditions of sustained redox imbalance, post-exposure of
dopaminergic neurons to testosterone can further increase the oxidative damage and decrease
cell viability by mitochondrial calcium overload, an effect mediated by membrane-attached
receptor [95]. Furthermore, activation of membrane-attached receptors has also been shown to
be involved, as co-exposure with flutamide did prevent neither mitochondrial calcium over-
load nor decreased cell viability [95].
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Altogether, these evidences imply that ROS might be a “switch” in the neuronal effects
induced by AS, as they can determine whether exposure of neuronal cells to AS can result in
neurotoxic or neuroprotective effects. In physiological concentrations, testosterone and AS
can slightly increase the concentration of ROS, which might induce neuronal preconditioning,
protecting these cells against further increases in ROS concentration [96, 97]. However, in sup-
raphysiological concentrations, AS can significantly increase the ROS bioavailability by mito-
chondrial and nonmitochondrial mechanisms, resulting in oxidative damage and neuronal
apoptosis. Interestingly, the increased susceptibility of dopaminergic neurons to AS-induced
redox imbalance and oxidative damage suggests that administration of supraphysiologi-
cal doses of these drugs might also increase the susceptibility to Parkinson’s disease. These
effects can be modulated by both membrane and cytosolic receptors, although the precise
contribution of each one remains unclear. Furthermore, it remains unclear, though, whether
AS exposure can induce long-term increased neuronal susceptibility to redox imbalance, as
evidenced in cardiac cells [59]. Given that neurodegenerative diseases occur more frequently
in elderly people, the elucidation of this aspect can develop an important role in the diagnosis
and prognosis of neurodegenerative diseases in former AS abusers.

4.1.2. Excitotoxicity

The neurotoxicity induced by AS can be further complicated by the induction of excitotox-
icity effect. This phenomenon occurs after a massive release of glutamate, an event called
glutamate storm, or exogenous compounds, such as N-methyl-D-aspartate (NMDA) and
a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionate (AMPA). In such a condition, glutamate
ionotropic receptors (i.e., NMDA and AMPA receptors) are overstimulated. Physiologically,
activation of these receptors triggers calcium influx and plasma membrane depolarization
and exerts a pivotal role in the neurotransmission and LTP process. However, overactiva-
tion of NMDA and AMPA receptors results in calcium overload, mitochondrial dysfunction,
redox imbalance, and recruitment of pro-apoptotic pathways [98]. Excitotoxicity is thought to
develop a prominent role in the cellular damage and tissue injury during the progression of
neurodegenerative diseases, as well as major depression-associated loss of neuronal viability
and decline on cognitive capacity [98].

Within physiological ranges, testosterone exhibited neuroprotective effects against neurotox-
icity induced by kainic acid, an agonist of AMPA receptors and its conversion into estrogen
by aromatase is thought to have a key role in this protection [99]. However, as previously
stated, most of ASs are poorly converted into estrogen by aromatase, especially class II and
III AS. Furthermore, the abusive characteristic of AS illicit consumption can dramatically
increase the concentration of testosterone and its metabolites within neural tissue. In keeping
with this, it was shown that one administration of nandrolone decanoate in rats can increase
the phosphorylation of NMDA receptor subunits NR2A and NR2B in the hippocampus, sug-
gesting that acute exposure to AS is enough to increase the activity of NMDA receptor [100].
In addition, chronic administration of AS in rats can increase the expression of vesicular glu-
tamate transporter 2 (VGLT2) [101]. VGLT2 exerts an important role in the uptake of gluta-
mate into synaptic vesicles, suggesting that exposure to high concentration of AS can increase
not only the activity of glutamate receptors but also increase the release of glutamate into
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synaptic cleft. Both changes dramatically increase the susceptibility of glutamate storm and
glutamate-induced excitotoxicity. Noteworthy, the increased expression of VGLT2 can persist
until 3 weeks after interruption of AS administration, implying that these effects might be
induced by genomic mechanisms [101].

Exposure of mixed cultures of mouse cortical cells to testosterone induced concentration-
dependent increase in NMDA-induced neurotoxicity, as demonstrated by increases on trypan
blue-labeling and the release of lactate-dehydrogenase [99]. This effect was further increased
when aromatase inhibitors were co-administered to the culture medium, corroborating the
hypothesis that testosterone-induced neuroprotection was at least partially mediated by fur-
ther conversion into estrogen. In addition, co-administration of flutamide significantly attenu-
ated the increased excitotoxicity induced by high concentrations of testosterone, highlighting
the role exerted by the overactivation of AR in this regard [99]. In keeping with this, expo-
sure of neuronal cells to nor-testosterone (i.e., nandrolone) and stanozolol increased NDMA-
induced neurotoxicity in a concentration-dependent and aromatase-independent way, given
that inhibition of aromatase did not attenuate this effect [99]. As a result, AS-induced poten-
tiation in the glutamate signaling substantially increased the peak of calcium concentration
induced by glutamate, whereas the return to calcium baseline levels was prolonged [16].
Conversely, inhibition of AR with flutamide completely abolished this effect. These evidences
imply that ASs potentiate excitotoxicity induced by overactivation of glutamate receptor
exclusively via classic AR pathway.

Besides the potentiation of glutamate-induced excitotoxicity, experimental studies have
shown that exposure of neuronal cells to AS can also modulate the neurotoxic effects of Af.
These oligomers are physiologically generated by cleavage of amyloid precursor protein
(APP) by - and y-secretases, and the B-site APP-cleaving enzyme 1 (BACEL) is the most
prominent (3-secretase throughout the brain. The most common isoforms are A, and AB,,
where the shorter (i.e., AB,, is produced in the trans-Golgi apparatus and is the most promi-
nent, whereas the longer is produced in the endoplasmic reticulum and has the most notori-
ous fibrillogenic capacity. The clearance of A{ is performed by several pathways, including
activation of degrading enzymes and receptor-mediated cellular and vascular clearance.

Under unclear circumstances, though, A generation and clearance can be unbalanced,
resulting in accumulation and aggregation of Af3 [102]. In this context, presenilin 1 (PS1) and
presenilin 2 (PS2) regulate the proteolytic function of y-secretases, and recent studies have
demonstrated that mutations in both protein can result in accumulation of A@,,, which is the
hallmark of Alzheimer’s disease [103]. Aggregated AP can induce neurotoxic effects by sev-
eral mechanisms, including induction of calcium overload and redox imbalance, culminating
in synaptic deterioration and neuronal apoptosis [102]. Furthermore, soluble A3, also known
to induce neurotoxicity, is increased in the cerebrospinal fluid of patients with Alzheimer’s
disease [104, 105]. Noteworthy, AP can bind to NMDA and AMPA receptors, and these inter-
actions can further increase excitotoxicity induced by glutamate [106].

Recently, it has been demonstrated that Af3 levels can be substantially increased in the whole
brain and cerebrospinal fluid, but especially in the hippocampus, after short-term exposure
to 17B-trenbolone in male rats [80]. Similarly, exposure of primary hippocampal neurons
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to 17B-trenbolone, but not to DHT, can significantly elevate the levels of Af,,. Interestingly,
this effect was seen only in male rats. Even so, administration of 17(3-trenbolone in pregnant
female rats resulted in accumulation of AB,, in the fetus brain [80]. In keeping with these find-
ings, exposure to 17B-trenbolone also resulted in a concentration-dependent down-regulation
of PS1 levels in primary hippocampal neurons [80]. These evidences have demonstrated that
AS abuse can induce accumulation of A$,, in the hippocampus, which can induce long-term
susceptibility to Alzheimer’s disease, especially in the offspring of female AS abusers.

Notwithstanding the effects with respect to the synthesis of A, AS can modulate the toxicity
induced by these oligomers. In this context, testosterone per se can induce neuroprotective
effect against the toxicity induced by A, an effect observed in mixed cortical neuronal cell
cultures [107]. This effect was completely abolished by co-exposure with aromatase, suggest-
ing that aromatization and the local generation of estrogen can underlie the testosterone-
induced neuroprotection. Interestingly, co-exposure with the AR antagonist flutamide can
also attenuate the neuroprotection induced by testosterone against Ap-induced toxicity,
implying that activation of classical AR can attenuate the toxicity induced by A oligomers
[107]. In addition, the exposure of neuronal cells to nandrolone, a poorly aromatizable AS,
did not affect the neurotoxicity induced by A3, whereas it was significantly potentiated by
exposure to methandrostenolone [107]. However, nandrolone-BSA (bovine serum albumin)
conjugate significantly potentiated the Ap-induced neurotoxicity, whereas the conjugation
of BSA further increased the neurotoxic potentiation induced by methandrostenolone per se.

Taken together, these evidences have demonstrated that AS not only increases the genera-
tion of A{3 oligomers in crucial areas of CNS associated with the cognitive and mnemonic
capacities but also increases the neurotoxic effect of these molecules, which can substantially
increase the susceptibility to Alzheimer’s disease. The mechanism underlying the elevated
level of A remains unclear but might involve disturbances in the organelles, where AP is
produced (i.e., endoplasmic reticulum and Golgi apparatus); moreover, the role of endo-
plasmic reticulum stress must be investigated in this regard. Furthermore, the downstream
signaling underlying the AS-induced potentiation in the neurotoxic effect promoted by Ap
seems to involve membrane receptors instead of the classical cytosolic AR. Thus, this effect
might be more pronounced in drugs that exhibit increased binding affinity for the membrane
receptor and that are poorly converted into estrogen by aromatase.

4.2. Long-term AS abuse and cognitive impairments

Testosterone and other endogenous androgens per se have been shown to exert a pivotal
role during the development of CNS. In keeping with this, recent evidences have demon-
strated that the development of central nervous system exhibits sexual dimorphic differences,
including the size of cortical and sub-cortical structures. In addition, cognitive and mnemonic
performances can be strikingly influenced by the levels of testosterone and estrogen within
CNS. Indeed, decreased levels of testosterone have been correlated to a poor performance
in cognitive tests, increased levels of AP throughout the brain, and increased susceptibility
to Alzheimer’s disease [108]. Conversely, testosterone replacement can significantly restore
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these abnormalities [109, 110]. Despite these evidences regarding endogenous testosterone
levels, consistent data have shown that long-term administration of supraphysiological doses
of AS can significantly impair the cognitive capacity. Evaluation of cognitive capacity involves
mainly standard tests including attention and psychomotor tests, functional executive tests,
memory tests, and emotional/social cognition tests.

In recent studies, long-term AS users submitted to cognitive analysis have performed signifi-
cantly worse in visuospatial memory tests and learning capacity compared to nonusers [111,
112]. Basically, AS users made more mistakes in the attempt to recognize visual patterns they
had seen immediately before the test. The capacity to distinguish between new and already
seen visual pattern was also impaired in AS users when compared to nonusers. In addition, AS
users showed a tendency to make more mistakes in the attempt to memorize verbal patterns
30 minutes after the presentation. Interestingly, cognitive impairments were significantly
correlated to the total lifetime of AS dose consumption [112]. In another recent study, AS
users had worse results in tests evaluating attention and inhibitory control skills [111]. Taken
together, these findings evidence that AS abuse can elicit substantial cognitive loss and raise
the question of whether the effects of long-term consumption can be even more remarkable
with aging. Noteworthy, adolescents have exhibited more sensitivity to AS-induced cognitive
impairments when compared to adult AS users, which suggest that chronic AS abuse during
pubertal and pre-pubertal phases might induce more severe neurological impairments [111].
Importantly, these individuals might be more susceptible to aging-associated loss of cognitive
capacity when compared to individuals that started AS abuse in adulthood.

Studies focused in animal models of AS abuse have shown conflicting findings, depending on
the test and dose regimen used. In the passive avoidance test, rodents undergo fear-motivated
analyses of short-term and long-term memory, as they learn to avoid their innate tendency for
preference dark environments, instead of bright areas, by exposure to aversive stimulus (i.e.,
electric shock) in the dark area. Long-term administration of nandrolone decanoate (4 mg/week)
for 10 weeks significantly increased the extinction of learned responses (i.e., avoidance of the
learned aversive stimulus) when compared to vehicle-treated rats, suggesting that nandrolone-
impaired mnemonic performance, whereas rats administered with testosterone enanthate per-
formed better than control rats [113]. In contrast, one injection of nandrolone decanoate (1-6 mg/
rat) or testosterone enanthate (5-30 mg/rat) significantly improved the mnemonic performance
of rats in the passive avoidance test [114]. These evidences suggest that long-term exposure to
poorly aromatizable AS, such as nandrolone, can considerably impair learning and memory
consolidation, whereas treatment with aromatizable AS might improve these aspects, probably
by increasing local production of estrogen in the CNS.

In the Morris water maze test, visuospatial memory is evaluated by repeated presentations of
rats to the maze in daily training trials, in which rats must find the target platform. In the day
of the test, the latency time spent to find the central platform, the time spent within the target
platform, and the time spent in the surrounding areas of the maze are compared between
experimental groups. In this context, administration of AS cocktail (2 mg/kg testosterone cyp-
ionate, 2 mg/kg nandrolone decanoate, and 1 mg/kg boldenone undecylenate) or 0.375 mg/kg
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methandrostenolone for 10 weeks did not affect the performance, as the latency time to find
the target platform was statistically equivalent to the level of vehicle-treated rats. In contrast,
after 4 training trials, rats chronically treated with nandrolone decanoate (15 mg/kg each third
day, for 14 days) exhibited increased latency time to reach the target platform, whereas the
time spent within the target platform was significantly decreased when compared to the con-
trol group [115]. Interestingly, long-term AS administration per se not only impaired learning
and mnemonic performances but also abrogated the well-known improvements in these skills
elicited by chronic treadmill exercise. In sum, treadmill exercised rats chronically adminis-
tered with nandrolone decanoate spent significantly more time to find the target platform in
the Morris water maze when compared to exercised control rats, whereas the time spent in the
target platform was significantly decreased [116].

Besides the impairment of spatial memory, exposure to nandrolone decanoate also reduces
the social memory capacity of rats [117]. In social memory capacity evaluation, adult rats are
allowed to investigate and recognize juvenile rats for 5 minutes. During this period of time,
adult rats frequently demonstrate investigatory-like behavior, such as head and body sniff-
ing, anogenital exploration, grooming, close pursuing, touching the flanks with the snout,
and manipulation with the forepaws. After an interval of time, the same juvenile rats are
reintroduced to the adult rat. In this context, long-term administration of nandrolone dec-
anoate (15 mg/kg, daily, for 6 weeks) significantly increased the recognition time in the sec-
ond exposure, when compared to control rats [117]. Importantly, this effect was completely
abolished when flutamide, an AR antagonist, was co-administered with nandrolone. These
findings suggest that long-term exposure to nandrolone impaired the mnemonic capacity by
stimulation of AR within CNS.

Taken together, these evidences corroborate the findings in AS abusers that the loss on mne-
monic capacity might be proportional to the dose and time of AS exposure, as well as the com-
pound administered (i.e. aromatizable or nonaromatizable). More studies are necessary to
elucidate whether longer exposure to AS and more cycles can further impair cognitive capac-
ity in experimental models. Furthermore, the impact of chronic administration of AS in aging
rats should be investigated, given that the majority of oldest AS abusers in general population
(i.e., that started to use AS in the 1970s and 1980s) are entering the age of risk of ND now [112].

Despite the evidences about decline of cognitive and mnemonic capacities after AS admin-
istration, the underlying mechanisms are complex and remain unclear so far. Experimental
studies have shown that high concentrations of AS can elicit apoptosis of several cell types,
including cardiomyocytes, endothelial, and skeletal muscles cells. Even so, the overall con-
sequences of AS exposure on neural cells viability remain poorly explored in in vivo studies.
In vitro studies have demonstrated decreased cell viability in neural cell cultures exposed to
AS, suggesting that neuronal loss might be the central event in the cognitive decline during
supraphysiological AS intake. These neuronal adverse effects are especially critical in the case
of AS abuse, given the capacity of these drugs to cross the blood-brain barrier and accumulate
in the neural tissue. In keeping with this, short-term administration of 173-trenbolone, a class
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IT AS, in adult males and females, and pregnant female rats, resulted in accumulation of AS
throughout the brain and cerebrospinal fluid, but especially in the hippocampus [80].

Hippocampus is a sub-cortical region that develops a pivotal role in the consolidation of new
memories and spatial cognition. Bilateral destruction of hippocampus impairs the forma-
tion of new episodic memories and induces anterograde and retrograde amnesia in epileptic
patients [118]. Hippocampus has also been correlated to the consolidation of episodic and
declarative memories through the process of LTP [119]. Interestingly, experimental studies
have demonstrated that specific neuronal clusters within the hippocampus are activated
when rats and monkeys pass through particular locations, which suggest that there is a “neu-
ronal mapping” associated with distinct environments [119]. Noteworthy, studies have dem-
onstrated that in several conditions characterized by cognition and memory decline, such
as Alzheimer’s disease and other forms of dementia, the hippocampus is one of the earliest
structures to exhibit synaptic dysfunctions [120].

The density of AR in the hippocampus is the highest of CNS; thus, it is particularly sensitive to
oscillation in circulating levels of testosterone [121, 122]. Exposure of neuroblastoma cell cul-
ture to different testosterone concentrations induced a concentration-dependent decrease on
cell viability [15]. This effect was also observed in primary culture of hippocampal neurons,
in which the incubation for 48 hours with 173-trenbolone significantly decreased cell viability
[80]. Furthermore, administration of nandrolone decanoate (15 mg/kg, daily) for 5 days in
adult males, females, and pregnant female rat (embryonic day 15) resulted in a significant
decrease of BrdU-labeled cells in the dentate gyrus of the hippocampus, indicating that AS
overdose decreased cell proliferation [123].

The dentate gyrus is a hippocampal area at the interface of entorhinal cortex and CA3 region of
hippocampus [124]. Excitatory inputs from the layer II of the entorhinal cortex project to the den-
tate gyrus, which send neuronal projections to the CA3 region via mossy fibers. This trisynaptic
circuit exerts a particular role in the process of spatial memory and cognition. In keeping with
this, experimental studies have demonstrated that neuronal death in the dentate gyrus granule
cells resulted in significantly decreased performance on hippocampal-sensitive memory tests,
such as the Morris water maze, acquisition of reference, and working memory tests [125, 126].
Worth of noting long-term administration of nandrolone decanoate (10 mg/kg/week, for 8 weeks)
in rats significantly decreased neuronal density not only in the dentate gyrus but also throughout
CAl, CA2, CA3, pre-frontal cortex, and parietal cortex [79].

Noteworthy, the dentate gyrus is one of the few regions of the adult brain to exhibit neuro-
genesis and acute nandrolone administration decreased the number of newly born neurons
within dentate gyrus of adult rats in approximately 75%, implying that short-term adminis-
tration of AS is enough to significantly impair neurogenic processes [123]. Furthermore, neu-
ronal loss and impaired neurogenesis in the hippocampal and cortical structures have been
correlated to the development of Alzheimer’s disease-related cognitive decline, as well as to
increased number of A plaques in this region [127]. Conversely, experimental evidences have
demonstrated that both aerobic and anaerobic exercises can significantly increase neuronal
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proliferation in these regions, an effect that has been correlated to the improved mnemonic
capacity and neuronal survival [128, 129]. In this context, rats submitted to strength exercise
in a vertical ladder showed up-regulation of Ki-67 throughout the dentate gyrus, which is
considered a marker of neurogenesis [130]. However, chronic administration of nandrolone
decanoate abolished this effect, suggesting that AS abuse can decrease the neurogenic effect
induced by exercise.

In cortical neuronal and astrocytic cultures, 48 hours of exposure to 10 mM of testosterone,
nandrolone, or methandrostenolone significantly increased neuronal death [107]. Interestingly,
when these ASs were conjugated to BSA, which impedes the AS to cross the plasma membrane
and to bind to the cytosolic AR, the neurotoxicity was further increased. Even so, co-exposure
of flutamide prevented both testosterone- and nandrolone-induced neurotoxicity, suggesting
that the membrane-attached AR shares pharmacological similarities with the cytosolic recep-
tor [107]. Furthermore, these evidences suggest that activation of membrane-attached AR can
recruit distinct downstream signaling pathways that culminate in enhanced cell death, when
compared to the cytosolic AR.

Taken together, these clinical and experimental evidences imply that chronic exposure to
supraphysiological doses of AS can severely impair cognitive and mnemonic capacities. This
paradigm might be worsened by aging-related neurophysiological effects, which can increase
the susceptibility to neurodegenerative diseases, besides the well-described neurobehavioral
effects.

5. Conclusions

The growing misuse of AS is a major concern worldwide due to its harmful effects, includ-
ing cardiovascular, endocrine, reproductive, behavioral, and neurological abnormalities.
Unfortunately, there are several unclear aspects regarding the consequences of AS abuse,
such as the prevalence of adverse effects, the repercussions in aging-related dysfunctions,
such as neurodegenerative diseases, and if these effects are reversible. Even so, experimental
studies have provided consistent evidences that the short-term and long-term exposure to AS
can induce neuronal apoptosis throughout important neural regions, such as hippocampus
and pre-frontal cortex. As a result, this phenomenon can severely impair cognitive and mne-
monic capacities, as evidenced by clinical studies with AS abuses. In addition, exposure to
AS can significantly increase the susceptibility to Alzheimer’s disease. Taken together, these
evidences support the hypothesis that administration of supraphysiological doses of AS is an
important risk factor to the development of neurodegenerative diseases, and that the progno-
sis of these conditions might be worsened by AS abuse. Given the rising misuse of AS among
elite athletes and recreational users, these neurological consequences should not be under-
estimated by physicians and researchers. The understanding of these aspects is particularly
important to provide the diagnostic and prognostic of neurological diseases in active and
former AS abusers.
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Abstract

Androgens are essential for male physical activity and normal erectile function. Hence,
age-related testosterone deficiency, known as late-onset hypogonadism (LOH), is consid-
ered a risk factor for erectile dysfunction (ED). This chapter summarizes relevant basic
research reports examining the effects of testosterone on erectile function. Testosterone
affects several organs and is especially active on the erectile tissue. The mechanism of
testosterone deficiency effects on erectile function and the results of testosterone replace-
ment therapy (TRT) have been well studied. Testosterone affects nitric oxide (NO) pro-
duction and phosphodiesterase type 5 (PDE-5) expression in the corpus cavernosum
through molecular pathways, preserves smooth muscle contractility by regulating
both contraction and relaxation, and maintains the structure of the corpus cavernosum.
Interestingly, testosterone deficiency has relationship to neurological diseases, which
leads to ED. Testosterone replacement therapy is widely used to treat patients with tes-
tosterone deficiency; however, this treatment might also induce some problems. Basic
research suggests that PDE-5 inhibitors, L-citrulline, and/or resveratrol therapy might
be effective therapeutic options for testosterone deficiency-induced ED. Future research
should confirm these findings through more specific experiments using molecular tools
and may shed more light on endocrine-related ED and its possible treatments.

Keywords: testosterone, erectile dysfunction, endothelial function, testosterone
replacement therapy, basic science

1. Introduction

Androgens are essential for male physical activity and normal erectile function [1-5]. Thus, age-
related androgen deficiency, known as late-onset hypogonadism (LOH), is a risk factor for erec-
tile dysfunction (ED) [1, 2]. Several studies have reported that androgen replacement therapy
mitigates the symptoms of LOH and ED. In this context, bioidentical or synthetic testosterone
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facilitates erectile function by maintaining an adequate supply of nitric oxide (NO), penile struc-
ture, and the endothelial functioning of the corpus cavernosum. Thus, reduced NO bioavailability
is believed to be the main cause of ED in individuals with testosterone deficiency [6]; however,
the pathophysiological mechanisms underlying this process remain unclear and require further
study. This chapter summarizes relevant basic research reports examining the effects of testoster-
one on erectile function.

2. Testosterone and erectile function

Androgens are well established as being essential for erectile function, and their deficiency
is considered a risk factor for ED. LOH is a result of the normal aging process and is respon-
sible for androgen deficiency [7, 8]. In recent years, epidemiologic studies have suggested
that metabolic syndrome and diabetes mellitus are also associated with the development of
androgen deficiency [9-12].

Erectile function is regulated by complex mechanisms [13]. When sexual stimulation occurs,
NO is released in the penis, causing corporal smooth muscle relaxation through the activa-
tion of the cGMP/protein kinase G signaling cascade. ED results when the relaxant system is
weakened; therefore, many studies have focused on smooth muscle relaxation. In contrast, in
the flaccid state, corporal smooth muscle contraction is controlled by constrictors such as nor-
adrenaline. Recent studies have indicated that the balance between smooth muscle relaxation
and contraction is disturbed by abnormal activation of the RhoA/Rho-kinase signaling path-
way. In some syndromes causing ED, such as diabetes mellitus or metabolic syndrome, the
RhoA/Rho-kinase signaling pathway is enhanced [14-16]. Additionally, enhancement of the
RhoA/Rho-kinase signaling pathway is known to occur in aged individuals, and a Rho-kinase
inhibitor (Y-27632) has been shown to improve erectile function in aged rats [17, 18]. As con-
tractility may play a significant role in erectile function, its role in ED should be considered
along with contraction. Thus, the balance between smooth muscle contraction and relaxation
is important for normal erectile function.

3. Testosterone deficiency and ED

Most animal studies have shown that castration causes ED by reducing arterial inflow [19].
Further, endothelial nitric oxide synthase (eNOS) and neuronal NOS (nNOS) are important
in erectile functioning. In castrated animals, testosterone administration restores the erectile
response and NOS expression in the penis [20]. Li et al. showed that testosterone deficiency
decreases eNOS activity (phosphor-eNOS/eNOS ratio) by upregulating reactive oxygen spe-
cies production [21], and the decreased eNOS activity decreases cGMP levels in the penis.

Some studies found that testosterone changes phosphodiesterase type 5 (PDE-5) expression
in the penis. Traish et al. showed that castration decreased PDE-5 activity in rabbit penises
[22], whereas Zhang et al. showed that testosterone deficiency decreased PDE-5 expression
in the rat penis and that testosterone administration increased PDE-5 expression [23]. These
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results suggest that testosterone is essential not only for regulating eNOS activity but also
for regulating PDE-5 activity. Traish et al. also suggested that while these actions may seem
paradoxical, in which androgens are upregulating both signal initiators (NOS) and signal
terminators (PDE-5), they may be interpreted to be part of a homeostatic mechanism that
maintains a relatively constant ratio of critical pathway enzymes [3]. They also postulated that
PDE-5 expression may be controlled by NO. Androgen-mediated upregulation of NOS may
lead to increased NO synthesis, which may then upregulate PDE-5 expression and activity.
Conversely, androgen deprivation-mediated NOS downregulation also results in the down-
regulation of PDE-5 expression and activity. More studies are needed to define this delicate
and crucial mechanism of testosterone action.

Testosterone also affects the smooth muscle of the corpus cavernosum. Reilly et al. showed
that castration reduced the number of a-adrenergic-1 receptors on smooth fascia [24]. They
also showed that testosterone modulated the adrenergic response of the corpus cavernosum
vascular smooth muscle [25]. Their results indicate that when testosterone levels decrease,
smooth muscle contractility also decreases. On the other hand, Wingard et al. showed that
castration increased the levels of Rho-A and Rho-kinase proteins in rats. RhoA, a small mono-
meric GTPase, activates the Rho-associated protein kinase, a serine/threonine kinase, which
phosphorylates the myosin-binding subunit of myosin light chain phosphatase, thereby deac-
tivating it and promoting contraction [26]. Their results indicate that when testosterone levels
decline, smooth muscle contractility increases, leading not only to the development of ED but
also to the hypertension. Thus, although testosterone deficiency might increase contraction,
additional research is required to fully elucidate its impact on smooth muscle contraction.

Interestingly, testosterone also directly affects smooth muscle relaxation. Yue et al., using
an isometric tension study, showed that testosterone relaxed the smooth muscle of rabbit
coronary arteries and aortas [27]. Others also showed that testosterone induces the relaxation
of isolated human corpora cavernosa strips by activating smooth muscle ATP-sensitive K
channels [28]. These findings suggest that testosterone, in addition to its known endothe-
lial action, might regulate erectile function locally by acting on human corpus cavernosum
smooth muscle. These results indicate that testosterone might affect both the genomic and
nongenomic actions of erectile function.

Some studies demonstrated that testosterone also impacts the structure of the penis. One
group showed that castrated rats show smooth muscle loss and fibrosis [29], and another
group reported that castration increases the collagen content of the internal pudendal arter-
ies and decreases a-actin expression [30]. These testosterone effects suggest that testoster-
one deprivation results in programmed trabecular smooth muscle cell death (apoptosis) and
increased development of extracellular matrix [22]. Traish et al. also proposed that testos-
terone deprivation is associated with the accumulation of fat-containing cells (fibroblasts or
preadipocyte-like cells), especially in the subtunical region of the corpus cavernosum, con-
tributing to impaired veno-occlusion [31]. Interestingly, Wang et al. showed that castration
attenuates erectile function and induces corporeal fibrosis by inhibiting autophagy and pro-
moting apoptosis of the corpus cavernosum smooth muscle cells in rats [32]. Their study has
limitations, but they highlighted the important role of androgens in maintaining the structural
integrity and functioning of the corpus cavernosum. This resulted from androgens mediating
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the counter-regulation of autophagy and apoptosis through regulation of the BECN 1-Bcl-2
(key dual regulators of autophagy and apoptosis) interaction [33, 34].

4. Testosterone and neurogenic factors

ED has relationships between not only cardiovascular diseases but also neurological diseases.
Yang et al. found the hazard risk for Alzheimer’s disease and non-Alzheimer dementia to be
greater in patients with ED [35]. They also found that log-rank test revealed that patients with
ED had significantly higher cumulative incidence rates of dementia than those without. Yang
et al. found the incidence density rate of Parkinson’s disease (PD) was higher in the ED cohort
than in the non-ED cohort [36]. Balsamo et al. reported that men with multiple sclerosis had
high risk of ED [37]. Interestingly, testosterone deficiency is often observed in these neuro-
logical disease patients relative to age-matched controls [38-40].

In basic study, there are some reports on the relationship between testosterone deficiency and
neurogenic factors. Baba et al. reported the mean number of NOS-containing nerve fibers in
the corpora cavernosa and in both dorsal nerves of castrated rats [41]. Others also showed
that castration decreased nNOS protein expression in the corpus cavernosum [32]. However,
reports regarding nNOS responses differ significantly; some studies show increased activity
but no change in protein expression [42] in rats, whereas others report no effects in rabbits
[43]. Thus, more research into the relationship between nNOS and testosterone is required.

On the other hand, Suzuki et al. measured the ICP during electrical stimulation of the pre-
optic area and cavernous nerve in castrated male rats with and without testosterone replace-
ment [44]. They showed the actions of testosterone and its metabolites on both the central and
peripheral neural pathways are crucial for maintaining and restoring erectile capacity. Syme
et al. reported that castration resulted in a decreased erectile response to electrostimulation
following nerve grafting due to decreased graft neuronal nitric oxide synthase-positive axo-
nal regeneration [45]. Armagan et al. indicated that testosterone had a neuroprotective role
in the nerve fibers of the dorsal nerve and testosterone deficiency led to different forms of
nerve degeneration resulting in anatomic alterations [46]. Baba et al. also reported that cas-
tration decreased the number of nicotinamide adenine dinucleotide phosphate diaphorase-
staining nerve fibers not only in corpus cavernosum but also in dorsal nerve [47]. These
results indicate that testosterone deficiency would cause neurogenic dysfunction of erectile
tissues; however, future study needs to unravel the mechanism of testosterone action to the
nerve systems.

5. Testosterone and metabolic syndrome

Obesity has become a major public health issue that is associated with increased mortal-
ity primarily due to increased risks of cardiovascular disease and type 2 diabetes mellitus
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(T2DM) [1, 48, 49]. Obesity is also considered a strong risk factor for ED [4, 5]. In men, visceral
adipose tissue causes arteriosclerosis and vessel endothelial dysfunction [12]. Therefore, men
with T2DM have a high incidence of ED [5, 48, 50, 51].

In recent years, epidemiologic studies have suggested that obesity is also associated with
multiple alterations in the gonadal endocrine system, including low testosterone levels [1, 48,
52, 53]. Low testosterone levels have also been reported in animals with T2DM, including two
seminal research papers that reported testosterone replacement therapy (TRT) in such animal
models [54, 55]. Davis et al. administered TRT to obese Zucker rats, resulting in improved
cholesterol parameters and insulin sensitivity [54]. On the other hand, others administered
TRT to rabbits with high-fat diet-associated hypogonadotropic hypogonadism [55]. TRT par-
tially ameliorated the animals’ blood glucose levels and improved CC sensitivity to acetyl-
choline and eNOS.

We also reported that T2DM increased inflammatory biomarker (inducible NO synthase,
interleukin-6, and tumor necrosis factor alpha) mRNA expression levels in the CC, but
TRT decreased them [56]. Ota et al. reported an in vitro study that demonstrated tes-
tosterone prevented inflammation caused by hydrogen peroxide in blood vessel cells by
upregulating the sirtuin-1 (Sirt1)/eNOS pathway [57, 58]. In one of our studies, testoster-
one administration upregulated Sirtl and eNOS mRNA transcription, possibly prevent-
ing CC inflammation in T2DM rats (Figures 1 and 2). Interestingly, serum asymmetric
dimethylarginine (ADMA) levels were also increased in T2DM rats, and rats receiving
TRT were observed to have decreased ADMA levels. ADMA is an endogenous arginine
compound that rises in individuals demonstrating some disease states [59]; in particular,
several reports have suggested a potential relationship between ADMA levels and ED [60,
61]. ADMA has NOS inhibitory activity, and the elevation of ADMA levels contributes to
decreased NO bioactivity and decreased endothelial functioning of vessel tissues. Zhang
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Figure 1. The mechanism of erectile dysfunction caused by T2DM.
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Figure 2. The mechanism of ART for T2DM.

et al. also reported that testosterone treatment improved nNOS activity using streptozoto-
cin-induced diabetic rat [62].

6. TRT limitations

TRT is widely used to effectively treat patients with testosterone deficiencies. It has also been
applied to animal models for investigating the mechanisms of testosterone action. However,
Burns-Cox et al. pointed out that testosterone (testosterone enanthate) injections cause
extremely high levels of testosterone after a few days [63]. Similarly, we injected testosterone
enanthate into rats, and the animals demonstrated serum testosterone level increases that rose
in a dose-dependent manner (Figure 3).

Amano et al. reported that the therapeutic administration of testosterone ointment to patients
with LOH successfully kept testosterone at normal levels [64]. We administered low-dose tes-
tosterone (similar to applying testosterone ointment) to rats, as previous report [65], 4 weeks
after castration. Interestingly, this TRT did not improve erectile functioning over the first
4 weeks of administration. However, after 8 weeks of TRT, partial ED improvements were
observed (Figure 4). Baba et al. reported that delayed TRT improved ED, in rats, for 4 weeks
[41]. However, they used high-dose testosterone administrations and the testosterone lev-
els were >10 times normal. These results suggest that low-dose testosterone treatments may
require longer treatment periods to overcome testosterone deficiency. Currently, testoster-
one undecanoate, a drug that is applied over a long period (about 3 months), is widely used
in European countries. The medication has been shown to be a safe and effective treatment
for patients with testosterone deficiencies [66]. However, some countries have not approved
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Figure 3. Testosterone levels after testosterone injection in rat.

the medication, and there are no basic science reports addressing its use. These results dem-
onstrate the need to investigate differences between various testosterone administration
methods.

Erectile functioning is a complex process, with an underlying mechanism that is affected by
several factors [4, 67-69]. Recent studies have suggested that one of these factors may be
endogenous estrogen levels [70-77]. For example, Baser et al. suggested that serum estrogen
levels are correlated with aging in men and that estrogen may, therefore, play an impor-
tant role in the expression of the symptoms of aging [70]. Further, Greco et al. reported that
tadalafil treatment suppresses estrogen levels in some obese men and improved their erectile
function domain scores [71]. Another group reported high estrogen levels in elderly patients
with ED and sexual disinterest; therefore, they suggested that pathophysiological estrogen-
testosterone imbalance is involved in these conditions among elderly men [72, 73]. In a basic
study, Goyal et al. reported that estrogen caused developmental disorders of the rat penis
and that it decreased penile testosterone levels [74, 75]. Others reported that estrogen caused
pathophysiological changes in the corpus cavernosum and a decline in erectile function in
rats [76]. These authors also reported that estrogen induction enhanced corpus caverno-
sum smooth muscle contraction and decreased smooth muscle relaxation in rabbits [77]. We
reported the use of TRT in a rat model of testosterone deficiency induced by estrogen injec-
tions. Interestingly, TRT is not an effective ED treatment in the high-estrogen level model [78].
Thus, attention needs to be given not only to the testosterone levels but also to the levels of
other hormones.
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Figure 4. Different effects of TRT periods for delayed treatment.

7. New approaches for testosterone deficiency treatment

Although TRT is an effective treatment for testosterone deficiency, some reports have reported
a new treatment approach based on the use of testosterone deficiency models that consider
the mechanism of testosterone action on erectile function. PDE-5 inhibitors are the first choice
for ED patients, but they are not always effective in patients with testosterone deficiencies
[79, 80]. One of the reasons for the lack of efficacy might be the PDE-5 expression changes
induced by testosterone. A combination therapy involving both testosterone and PDE-5
inhibitors is one choice, but it is the one that is being vigorously debated, with strong reasons
being presented for and against its use. PDE-5 inhibitors are also effective, but regardless of
their pharmacokinetics or the regimen used, none has been shown to cure ED [2].

Moody et al. showed that L-arginine administration also improves ED in castrated rats [81].
Similarly, we demonstrated that L-citrulline supplementation improves erectile function
and penile structure in castrated rats [82]. L-arginine and L-citrulline are amino acids pres-
ent in free form in the human body. When L-citrulline is orally administered, it is converted
to L-argininosuccinate and, subsequently, to L-arginine by renal argininosuccinate lyase [83].
L-arginine is then converted to NO and L-citrulline by NOS [84]. Orally administered L-arginine
is known to be extensively metabolized by autochthonous gut bacteria and by arginases in the
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gut and liver [3]. However, oral L-citrulline administrations were shown to avoid such metab-
olism [85]. Accordingly, oral L-citrulline supplementation was reported to increase L-arginine
levels more efficiently than oral L-arginine administration; L-citrulline also increased NO pro-
duction [86]. In addition, we conducted a similar study using an acute arteriogenic ED model
[87]. In that study, oral L-citrulline supplementation improved erectile function and increased
NO production, without side effects (e.g., decreased mean arterial pressure) [87].

Fukuhara et al. showed that resveratrol and vardenafil improved erectile responses in rats
with streptozotocin-induced diabetes [88]. Recently, Dalaklioglu et al. also reported that res-
veratrol improved sildenafil-induced corpus cavernosum relaxation in both diabetic and non-
diabetic aged rats, probably by potentiating NOS activity [89]. Oral supplementation might
improve the vasculogenic condition, considering our previous study, though this is just spec-
ulation and needs to be examined.

8. Conclusions

Testosterone levels affect several organs, including the functioning of male erectile tissue. Many
studies have described the mechanism of testosterone deficiency effects on erectile function as
well as the impact of TRT. Testosterone affects NO production and PDE-5 expression in the cor-
pus cavernosum through molecular pathways. It also preserves smooth muscle contractility by
regulating both contraction and relaxation. Further, testosterone maintains the structure of the
corpus cavernosum. TRT is widely used to treat patients with testosterone deficiencies; how-
ever, the present discussion has also documented some problems associated with this therapeu-
tic approach. Basic research has also identified other potentially effective therapeutic methods
for treating testosterone deficiency. Among these, PDE-5 inhibitors, L-citrulline, and resveratrol
might be options for treating testosterone deficiency-induced ED. Future research should confirm
these findings in more specific experiments that use molecular tools. Such additional research
may shed more light on possible treatments for endocrine-mediated ED and its treatment.
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Abstract

Perimenopause is a mandatory period in women'’s life, when the medical staff may initiate
hormone therapy with sex steroids for the delay of brain aging and neurodegenerative
diseases, during the so-called “window of opportunity.” Animals’ models are helpful to
sustain the still controversial results of human clinical observational and/or randomized
controlled studies. Estrogens, progesterone, and androgens, with their nuclear and mem-
brane receptors, genes, and epigenetics, with their connections to cholinergic, GABAergic,
serotoninergic, and glutamatergic systems are involved in women’s normal brain or in
brain’s pathology. The sex steroids are active through direct and/or indirect mechanisms to
modulate and/or to protect brain plasticity, and vessels network, fuel metabolism —glucose,
ketones, ATP, to reduce insulin resistance, and inflammation of the aging brain through
blood-brain barrier disruption, microglial aberrant activation, and neural cell survival/loss.

Keywords: perimenopause, “window” of opportunity, neuroprotection, sex steroid
hormones

1. Introduction

The months/years of perimenopause represent an important moment during women’s aging,
when sex steroids and their receptors decline are evident in the hippocampal and cortical neu-
rons, after estrogen exposure during the reproductive years. The sex steroid hormones decline is
associated/acts synergic to other factors as hypertension, diabetes, hypoxia/obstructive sleep
apnea, obesity, vitamin B12/folate deficiency, depression, and traumatic brain injury to promote
diverse pathological mechanisms involved in brain aging, memory impairment, and AD.
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InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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2. Sex steroid hormones involvement in aging brain. The perimenopausal
“window” of opportunity for neuroprotection

Perimenopause represents the critical period during women’s brain aging when it is possible
to use the “window” of opportunity to delay/postpone the proved deleterious effects of sex
steroids decline. The complex/complicated feedback loops between non-reproductive brain
regions—prefrontal neocortex, hippocampus, amigdala, and brainstem, thalamus and hypo-
thalamus, and the ovaries are made by sex steroid hormones, their network receptors through
the entire brain, enzymes involved in their metabolism, their metabolites, neurotransmitters,
cytokines, chemokines, and many other proteins/peptides. A multitude of studies are demon-
strating the effects of estrogens (estradiol-E2, estetrol-E4, and in a less measure estrone-E1),
progesterone, and androgens in brain during reproductive years, and have preventive func-
tions to cognitive and memory performances, being involved in brain bioenergetic control by
regulation of glucose transport, aerobic glycolysis coupled to the citric acid cycle, and mito-
chondrial respiration to generate ATP [1], and also in anti-inflammatory actions in the biology
of neuroaging and neurodegenerative diseases. These effects of sex steroids are covering the
two hypothesis of neurodegeneration discussed in the previous chapter.

Beside involvement in reproduction, sex steroids exert regulatory actions on the receptors in
non-reproductive brain regions, including (but not limited to) prefrontal cortex and hippocam-
pus, amigdala, thalamus, and brainstem, which occur via neural circuitry linking the hypothal-
amus to other CNS systems.

The steroid hormones are acting by indirect mechanisms on coagulation, metabolisms to prevent
atherosclerosis, and to vasodilation of cerebral vessels, increasing the blood flow to the hippo-
campus and left superior temporal gyrus [2], and through direct cellular mechanisms on differ-
ent types of neurons, microglia, and astroglia, on their synapses particularly in the brain regions
that show preclinical abnormalities in individuals who are at risk for AD (Table 1).

Starting from basic science, preclinical and clinical studies, experimental, observational, and
controlled trials are linked to estrogen-inducible neuroprotective, neurotrophic, and neuro-
genic actions. There are animal (rats, mice, non-human primates) and human evidences on
cellular mechanisms of estrogen-regulated functions/systems, which are presented in Table 2.

2.1. Estrogens’ involvement in brain aging

All types of studies have demonstrated that the neuroprotective effects of estrogens—mainly
17 B—and 17a-estradiol, progesterone, and androgens (DHEA mainly) are on the vessels,
neurons, microglia, and astroglia. The vast majority of gynecological, endocrinological, and/
or neurological research studies are about the thrombotic and ischemic stroke risks after the
age of 50 years (median age of menopause).

Observational studies on large numbers of cases from North America as the Baltimore Longi-
tudinal Study of Aging [3], the Manhattan Study of Aging [4] have associated HT/ET to
significant prevention or delay onset of AD, or reduction risk of AD (9/156 [5.8%] estrogen
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Author(s)/year Type of Steroid Action/Effect
study
Tang et al. [138] Prospective  E2 Estrogen promotes the growth and survival of cholinergic
observational neurons, and could decrease cerebral AP deposition, both of
(1-5 yrs. which may delay the onset or prevent AD.
follow-up)
Maki and Prospective  E2 Increasing the blood flow to the hippocampus and left superior
Resnick [2] (2yrs. temporal gyrus
follow-up)
McEwenetal.  Experimental E2 Estrogen synapses formation in the CA1 region of the dorsal
[79] Experimental E2 hippocampus during the estrous cycle of the female rat
Adams et al. E2 did not induced the increased synapses number in aged rats
(371
Zhang et al., Experimental 17 E2, testosterone or Estrogen & Androgen Protection of Human Neurons against

[34]
Xuetal [139]  Basic study

Norbury etal. RCT

[140]

Persad et al. RCT

[141]

Harburger Experimental
et al. [64]

Silverman et al. RCT
[142]

Yao etal. [143]  Experimental

Zhao et al. [52] Experimental

Tskitishvili Experimental
et al. [46]

methyl-testosterone

E2

E2

Ethinyl-E2 and
progestin

E2 + progesterone

E2

17B-E2

E2 + CyP4
VS.
E2 + CoP4

E4

Intracellular Amyloid Toxicity through Heat Shock Protein 70

Provides protection against $-amyloid-induced damage and
tau-related changes

Maintenance of the cholinergic system in the hippocampus and
frontal cortex

Increased activation in brain regions associated with the left
middle/superior frontal cortex, and left inferior parietal cortex
during verbal memory encoding tasks on functional magnetic
resonance imaging

E2 alone and combined E2 + P4 may influence ERK activation
in different time frames or enhance memory of objects
recognition in young ovariectomized mice

Higher metabolism in language processing and auditory
association areas compared to other HRT regimens (CEE or
CEE + MPA)

Early correction of bioenergetics deficits, and mitochondrial
{-amyloid deposition when ovarian hormones decline

Differential regulation of hippocampal gene expression
according to P4 supplementation to E2

Antioxidative actions,
neurogenesis and possibly promyelinating activities

Legend: E2: estradiol; Ethinyl-E2: ethinylestradiol; MPA: medroxyprogesterone acetate; CEE: conjugated equine estro-
gens; RCT: randomized control trial; CyP4: progesterone cylic; CoP4: progesterone continuous

Table 1. Actions/effects of sex steroid hormones on brain aging.

users vs. 158/968 [16.3%] nonusers; 0.40 [95% C1 0.22-0.85], p < 0.01), and for a longer duration
than 1 year, with no effect observed for the age of menopause. At that moment, the researchers
considered the necessity of prospective studies for the establishment of the dose and duration
of ET to provide this benefit and to assess the safety in elderly postmenopausal women.

The “healthy-cell bias” hypothesis demonstrated the E2 neural different effects at different
ages, and at different stages of A3 presence, making the explanations of different results
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Estrogen-regulated functions/systems

Reference(s)

Estrogens prevent apoptotic death cascades and neuronal death

Estradiol rapidly stimulates signaling cascades: as the mitogen-activated protein (MAP)
kinase family and the phosphatidylinositol 3-kinase (PI3K), pathway leading to the phos-
phorylation of Akt (a key signaling molecule), and Akt can promote local protein synthesis
related to the formation of new spines through a non-genomic mechanism

Estradiol increases phosphorylated Akt (pAkt) present in CA1 dendrites, spines, and syn-
apses

Estrogens increase the dendritic spine and synaptic density by 30% on CA1 pyramidal cells
in the hippocampus

Estrogens provide potential to protect or have the capacity to alter synaptic and postsynap-
tic circuitry in hypothalamus, hippocampus, and neocortex

Estrogen- induced mitochondrial functions in brain bioenergetics

Estradiol promotes mitochondrial respiration and hence ATP generation and antioxidant
enzymes that offset the increase in free radical generation induced by increased respiration
Estradiol significantly reduces mitochondrial lipid peroxidation

Estrogen-induced calcium signaling pathways both promote neuronal function and can
exacerbate neuronal demise in neurodegenerative disease states.

Estrogens augment the glutamatergic impact on hippocampal function

Estrogens exerts on the GABAergic and cholinergic systems in the hippocampus and frontal

Lebesgue et al. [40]

Etgen et al. [144]

Inagaki et al. [42];

Etgen and Inagaki
[41]

Cordey et al. [145]
Znamensky et al. [90]
Zhao et al. [146];
Mannella and
Brinton [86];

Gould et al. [36];
Adams et al. [147]
Choi et al. [148].

Nilsen and Brinton
[149].

Nilsen et al. [150].
Simpkins et al. [151]

Brewer et al. [152]

Zhao et al. [153];
Rudick et al. [154]

cortex Tinkler et al. [155].

Table 2. Evidences on cellular mechanisms of estrogen-regulated functions/systems.

between experimental, observational studies and large RCT, that E2 is beneficial on rats” healthy
hippocampal neurons before Af3 exposure [4-6]. More than this hypothesis on “healthy-cell
bias,” there are discussions and comments about the discrepancies between basic science and/or
observational studies supporting estrogen neuroprotective effects and RCT results, focusing the
attention to age, stage of reproductive aging, duration of hypogonadism, and the presence of
symptoms of cognition or memory impairment, in the efforts for reconciliations [7] between HT
and risk for AD [17]. If neurons are healthy at the time of estrogen exposure, their response to
estrogen is beneficial for both neuronal survival and neurological function. In contrast, if neuro-
logical health is compromised, estrogen exposure over time exacerbates neurological demise.
These last two statements represent the opinion of Brinton [8] from the Department of Pharma-
cology and Pharmaceutical Sciences of California University (USA). In concordance to these
facts, the North American and Chinese researchers had elaborated, and tried to confirm the
“hypothesis of critical period of estrogen neuroprotection,” which appreciates the risk of dura-
tion of estrogen deprivation [9]. It was suggested as a “critical period” or a “critical window of
opportunity” for the beneficial protective effect of E2 on the human brain [10, 11], and that
estrogens have to be administered at perimenopause or earlier to observe a beneficial effect on
the neural system [12, 13], as it is for the cardiovascular system.

A consensus began to emerge (although not without controversies) that HT/ET at the time of
the menopause transition and afterward could have beneficial effects on several neurological
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symptoms [7, 14]. The actions of sex steroid hormones are bidirectional to the body periphery
and to the brain, and today, there are current evidences that estrogen and progesterone may
have beneficial, neutral, or detrimental effects on the brain, depending on age at therapy
initiation, type of menopause (natural vs. induced), or stage of menopause, specificity of
administered medication, mainly the association of E2 to progesterone (P4) (exogenous), active
on cognition through its 5a-reduced metabolite, allopregnanolone [15].

There are characteristics that contribute to several discrepancies in the results: age, stage of
reproductive aging, duration of hypogonadism, and symptoms presence. A better understand-
ing of the nature of these discrepancies will be base for future studies of clinical relevance of
ovarian steroids and hormone therapies in women.

The Canadian gynecologists [16] were the first who described neurological and psychological
disturbances after oophorectomy, than the Italian gynecologists [17]. One may consider that
these surgical circumstances are an abrupt, deep decline/withdrawal of steroids, different from
the gradual decline in natural menopause, and the cognitive decline in surgical/chemical
menopause is more severe [18]. In natural menopause, either premature or early or at the
median age of 51 years, the hormonal decline is on a slow slope for E2 and E1, and the
androgens (testosterone, androstenedione, and dehydroepiandrosterone) [19] are still present
up to the age of 65 [20].

Professional organizations including the British Menopause Society [21], the International
Menopause Society [22], and North American Menopause Society [23] recommend estrogen
replacement therapy for women with premature menopause or premature ovarian failure.
There are evidences, although not from RCT that restoring pathologically low estrogen
levels will reduce the later development of cardiovascular disease, osteoporosis, and possi-
bly dementia. This leads to the general recommendation that estrogen be continued in
women who experience premature menopause or early menopause until at least around the
median age of natural menopause (approximate age 51 years), effects which are evident up
to 60 years for women in natural menopause treated for menopausal symptoms [10]. Differ-
ent to this category of age, the initiation of ET alone or in combination with a progestin in the
late postmenopausal stage (ages 65-79 years) induced an increased risk of dementia and
cognitive decline regardless of the type of menopause ([10], citing WHIMS), as the “contin-
uum of neurological health progresses from healthy to unhealthy so to do the benefits of ET/
HT” [4].

2.1.1. Animal models

Experimental evidences support the favorable estrogen effect in neurons, on spinogenesis and
synaptogenesis, and the rationale option for the prevention/reduction of the risk or the delay of
the onset of AD in postmenopausal women. The North American experiments of McEwen at
the Laboratory of Neuroendocrinology from The Rockefeller University, New York, on rats’
brain in the years of 1990s” were a surprising discovery on the modulation of hippocampal
structural plasticity done by estrogens, and it was considered as a “whole new field in the
science” [24]. In the animal models, there are differences between species, regarding reproduc-
tive and brain aging scenarios, both changes precede natural reproductive failure [7]. There are
some similarities between humans and rodents, and differences between rats and mice.
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Estrogens influence the process of adult neurogenesis. E2 promotes the migration of newly
generated neurons toward the damaged brain regions, facilitating brain remodeling, and
repair after ischemic stroke injury [25].

E2 induces neuronal plasticity underlying cognitive function. Acute E2 treatment promotes
hippocampal neurogenesis in the female rat [26], which has been linked to hippocampal-
dependent learning and memory [27]. It was revealed on rats experiments [28] that different
forms of estrogens modulate neuroplasticity and cognition in complex and intriguing ways.
Estrogens specifically up-regulate adult hippocampal neurogenesis (via cell proliferation) and
synaptic protein levels in the hippocampus in a time- and dose-dependent manner [29]. Low
levels of E2 facilitate spatial working memory and contextual fear conditioning, while high
levels of estradiol impair spatial working, spatial reference memory and contextual fear condi-
tioning, and estrone (E1) impairs contextual fear conditioning. The rats’ experiments show that
only 17(3-E2 and not El is increasing the survival and activation of new neurons in the
hippocampus in response to spatial memory compared to controls [30].

The Chinese experiments on menopausal mice had identified morphological changes in the
hippocampus mitochondrial damage, lipofuscin deposition and microtubule degradation,
which were possible to be partially restored: mitochondrial damage and lipofuscin increase,
not the microtubules degradation, and only in early postmenopausal stages [31].

Regarding the first hypothesis on bioenergetics failure in females’ brain aging, animal models
demonstrated estrogens effects on mitochondria energetic metabolism. E2 is regulating mito-
chondrial proteome, being a key metabolic control of enzymes including pyruvate dehydroge-
nase, aconitase, and ATP-synthetase, and so it is a high respiratory control ratio, elevated
cytochrome-c oxidase activity and expression, and it is reduced brain free radical generation
[32], according to the knowledge that in aging brain is a high lactate level [30].

E2 is able to mitigate negative effects of glucocorticoids, as animal and human researches
indicate: E2-related mitigation of glucocorticoid damage and interference is one benefit of E2
supplementation during perimenopause or soon after menopause. The evidence for E2-related
protection against glucocorticoids suggests that maintaining E2 levels in postmenopausal
women could protect them from stress-induced declines in neural and cognitive integrity [33].

Physiological doses of 173-E2, testosterone or methyl-testosterone reduce induced cell death
by 50% in neurons treated after the injection and by 80-90% in neurons treated 1 h before the
injection [34]. The effect is mediated by genomic mechanisms proved by the blockage of ERs
and ARs, and by a proteomic mechanism—the increasing levels of heat shock protein 70
(Hsp70), and the hormones role is to protect from the development and toxicity of the intracel-
lular AP (iA1-42), which induces neuronal apoptosis and death, being known that AD starts
with intraneuronal iA1-42 accumulation in human brain [35].

The “estrogen action hypothesis” known as “healthy-cell bias” elaborated in the North American
Laboratories for Neuroscience Research [4, 5, 8] tries to explain the differences between the
effects of estrogens on normal/healthy neurons and aged/damaged neurons. It was demon-
strated with different doses (low dose of 10 ng/ml and large dose of 200 ng/ml) and on different
schedules (acute vs. continuous vs. intermittent) in experiments on rats’ hippocampal neurons
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exposed to A{, that is possible to prevent neurodegeneration when E2 is administered before or
during AB exposure, the strongest effect being on continuous administration, and the effects are
worsened up to neuronal death when are large doses or when Af3 is already present. These
results were obtained after previous studies regarding estrogen critical different effects on syn-
aptic system at different rats” ages. Whereas, young rats displayed a 30% increase in axospinous
synapse density in CA1 [36], fact which is absent in aged rats [37], as is mentioned in Table 2.

There are findings in rodents and monkeys providing evidences that the hippocampus (in rats)
and the frontal cortex (in monkeys) remain responsive to E2 administered either in vivo or
in vitro even after prolonged periods of hormone withdrawal [38, 39]. The physiological
concentrations of E2 exert profound neuroprotective action on apoptotic death cascades and
neuronal death from focal and global ischemia causing selective, delayed death of hippocam-
pal CA1 neurons and associated cognitive deficits after a single injection in acute ischemia [40].
E2 administered at physiological levels for 2 weeks before ischemia rescues neurons destined
to die in the hippocampal CA1, and ameliorates ischemia-induced cognitive deficits in ovari-
ectomized female rats [41]. An acute post-ischemic infusion of E2 into the brain ventricles is
neuroprotective in aged rats after 6 months of hormone deprivation, and E2 enhances synaptic
transmission in CA1 pyramidal neurons of aged long-term hormone deprived females [42].

There are evidences about distinct estrogens effects on different cognitive aspects, anxiety-like,
and depressive-like behaviors. There are comparisons regarding the subregion-specific effects
on tryptophan hydroxylase-2 (TpH2, the brain-specific, rate-limiting enzyme for 5-HT biosyn-
thesis, a serotonin precursor). The comparison of CEE and E2 treatments on behavior and
TpH2 mRNA on female ovariectomized Sprague Dawley rats [43]. Both CEE and E2 exert
beneficial behavioral effects, although efficacy depended on the distinct behavior and for
cognition, on the task difficulty. Compared to CEE, E2 generally had more robust anxiolytic
and antidepressant effects. E2 increased TpH2 mRNA in the caudal and mid dorsal raphe
nucleus. The recent Chinese study on adult male Sprague Dawley rats [44] demonstrated that
low dose E2 administered for the first 3-months after bilateral common carotid artery occlu-
sion (BCCAO) exerted long-lasting beneficial effects, including significant neuroprotection of
hippocampal CA1 neurons and preservation of hippocampal-dependent cognitive function
when examined at 6 months after BCCAO.

Recent evidences demonstrate a de novo estradiol synthesis within the hippocampus and other
brain regions, which seems highly likely that activity-dependent estradiol signaling can play
an essential role in the modulation of discrete signaling units within individual cells, affording
“fine- tuned” control of neuronal excitability [45].

Animals and in vitro studies are demonstrating the role of estetrol (E4) on nervous system. The
antioxidative actions of E4 mostly depend on ER-a and ER-f3, whereas neurogenesis and
possibly promyelinating activities might be realized through ER-3, and the membrane GRP30
receptor for estrogens and progesterone is less important for LDH activity and cell survival in
E4 actions [46].

The animal experiments reconcile the discordance between studies showing favorable ste-
roids/estrogen effects in neurons to the results from former randomized trials, as the largest
randomized clinical trial of HT ever conducted—Women's Health Initiative Memory Study
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(WHIMS), which showed that women who initiated estrogen therapy alone or in combination
with the progestin MPA after the age of 60 years had a twofold greater risk to develop dementia
[47] or are affected regarding mean cognitive performance over periods of time ranging up to
5 years [10], or estrogen-containing hormone therapy initiated in the late postmenopausal stage
(ages 65-79 years) is followed by an increased risk of dementia and cognitive decline regardless
the type of menopause—naturally, medically, or surgically induced [48].

2.1.2. Human studies

The Mayo Clinic Cohort Studies of Oophorectomy and Aging—unilateral or bilateral oopho-
rectomy [48-50] and estrogens, before the age of menopause. The risk of cognitive impairment/
dementia is increased after either unilateral or bilateral oophorectomy compared to referent
women (Hazard ratio [HR] of 1.46; 95% CI 1.13 to 1.90; adjusted for education, type of
interview, and history of depression). These associations were similar regardless of oophorec-
tomy indication, and for women who underwent unilateral or bilateral oophorectomy were
considered separately. The risk increased with younger age at oophorectomy (test for linear
trend; adjusted p < 0.0001). The same study group from the Mayo Clinic showed that women
who underwent bilateral oophorectomy before menopause were at increased risk of Parkin-
sonism, and the risk increased with younger age at time of oophorectomy [49, 50]. Their
conclusion was a sizeable neuroprotective effect of estrogen before the age of 50 years.

Some studies are sustaining that estrogen neuroprotective actions are modulated by progester-
one/progestogens. Specifically, continuous progestogen exposure is associated with inhibition of
estrogen actions, whereas cyclic delivery of progestogens may enhance neural benefits of estro-
gen [51]. In the next subchapter, more evidences on these findings are discussed. The North
American study [52] provides evidence at the molecular level that different regimens of HT can
induce disparate gene expression profiles in brain. From a translational perspective, confirma-
tion of these results in a model of natural menopause would imply that the common regimen of
continuous combined HT may have adverse consequences, whereas a cyclic combined regimen,
which is more physiological, could be an effective strategy to maintain neurological health and
function. It has to be remembered that different factors may determine the efficacy of ER/HT as
age, menopausal status, route of administration and dose, the starting cognitive function, and
the presence of pre-existing risk factors (smoking, apolipoprotein E genotype) [53].

2.2. Progesterone neuroprotective role in women'’s aging

During menopausal transition on assists at lowering progesterone (P4) values by luteal defect,
and afterward in perimenopause P4 which is absent, and at the beginning of the history of HT
recommendations, P4 administration was mandatory for women with intact uterus, fact that
continues to be actual. There were intensive efforts to develop progesterone neurobiology in the
hippocampus and cortex, and current discoveries are sustaining P4 administration for more than
uterine protection from endometrial hyperplasia and cancer, but for brain aging protection,
besides the much analyzed “therapeutic window” of progesterone in brain trauma. P4 is active
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on cognition through its 5a-reduced metabolite, allopregnanolone [15, 54], a fact that differenti-
ates P4 from the progestin MPA, which proved as a jeopardizing drug for elder postmenopausal
women. P4 has neuroprotective effects mediated by various mechanisms such as reduction of
neuronal vulnerability to neurotoxic molecules, reduction of cell loss, inhibition of lipid peroxi-
dation, and expression of pro-inflammatory genes [55-57]. P4 can exert protective effects
through its metabolites—allopregnanolone or 3a, 5a-tetrahydroprogesterone, the best known,
which can interact with membrane-associated receptors coupled to ion-channels, such as the
GABA 4 receptor system. P4 and allopregnanolone, exert various effects on both cognitive and
non-mnemonic functions in females. Allopregnanolone may also elicit its protective effects
through its actions on the mitochondria [58]. Allopregnanolone is enhancing cognitive perfor-
mances and placement memory in mice, by inducing higher levels of brain-derived neurotrophic
factor (BDNF) in the prefrontal cortex and hippocampus, an effect that is contrary to the lowest
levels among mice administered MPA [15]. MPA —the progestin used to balance CEE in WHIMS
—was proved by in vitro studies to be the best antagonist to neurotrophic and neuroprotective
estrogen actions in neurons, fact that makes it completely different to P4 which alone is
neuroprotective [59], and acts synergistic with estradiol [60]. MPA (Provera®) metabolic involve-
ment is also divergent from P4, regarding the action on nuclear mitogen-activated protein kinase
signaling [61], and on the exacerbation of neuroexcitotoxicity of glutamate [62]. The well-known
object recognition task is a valuable experimental paradigm that can be used to determine the
effects and mechanisms of progestogens for mnemonic effects across the lifespan. Improvements
in object recognition performance of rodents are often associated with higher hormone levels in
the hippocampus and prefrontal cortex during natural cycles, with progesterone replacement
following ovariectomy in young animals, or with aging [54].

The estrogens neuroprotective actions are modulated by progesterone. It was demonstrated [63] in
young ovariectomized mice that E2 enhances object memory consolidation, which depends on
dorsal hippocampal activation of the extracellular signal-regulated kinase/mitogen-activated pro-
tein kinase (ERK/MAPK) signaling pathway, and the questions were if the E2 actions need proges-
terone adding, which was latter demonstrated, and more than this the effect is E2 dose-dependent
[64]. It was suggested that E2 alone, and combined with P4, may influence ERK activation in
different time frames or enhance memory through different mechanisms. E2 alone significantly
increased phospho-p42 ERK protein levels in the dorsal hippocampus relative to vehicle controls.
In contrast, no combination of E2 and P4 affected dorsal hippocampal phospho-ERK levels.

2.3. Androgens neuroprotective role in women'’s aging

Recent studies on normal age-related testosterone and its androgen metabolite dihydrotestos-
terone (DHT) loss in plasma and brain in men are emerging AD risk, and the protective role of
endogenous testosterone/DHT is not only to increase the neuronal resilience against AD-
related insults, but also to reduce intracellular A accumulation [34, 36, 52], testosterone
actions are similar, but also cumulative to those of estrogens in perimenopausal women. In
perimenopause, estrogens and androgens are still in physiological levels in plasma and brain,
and their presence is considered to prevent the accumulation of intracellular amyloid 1-42
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(iA1-42) in the hippocampus and the entorhinal cortex neurons, preceding amyloid plaque
formation, and further induction of neuronal death [65]. Proteomic analyses are demonstrating
increased levels of Hsp70 in testosterone- and estrogen-treated human neurons [15], which is a
sign of Af3 toxicity inhibition.

Cell cultures are bringing strong evidences that both androgens and estrogens are neuroprotective,
and many studies analyzed the different pathways for neural cells protection from Af toxicity.
Testosterone is involved in regulation of spine synapse density in the CA1 region of hippocampus
[66].

A special analysis is to be made on DHEA(S)—the “youth” hormone—for which human body
does not have receptors, but it is a source of intracrinology, with different enzymes for steroid-
forming and/or for steroid-inactivating, permitting each cell/tissue to synthesize a small
amount of androgens and/or estrogens in order to meet the local physiological needs without
affecting the other tissues of the organism [67]. Blood concentrations are not different from
those observed in normal postmenopausal women having high serum DHEA concentrations,
when DHES is supplemented to maintain serum estrogen level at sub-threshold or biologically
inactive concentrations.

On the other hand, all androgens are made intracellularly from DHEA by the mechanisms of
intracrinology, and are always maintained at very low levels in the blood in pre- and postmen-
opausal women [67]. According to this conceptus, it was proposed a short-term DHEA supple-
mentation (5 mg/day x 7 days) in perimenopausal female rhesus macaques [68]. The comparison
of serum and hippocampal levels in treated and controls of the same age revealed that despite
lower concentrations of the estrogens in the serum of elder animals, their concentrations in the
hippocampus did not show any obvious differences due to age or to DHEA supplementation.
The results suggest that de novo estrogen synthesis in the brain may compensate for the perimen-
opausal loss of estrogens in the circulation even without supplemental DHEA.

3. Receptors mediators of sex steroid hormone signaling
mechanisms of action in neuroprotection

The sex steroids can protect through the activation of transcriptional activity in the genomic
mechanism or via signaling of neurons survival pathways [69-71] or via non-genomic mecha-
nism through membrane receptors.

More and more studies/trials are presenting new insights of sex steroids involvement in
hypothalamic, hippocampal, and other brain neurons, their actions being partially common
to other organs/tissues effects, but with important peculiarities. The well-known mediation via
intracellular receptor/transcription factors that interact with steroid response elements on
target genes, regarding the genomic mechanism, is doubled or tripled in the speed of alter-
ations of the neuronal activity within seconds, indicating that some cellular effects can occur
via membrane delimited events. Sex steroid hormone ligands bind to membrane-associated G
protein-coupled receptor (GPR 30) [72], and caveolin proteins have an essential role for
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membrane receptors [73]. In addition, estrogens can affect metabotropic glutamate receptors,
and the second messenger systems, including calcium mobilization, and a plethora of kinases
to alter cell signaling. This subchapter considers the current knowledge of rapid membrane-
initiated and intracellular signaling by steroids in the brain, the nature of receptors involved,
and how they contribute to homeostatic functions.

3.1. Estrogen receptors (ERs). Genetic polymorphism and epigenetics of ERs

The protective role of estrogens in the brain is sure, and the missing preventive effects revealed
by RCT is connected to the age-related changes of ERs, as it is in the endometrium/uterus [74],
suggesting that several key players in the local synaptic response to E2 are compromised in
aging females. The brain has one of the most complex and complicated ERs network of the
body, which is changing life-long. In addition to its well-documented hormonal action, E2 is
considered as a neurotransmitter in the brain [75].

In the last 10 years, molecular and biochemical animal studies are demonstrating that the
mechanisms used by estrogens are greatly influenced by brain cell type, ER type, and
metabotropic glutamate receptors (mGluRs) independent of glutamate, and/or region of
the brain-cortex and/or hippocampus, all these leading to differential regulation of neuro-
nal circuitry in each area [45, 76]. The hippocampus cognitive performance is directly
connected to ER-a, other ERs such as ER-f and GPR30 [8]. The ERs have similar distribu-
tion in female and male brains, but may differ in relative expression [77]. ER-a and ER-3
expression patterns generally overlap, where ER-a is associated with reproductive behav-
ior, whereas ER-f is associated with non-reproductive behaviors such as learning and
memory [78] and anxiety-related behaviors. In hippocampus and cortical neurons, the
estrogens—mainly E2 and other estrogenic ligands bind to membrane—associated and
mitochondrial-associated G protein-coupled receptor (GPR 30), and activates the classical/
canonical nuclear and extranuclear or intra-cytoplasmatic ER isoforms—a and (3 —function-
ing as transcription factors [79-81], and a new type of nuclear ER, the orphan estrogen-
related receptor y (ERR v), which regulates dopaminergic neuronal phenotype [82], and
IGF-1 receptor, which was recently recognized as a receptor for estrogens.

The nongenomic or alternative signaling pathways mechanism involving extranuclear ERs
respond to physiological concentration of estrogens to elicit neuroprotection, resulting in the
“fine tuning” of neuronal circuitry [45]. Often, rapid activation of intracellular signalers such
as mitogen-activated protein kinase (MAPK) or phosphatidylinositol-3-kinase (PI3K) underlie
alternative estrogen-induced neuroprotection upon activation of specific binding sites at the
plasma membrane. The plasma membrane ER (mER) originates from, or is related to canonical
nuclear ERs, and GPR30 mimics short latency E2 facilitation of synaptic transmission in the
hippocampus, to enhance memory and cognition [83]. The activation of GPR30 by G-1 (its
specific ligand) is associated with a mobilization of calcium in dissociated and cultured rat
hypothalamic neurons [80, 84, 85]. There were elaborated cellular models of Af3 toxicity where
classical and alternative pathways activated by estrogens seem to coexist to orchestrate
neuroprotection, fact that is a unique signaling profile of estrogen neuroprotection, dependent
upon activation of the MAPK signaling [86].
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ER-ar and ER-{3 mediate the effects of E2 on both intracellular signaling and gene transcription,
sharing similar domain organization, and using almost identical DNA-binding elements, co-
regulators, and transcription machinery. There are differences between ER-labeled regarding
each female, species (rats, non-human primates, human), age (young, old), estrogen levels,
brain reference area, vulnerability of spines/synapses based on size (large or small), or presyn-
aptic/postsynaptic location of ER. Both, ER-at and ER- are located predominantly at extranu-
clear sites; ER-a are found in dendritic spines, many originating from pyramidal cells, axons,
terminals, astrocytes, and microglia [81], in symmetric and asymmetric synapses. ER-B is
detected on or near the plasma membrane of somata and dendritic shafts and spines in
hippocampal neurons [81], in axons and axon terminals and both in the cytoplasm and on
endomembranes near mitochondria in vivo [81], and within mitochondria in vitro, in pyramidal
cells, in newly generated cells in a few interneurons and in glia [81]. Changes in ER-3 expres-
sion occur in the presynaptic membrane, cleft, and postsynaptic membranes, where neuro-
transmitter release and postsynaptic receptor binding occurs. Conversely, ER-a changes are
detected presynaptically in synaptic vesicles and postsynaptically in plasmalemmal and cyto-
plasmic regions of spine heads where protein translation occurs. In aged animals, it was
demonstrated for the first time [78] that the window for E2-mediated benefits on cognition
and hippocampal E2 responsiveness can be reinstated by increased expression of ER-a.

Studies have determined that membrane-localized ER-a and ER-{3 are capable of activating
multiple metabotropic glutamate receptors (mGluRs) independent of glutamate, leading to
downstream second messenger signaling [73, 76]. The expression of ER-a and ER-f mRNA in
the hippocampus is limited [87], and GPR30 may be the major receptor subtype by which
estrogen produces its enhancing effects. The physiological consequence of activation of GPR30
can regulate local synthesis pathways in a novel direction of our understanding of rapid
estrogen signaling within the brain and its ability to induce the “fine-tuning” of neuronal
circuits [45]. E2 works as a neuroprotector by membrane receptors coupled to E2 induction of
intracellular Ca®" influx via the L-type channels, connected to memory mechanisms, and
through Src/ERK/cyclic AMP response element-binding protein activation in single hippocam-
pal neurons [88]. The presence of the L-type Ca (2+) channel inhibitor, nifedipine (10 microM),
partially inhibits 17 3 E2 [89].

It was discovered an aging decrease of about 50% of ER-a-labeled synapses [37, 45], with
alteration in the ratio of ER-f3 to ER-a, fact that contributes to age-related decreases in the
capacity to form additional spines and synapses in response to E2 in rats. In addition,
synaptic pAkt thought is activated by ER-a [90], which is also decreased dramatically in
aged CA1 axospinous synapses [91], as is ER-p [92], suggesting that several key players in
the local synaptic response to E2 are compromised with age in female rats.

It was reported for the first time in Mont Sinai University (New-York, USA) [93] that in the
monkey’s neocortex 46, approximately 50% of the axospinous synapses contains ER-a, with
axon terminals more likely to have ER-a than spines, and that presynaptic ER-a was often
associated with vesicles, whereas postsynaptic ER-a was widely distributed in the PSD, adja-
cent to the PSD, and in the spine core.

The duration of brain’s estrogen deprivation is connected to C terminus of heat shock cognate
protein (Hsc) 70-interacting protein (CHIP)-mediated proteasomal degradation of hippocampal
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estrogen receptor-a in conditions of rats” global ischemia, or of aging hippocampal CA1 region
[9]. Natural aging is associated with increased ER-at and ER- CHIP binding and ubiquitination,
and with decreased ER-a and ER-{3 levels in the hippocampal CA1 region, fact that is different
from the aging uterus in the rat model of long-term E2 deprivation (LTED) or after ovariectomy,
where the level of ER via the ubiquitin-proteasome degradation pathway is increasing after
estrogen exposure [9].

The studies on rats and monkeys [39] from Mount Sinai School of Medicine (New York, USA)
have emerged three key findings: (1) synaptic ER-a is present in axospinous synapses in
monkeys dorsolateral prefrontal cortex, in area 46; (2) it is stable across treatment and age
groups (which is not the case in rat hippocampus); and (3) the abundance and distribution of
synaptic ER-a is a key correlate of individual variation in cognitive performance in certain age
and treatment groups.

Another interesting and important findings about rats cortex are that ER-at can modulate
synaptic function and behavior even in the absence of circulating gonadal E2, in response to
E2 synthesized within neurons [94], and that ER-a may initiates the non-genomic signaling
mechanisms modulating synaptic plasticity in the hippocampus in response to either circulat-
ing or locally synthesized E2 [39, 93]. These findings are considered of great importance for the
design of HT strategies for both surgically and naturally menopausal women.

The detected levels of ERs in postmortem brain tissue of AD patients is related to the severity
of cognitive impairment assessed proximate to death, and only the reduction of ER-a from
frontal cortex is correlated to Mini-Mental State Examination score, not the ER-B [95]. The
spectrometry, immunohistochemistry, and quantitative real-time PCR of the autopsied Japa-
nese AD patients compared to controls [96] have revealed a glial nuclear ER-f3 expression
significantly lower in white matter in the AD group vs. controls, without any significant
differences in estrogen concentrations, and the conclusion was that estrogens have effects on
glias and neurons in the etiology of AD, and the correlation between BMI and estrogen
concentrations in the frontal lobe suggests the importance of non-brain sources of estrogens
particularly in controls.

Long-term E2 treatment initiated 14 days prior to global ischemia in ovariectomized female
rats demonstrated that E2 at near physiological concentrations acts via the IGF-1 receptor to
protect the functional integrity of hippocampal CA1l neurons and synapses in conditions of
global ischemia, but not the classical ER-at or (3. [97]. The transactivation of IGF-1 receptors and
stimulation of ERK/MAPK signaling pathway maintains CREB activity in the ischemic CA1.

All three types of ERs cooperate in neuroprotection against AD [98], in association to intracel-
lular calcium signaling cascade, which is very important, and the ER-a is the central key, for
maintaining channel inactivation and may be relevant in neuronal preservation against A3
injury. It was demonstrated that combination of ERm and caveolin in caveolae, and ER-a-
mediated inhibition of Death domain-associated protein translocation may protect neurons
against AP injury. ER-a and IGF-IR co-activation may mediate neuroprotection, and many
other growth factors and intracellular signaling responses triggered by ER-a may play impor-
tant roles in the process [98].These data are crucial for contemporary societies, with high risks
for diabetes mellitus, in all populations. A very recent study from the University of Missouri,
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St. Louis (USA) [99] demonstrated the neuroprotection of the coupling of IGF1 to estrogens
and/androgens. It is considered that both steroids are involved in many neuroprotective
processes that operate on similar signaling cascades [100].

Another tested hypothesis is upon GPR30 that act together with intracellular estrogen recep-
tors to activate cell signaling pathways to promote hippocampal neuron survival after global
ischemia [101]. E2 at physiological concentrations intervenes in apoptotic death cascades and
ameliorates neuronal death, increasing BCL-2 expression in rat hippocampal neurons [88] (in
experimental models of focal and global ischemia), but the proper mechanism is still unclear.

Regarding ERs, there are new details about the genes, and mRNA variants of ER-a expressed
in different parts of the human brain, and there are specific ER-a mRNA splice variants or
isoforms of ER-a in the medial mammillary nucleus (MMN) in AD [102] or in the frontal cortex
in AD patients [95], and their relationship to cognitive impairment.

There are some therapeutic indications for cognition and memory support, which are par-
tially controversial. The first is regarding the benefits from the upregulation of the expression
of ER-a, but not of ER-f3, in the hippocampus of aged animals, in order to restore the potential
of E2 treatments and rejuvenate E2-induced hippocampal plasticity [78]. The second are from
the results of a multinational study [103] sustaining the beneficial effects of long-term treat-
ment with diarylpropionitrile (DPN, 0.05 mg/kg/day, sc.), a selective ER-p agonist, on the
hippocampal transcriptome in ovariectomized, middle-aged (13 months) rats. The results
reveal the contribution of ER-B-mediated processes to the regulation of transcription, transla-
tion, neurogenesis, neuromodulation, and neuroprotection in the hippocampal formation,
and the authors concluded that the findings are supporting the notion that selective activation
of ER- may be a viable approach for treating the neural symptoms of E2 deficiency in
menopause. There are studies suggesting that DPN —a selective ER-3 agonist—mimics many
basic effects of E2 in the hippocampus and enhance mice’s hippocampus-dependent spatial
memory [104, 105].

Recent studies are involving the genetic polymorphism of ERs, especially of ER- in cognitive
impairment and increased risk for AD predominantly in women [106]. It was examined that
the role of single nucleotide polymorphisms (SNP) in the ERs genes: rs9340799, rs2234693,
rs2228480 (in the ESR1 gene), and rs4986938 (in the ESR2 gene) as a risk factor for amnesic
mild cognitive impairment (MCI) and AD. The less represented alleles of SNPs studied are
associated with MCI and AD in women APOEe4 allele carriers [107, 108]. Some studies are
focusing the association of Ee4 allele of apolipoprotein E gene to obesity, inflammation, and
the risk of AD. Although, the pathways underlying this relationship are unclear the sex steroid
hormones may be the connection [109, 110].

The epigenetic processes are associated to brain aging. The post-translational histone changes and
DNA methylation are modulating the hippocampal memory-enhancing effects of E2 [111, 112].

3.2. Progesterone receptors

P4 has neuroprotective effects mediated by various mechanisms P4 or its metabolites-
regulated neural responses are mediated by an array of progesterone receptors (PRs) which
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are broadly expressed throughout the brain, inclusive the hippocampus, and can be detected
in every neural cell type [113]. There are known the classic nuclear PR-A (the N-terminally
truncated form of PR-B) and PR-B receptors, and splice variants of each, explaining the P4
genomic mechanism of action through specific progesterone response elements (PRE) within
the promoter region of target genes to regulate transcription of the genes [114], and the two
types of cell surface-associated proteins [membrane PRs (mPRs) and the progesterone mem-
brane receptor component (PGMRC)].These PRs induce classic regulation of gene expression
while also transducing signaling cascades that originate at the cell membrane and ultimately
activate transcription factors. As for estrogens the genomic and non-genomic mechanisms of
P4 are coupled, so the distinctions are not as clear-cut as was first thought [115]. The nuclear
PRs are up-regulated by E2 in glial and neural cells, but more in the glial cells, implicating
crucial progenitor cells, as preferential targets of P4 [116] (Figures 1 and 2).
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Figure 1. Progesterone nuclear receptor (pgr) is upregulated by estrogen. Experiments on developing and adult brain of
zebrafish, and larvae. Legend: Fold induction of P4 expression after treatment of adult zebrafish with an aromatase
inhibitor (A, 107 M of ATD) or estradiol (B, 107 M of 17p-estradiol), and larvae with E2 (C, 10°® M of 17@-estradiol).
The graphs present the mean value +/— the standard deviation. Asterisk (*) indicates significant differences (p < 0.05,
Student’s t test). Panel A: the aromatase inhibitor (ATD) leads to a significant decrease of pgr expression in individual
brains of adult zebrafish (n = 4). Panel B, the estrogenic treatment leads to a significant increase of pgr expression in pools
of 5 brains of adult zebrafish (n = 3). Panel C: the estrogenic treatment leads to a significant increase of pgr expression in
pool of 20 larvae (n = 2).
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Figure 2. Experiments on Zebrafish hypothalamicP4 receptors. Legend: Analysis of the P4 staining intensity in the ventral
subpallium and in the anterior hypothalamus revealing a stronger intensity (mean value +/— the standard deviation).in
the radial cells than neural cells (p < 0.001 Student’s t test). Figures 1 and 2 are adapted from [116].

PR-A is exerting a negative control on PR-B-mediated transcription, and the mediated transcrip-
tion of the ER and glucocorticoid receptors [117], fact that may underlie, at least in part, the
mechanism by which progesterone functionally antagonize the effects of estrogen. PRA and PRB
can interact as dimers with DNA progesterone responsive element, and with signaling proteins
of the Src/Ras/Erk pathway outside the nucleus [118]. The “non-genomic” mechanisms explains
the non-reproductive P4 actions, the rapid activation of cytoplasmic kinase signaling that can
result in both transcription-independent and transcription-dependent effects. These “non-
genomic” actions can be partially explained by membrane transport via nuclear receptor [119].
The mPRs (molecular mass of approximately 40 kDa) had thought to be comprised of three
subtypes, mPR «, {3, and vy, which belong to the seven-transmembrane domain adiponectin Q
receptor (PAQR) family, plus two newly discovered subtypes (mPRd, and mPRe) [120]. It was
shown that cDNAs for the mPRa subtypes of spotted seatrout (st-mPRalpha) and humans (hu-
mPRa-) encode progesterone/progestin receptors that display many functional characteristics of
G protein-coupled receptors [121], and that mPRf promotes progesterone-dependent neurite
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outgrowth in PC12 neuronal cells via non-G protein-coupled receptor (GPCR) signaling [122].
Progesterone receptor membrane component-1 (PGRMC-1) and PGRMC-2, with a single-
transmembrane domain protein, are mediating the rapid non-genomic effects of E2 and P4, such
as the activation of MAPK signaling and intracellular Ca®" increase [123, 124] mPRp activates
also MAPK cascade, without GPCR signaling, and progesterone-stimulated mPRf3 activation did
not exhibit the elevation of [Ca®'] [121]. In comparison to the mPRs, the single-transmembrane
protein Pgrmc] (molecular mass 25-28 kDa) and the related Pgrmc2 are a part of a multi-protein
complex that binds to P4, other steroids, and to pharmaceutical compounds [123]. Besides the
location to membrane surface, Pgrmcl was reported to have subcellular localization: in endo-
plasmic reticulum, Golgi apparatus, and nuclei [125].

PRs are differentially expressed in neurons, in oligodendrocytes, astrocytes, and reactive
microglia, the mPRa expression is observed in oligodendrocytes, astrocytes, and reactive
microglia. The increase in mPR expression was proposed to mediate the anti-inflammatory
effects of progesterone under conditions of injury [126].

The classical PR and mPRs have overlapping regional expression (e.g., both are expressed in
the hippocampus, cortex, hypothalamus, and cerebellum), but their profile of ligand specificity
is not identical [126]. The “non-classical/non-genomic” effects of P4 can be initiated rapidly at
the cell surface to activate intracellular signaling pathways, through modulation of putative
cell surface receptors, ion channels, and cytoplasmic second messenger cascades, the rapid
activation of cytoplasmic kinase signaling can result in both transcription-independent and
transcription-dependent effects.

Among the rapid non-genomic signaling pathways activated by P4 are the extracellular signal-
related kinase (ERK) pathways [127], cAMP/protein kinase A (PKA) signaling [128], PKG
signaling [129], Ca®" influx/PKC activation [130], phosphatidylinositol 3-kinases (PI3 K)/Akt
pathway [124], and other signal transduction cascades. P4 or its metabolites can act directly
and rapidly on neurotransmitter receptors as the GABA-A receptor [131] and Sigma-1/2 recep-
tors [132] to regulate cellular function.

The consequences of activation of these signaling pathways are numerous and include influ-
ences on neurotrophin release [125], neural progenitor proliferation, regulation of intracellular
Ca?" levels, and regulation of cell viability [57, 127, 131] all of which can contribute to the
overall health and function of the brain.

3.3. Androgens mechanisms in neuroprotection

Androgen neuroprotective effects are mediated both directly by activation of androgen recep-
tors (ARs) pathways, and indirectly by aromatization to estradiol and initiation of protective
estrogen signaling mechanisms, but this last action is not totally accepted [133-135]. The
knowledge on the effects of testosterone on women cognitive capacities are few.

Testosterone protects primary human neurons against serum deprivation [134], cultured rat hip-
pocampal neurons against extracellular A{ toxicity [136], rat neurons against heat shock-mediated
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hyperphosphorylation of tau by modulating glycogen synthase kinase 3 activation [85], cerebellar
granule neurons against oxidative stress [133], and rat hippocampal neurons against kainic acid-
induced toxicity [135] transiently activate mitogen-activated protein kinase (MAPK) in cultured
hippocampal neurons, as evidenced by phosphorylation of extracellular signal-regulated kinase
(ERK)-1 and ERK-2 and by this effect subsequently drives neuroprotection [137].

4. Perspectives

Brain aging and neurodegenerative diseases have a multifactorial nature, metabolic and inflam-
matory changes from the moment of transition to menopause, blood-brain barrier disruption, and
aberrant microglial activation can be modulated or prevented in a moment prior to their onset in
the “critical period of opportunity,” if the clinicians and the patients are both interested and have a
good understanding of very early perimenopausal symptoms. The differences between estrogen
types, between progesterone and progestins, between the classes of steroid receptors agonists—
NeuroSERMs (novel neuro-selective estrogen receptor modulator) and PhytoSERMs (phyto-
selective estrogen receptor modulator), and the new molecules tested in high-tech laboratories,
will help the clinicians to recommend the best neurotrophic, neuroprotective molecule without
any breast or uterine harmful action.
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Abstract

Studies to determine the physiological effects and functions of progesterone started in the
twentieth century. Progesterone is a steroid-structured hormone with 21 carbon atoms orig-
inating from cholesterol. The corpus luteum, formed after ovulation in ruminants, secretes
progesterone, which plays a role in the continuity of the pregnancy. Progestagens can be
used for estrus synchronization in cows and heifers. Similarly, they are used for estrus
synchronization during the breeding season or outside the breeding season by taking advan-
tage of the negative feedback effect of progesterone in small ruminants. It is applied for the
treatment of embryonic deaths due to luteal insufficiency in cows with high milk yield. In
anovulatory anestrus, exogenous progesterone applications can be very useful. Progesterone
treatment contributes to the resolution of the anestrus by rearranging hypothalamic func-
tions in cattle with follicular cysts. The oxidative stress index in the luteal phase, when
progesterone is high in ruminants, is higher than in the follicular phase. In the critical period
of pregnancy, a high index of oxidative stress-induced progesterone causes embryonic death.
Factors that cause stress in high milk-yielding cows can affect the amount of progesterone
synthesis by inhibiting luteal cell function due to excessive free radical production.

Keywords: progesterone, ruminants, oxidative stress, estrus synchronization, embryonic
death

1. Introduction

Many methods have been developed for controlling reproduction in farm animals. Among
these methods, synchronization protocols to increase reproductive efficiency have an important

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



304 Sex Hormones in Neurodegenerative Processes and Diseases

place. The desired level of pregnancy rates is often not obtained because of the difficulty of
following the estrus cycle in each animal on large farms. For this reason, estrus synchronization
use in large farms becomes inevitable. Thus, progesterone-assisted estrus synchronizations are
implemented intensively in farm animals. In addition, progesterone can also be used for the
treatment of reproductive problems such as anestrus, cystic ovarian disease, and luteal insuffi-
ciency [1, 2].

This section provides information on the structure of progesterone, its role in physiological
events in ruminants, its use in clinical practice, and its relation to oxidative stress.

2. The structure and biochemical synthesis of progesterone

Steroid hormones are lipophilic organic compounds with a low-molecular weight derived
from cholesterol (Figure 1). Steroid hormones are synthesized in the mitochondria and smooth
endoplasmic reticulum in gonads, such as the ovary and testis, and then released into the
bloodstream. The steroid hormones are broadly classified into three categories based on their
physiological functions: glucocorticoids, mineralocorticoids, and sex steroids [3]. Cholesterol is
an obligate intermediate used for steroid hormone synthesis by the adrenal gland, ovary, testis,
and placenta that can be obtained from three principal sources: de novo synthesis of choles-
terol from acetate, cholesterol from circulating high-density lipoproteins, and cholesterol
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Figure 1. Sources of cholesterol for progesterone biosynthesis.
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stored in plasma membranes. The major source of cholesterol for luteal cells in ruminants is
circulating high-density lipoproteins [3, 4].

Cholesterol is primarily a hydrophobic molecule, and this makes it difficult for cholesterol to
diffuse freely through hydrophilic environments such as the cytoplasm. In addition, choles-
terol has a hydroxyl group at the 3 position that produces a discrete hydrophilic region making
it difficult for the “flip-flop” of cholesterol between membrane surfaces within the lipid bilayer
of cellular membranes. Therefore, movement of cholesterol in the circulatory system (lipopro-
teins) or within the cell is dependent upon transport proteins. Addition of another hydroxyl
group at the other end of the cholesterol molecule alleviates the need for transport proteins [5].

Progesterone is a steroid hormone primarily secreted by the corpus luteum and placenta. Pro-
duction of progesterone in luteal cells is dependent more on transport of cholesterol within the
cell than to changes in the activity of steroidogenic enzymes. The P450 cholesterol side chain
cleavage enzyme (P450scc) is located on the inner mitochondrial membrane and catalyzes the
conversion of cholesterol to pregnenolone [6]. This enzyme catalyzes three oxidation steps:
hydroxylations at the 20 and 22 positions and then cleavage between these two carbons. Preg-
nenolone has two hydrophilic residues that increase mobility through cellular membranes.
Pregnenolone diffuses from the mitochondria to the smooth endoplasmic reticulum where it is
converted to progesterone by the enzyme 3-8 hydroxysteroid dehydrogenase (33-HSD). This
final reaction produces a double bond between the 4 and 5 carbon of the molecule and is the
basis for the abbreviation of pregnenolone as progesterone (Figures 1 and 2). Progesterone then
diffuses from the luteal cells to the bloodstream for transport to target tissues [7, 8].

Progesterone is synthesized from pregnenolone in the corpus luteum, the placenta during
pregnancy, and the adrenals as a step in androgen and mineralocorticoid synthesis. Its actions
are primarily mediated by an intracellular progesterone receptor, whose numbers increase in
the presence of estrogen [9].

The products of hormone synthesis vary with the menstrual cycle; estradiol is the main product
during follicular maturation, whereas progesterone is the main product in the luteal phase
following ovulation. Progesterone is secreted by ovarian follicular cells prior to ovulation; it is
also secreted in larger amounts by the corpus luteum, which forms from follicular granulosa cells
following ovulation. The corpus luteum will grow for 10-12 days and then regress if fertilization
does not occur; if fertilization does occur, the corpus luteum is maintained for the first 2-3 months
of pregnancy. Progesterone plays several important actions in the normal female reproductive
cycle. Progesterone prepares the uterus for pregnancy by shifting the endometrium from prolif-
eration to secretion. Withdrawal of progesterone in the absence of pregnancy leads to organized
shedding (menstruation) and it helps to mediate sexual response in the brain. After fertilization,
progesterone organizes the vasculature of the endometrium to prepare for implantation. It pro-
motes enzymatic digestion of the zona pellucida to allow the oocyte to implant into the uterine
wall. In addition, it inhibits contractions of the uterine myometrium (smooth muscle layer) and
counteracts the effects of oxytocin on contractility. Progesterone promotes lobuloalveolar growth
in the breasts to prepare for lactation, but suppresses premature milk protein synthesis prior to
parturition. Some of the effects of progesterone may be related to its ability to antagonize
estrogen by decreasing expression of estrogen receptors, e.g. the ability of progesterone to inhibit
estrogen-mediated endometrial proliferation. It also has a potent effect as a mineralocorticoid
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Pregesterone

Figure 2. Pathway synthesis of progesterone from cholesterol.

receptor antagonist that reduces sodium retention when present and increases sodium retention
when progesterone is withdrawn [8, 9].

The role of progesterone in males is less clear, but it is believed to play a role in activating
sperm in the female reproductive tract. It has also been implicated as a modulator of male
sexual response and behavior [7].

3. Progesterone synthesis and secretion during the sexual cycle and
pregnancy in ruminants

The corpus luteum formed after ovulation in ruminants is a functional structure formed by
membrane granulosa in the wall of Graaf follicles. Hypertrophy and luteinization of the theca
interna cells play a role in the continuity of the pregnancy, secrete progesterone for a tempo-
rary period, and have endocrine activity. In particular, there is a close correlation between
corpus luteum development and blood progesterone levels [10, 11].

Progesterone levels in the proestrus and estrus stages of the estrous cycle in cattle are very low.
Newly developing corpus luteum cannot produce sufficient progesterone after ovulation (in
the period of metaestrus). Therefore, a significant increase in blood progesterone levels cannot
be detected. In the diestrus period, the corpus luteum acquires a functional structure and
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synthesizes >2 ng/mL progesterone. The progesterone level is highest during days 8-10 of the
estrous cycle in cows. If pregnancy does not occur, prostaglandin F2 alpha (PGF2a), which is
synthesized in the uterus, passes to the ovarian arteries from the uterine vein inducing corpus
luteum degeneration. As a result, the blood progesterone level decreases rapidly to less than
0.5 ng/mL [11]. If pregnancy occurs, blood progesterone levels in the cows can be 6-8 ng/mL
on day 21 of pregnancy [12, 13].

In sheep, the corpus luteum following ovulation begins to secrete progesterone after the third
day of the estrous cycle. Because the corpus luteum formation is rapid, the blood progesterone
level rises rapidly and reaches measurable levels [13]. The progesterone level is the highest
(4 ng/mL) between days 9 and 13 of the cycle. If there is no pregnancy, the corpus luteum starts
to shrink and the amount of PGF2a in the blood starts to increase on the 12th day of the cycle.
On the 14th day of the cycle, the progesterone level is 10 ng/mL but is <0.2 ng/mL on the 16th
day of the cycle [14]. Pregnancy in sheep is maintained by the corpus luteum until the 50th day
and later by placenta-derived progesterone. Progesterone levels are highest between 60 and
130 days of gestation. As long as pregnancy continues, the concentration of progesterone never
falls below 1 ng/mL [12].

The corpus luteum forms after ovulation and progesterone levels begin to increase in goats.
Maximum levels of progesterone (6—-10 ng/mL) are found in the middle of the cycle. This
level starts to decrease on the 15th day of the cycle and descends to basal levels on the 19th
day [15, 16].

4. Clinical use of progesterone in ruminants

4.1. Use of progesterone for estrus synchronization in cattle

Progestagens (ear implants and intravaginal devices [progesterone-releasing intravaginal device
(PRID) and controlled internal drug release (CIDR)]) can be administered for 5-20 days for the
purpose of estrus synchronization in cows and heifers without uterine infection. Progesterone
applications can stimulate puberty in some heifers and initiate normal cyclic activities in anes-
trus cows. In addition, following the first ovulation after progesterone treatment, normal length
sexual activities may continue [2, 17-24].

After the end of progesterone application, synchronized estrus is observed within 3 days [2,
17]. However, when progesterone is used for a prolonged period, the fertility rates decrease
due to the persistence of the follicle. In addition, when melengestrol acetate (MGA) is used for
estrus synchronization, subfertile estrus occurs initially because of the persistent follicles and
artificial insemination is not recommended [24]. Long-term use negatively affects the intrauter-
ine environment and spermatozoon transport. For this reason, estrus synchronization with
progesterone for 5-9 days is more suitable for increasing fertility [25, 26].

According to studies conducted in recent years, the pregnancy rate may be 10-15% higher in
short-term progesterone use protocols than long-term protocols. However, other researchers
argue that there is no difference between pregnancy rates [2, 26-28].
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4.1.1. Estrus synchronization with progestagens + prostaglandins

Progesterone administration allows the synchronization of estrus in ruminants in different
stages of the cycle. PGF2a may be injected on the last day of progesterone administration (5-
10 days) or 1-2 days before the end of progesterone. After the application of progesterone,
estrus occurs and artificial insemination is done [21, 29-31]. Some researchers obtained 54%
pregnancy rates in the first estrus in dairy cows (n = 102) given progesterone for 7 days (CIDR)
with PGF2a administered on day 6. In addition, 49% pregnancy rates were obtained when a
similar protocol was applied to non-cyclic and cyclic heifers [29]. In a similar study, the
pregnancy rate was 47% in beef heifers (n = 247) and 59% in dairy heifers (n = 129) [32].

In some studies, artificial insemination was performed according to PGF2«a injection and estrus
follow-up (4-6 days) 17-19 days after 14 days of MGA application [25, 28]. In this protocol, the
purpose of PGF2a injection is to lyse the corpus luteum that can be formed at the end of
14 days of MGA application [33].

4.1.2. Ovulation synchronization protocols + progesterone

Progesterone is administered as an ear implant or an intravaginal device between days 0 and 7
in order for the Ovsynch (GnRH/PGF2a/GnRH) protocol to be successful and the pregnancy
rate to increase [27]. In a study performed on heifers (n = 383), a 47% pregnancy rate was
obtained [34]. In another study, progesterone administration in Ovsynch did not increase the
pregnancy rate in cows with corpus luteum [35]. Others reported that premature estrus was
not observed due to progesterone used between 0 and 7 days for ovulation synchronization
protocols and full synchronization was achieved [36, 37].

Progesterone administration is also performed in the Cosynch protocol. On day 0, the proges-
terone device is inserted and gonadotropin-releasing hormone (GnRH) is injected. Progester-
one devices are removed during PGF2« injection (day 7). Fixed-time artificial insemination is
performed in 48, 56, or 60 hours after GnRH is injected [38-40]. Such protocols may be applied
for 12-14 days with progesterone [41, 42].

4.1.3. Five-day Cosynch + progesterone protocols in the heifer

Ovulation synchronization methods have a high pregnancy rate, especially in cows, although
this rate is lower in heifers [2]. Synchronization protocols have been developed to stimulate
ovulation, which do not require heat detection. Progesterone administration occurs for 5 days.
During progesterone removal, PGF2a is administered. GnRH is administered 72 hours later
and fixed-time artificial insemination is performed [19, 21, 22, 26, 27]. A 10.5% higher preg-
nancy rate can be obtained with this protocol [43]. The pregnancy rate improves between 45.9
and 54.2% in the 5-day Cosynch + PRID protocol and fixed-time artificial insemination with
sexed semen in cyclic heifers [26].

It was determined that vaginitis and mucopurulent discharge were observed after use of
intravaginal progesterone devices in heifers. The incidence of vaginitis in the heifers may be
around 70% or more [22, 23, 26, 44].
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4.2. Use of progesterone in estrus synchronization in small ruminants

In small ruminants, progesterone suppresses GnRH and luteinizing hormone (LH) release by
negative feedback [45]. There may be up to 30-fold increases in LH concentration with a
decrease in the plasma level of progesterone. In addition, the dominant follicular LH receptors
are sensitive and thus ovulation occurs. As a general principle, these effects of progesterone
can be used in estrus synchronization protocols [46-48]. Medroxyprogesterone acetate (MAP),
fluorogestone acetate (intravaginal sponge), melengestrol acetate, levonorgestrel, and intra-
vaginal progesterone-releasing devices (CIDR and DICO) are used for estrus synchronization
in sheep and goats [48-55].

In sheep, progestagens are used effectively in the control and synchronization of estrus. Equine
chorionic gonadotropin (eCG) injection is performed in addition to progestagen administra-
tion for 12-14 days in order to obtain high estrus rates and ovulation, especially during
anestrus. Nevertheless, these types of manipulations may also vary depending on nutrition,
body condition score, lactation, age, temperature, light, and breed [56-60].

In sheep synchronized with MAP during the breeding season, follicle size and LH pulse increase
after ram introduction [61, 62]. Intravaginal CIDR or chronolone intravaginal sponge and 500 IU
eCG did not affect the LH wave and peak in Tuj sheep outside the breeding season [63].

During the breeding season, estrus start and end times were different in sheep treated with MAP
or CIDR for 12 days [64]. High estrus rates and similar fertility rates were determined in sheep
that applied short-term (6 days) CIDR-G or fluorogestone acetate (FGA, intravaginal sponge) [52].

Short-term (5 day) FGA and eCG administration produce higher estrus rate than long-term
FGA and eCG treatments in sheep during the breeding season [50]. Injections of eCG at
different doses (300, 400, and 500 IU) to Awassi sheep in estrus synchronization with proges-
terone similarly affect fertility parameters [65]. The testosterone antibody, (3-carotene, and
vitamin E administration did not change the estrus and pregnancy rates 7 days before
intravaginal 40 mg FGA administration in Tuj ewes during the non-breeding season [66].

Vaginal sponges with progesterone for 11-14 days were applied to Pirlak ewes during the non-
breeding season and 92-100% entered estrus. The pregnancy rate was 37.7—44%. In the study,
the fertility parameters did not change for 11 or 14 day vaginal sponge application. Progester-
one administration at different day lengths may be effective for the onset of estrus [48].

Short or long-term progesterone treatment for estrus synchronization in goats can be done
depending on the breeding season. At the end of progesterone treatment, the protocol is
terminated by eCG administration [54, 58, 67-69].

Intravaginal levonorgestrel for 10 days and intramuscular PGF2ae administration were used in
goats causing high estrus rates (95%) during the breeding season [70]. In a study conducted on
Abaza goats during the breeding season, the first estrus pregnancy rate was 73.3% and the
pregnancy rate was 93.3% after estrus synchronization using CIDR for 11 days. In addition, the
same pregnancy rate was achieved in goats that did not receive any intervention in the study.
However, progesterone treatment and estrus synchronization contribute positively to repro-
ductive parameters and increase twinning rates [55].
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In sheep and goats, short-term progesterone-impregnated sponge therapy changed the micro-
bial flora of the vagina and formed vaginitis. Staphylococcus is usually detected in these cases
of vaginitis [13, 71, 72].

4.3. Use of progesterone to prevent embryonic death

Progesterone is the most important hormone for the continuity of pregnancy. Progesterone
affects oocyte quality by affecting LH wave frequency and persistent follicle formation. Again,
progesterone plays a vital role in influencing the endometrium and creating the appropriate
environment for the survival of the embryo [73].

The rate of embryonic deaths in cows may range from 7 to 16% in the first week, 6-44% in the
second week, 3-33% in the third week, and 19-42% after the fourth week. Embryonic deaths are
caused by genetic and environmental factors. Most of the embryonic deaths, especially due to
hormone insufficiency, are the result of luteal insufficiency. For this reason, progesterone or its
analogues are applied to reduce embryonic losses before or after artificial insemination [74-76].

In ovulation synchronization protocols, such as Ovsynch and Cosynch, progesterone adminis-
tration for 7 days between the first GnRH and PGF2a injections reduces the embryonic loss
rate due to luteal phase deficiency [13]. Gestational losses were 3.6-6.8% after the 5-day
Cosynch + progesterone protocol [26].

Progesterone-assisted estrus synchronization protocols can prevent early embryonic losses and
increase the pregnancy rate. In many studies, there are reports that progesterone-assisted
applications increase the pregnancy rate and decrease the embryonic loss rate. However, some
researchers disagree [2, 35, 77, 78].

One of the most important causes of embryonic deaths in high milk-yielding cows is inadequate
embryo development prior to implantation due to insufficient progesterone concentrations.
Progesterone application performed between 3, 5, and 10 days after artificial insemination
caused a statistically significant increase after CIDR administration compared with the control
group. The pregnancy rate was 35% (22/63) in the control group and 48% (32/67) in the
progesterone-treated group. The effect of exogenous progesterone is important for the develop-
ment of pregnancy, especially in cows with first and second lactation [79].

Some researchers report an overall increase of 5% in pregnancy rates following progesterone
administration. Progesterone administration time is critical to success. Progesterone treatment
for 6 days after artificial insemination can increase pregnancy rates (10% more) [80].

Cows in the CIDR groups, which were administered progesterone for 6 or 12 days after the 5th
and 7th days following artificial insemination, had higher pregnancy rates than the control group
[81]. Intravaginal progesterone administration for 7 days starting 14 days after artificial insemina-
tion can reduce both embryonic deaths and fetal losses [77]. Similarly, post-mating treatment of
FGA (intravaginal sponge) in sheep has been reported to reduce embryonic mortality [82].

4.4. Use of progesterone in anestrus or anovulatory anestrus

Anestrus is a situation in which a sign of heat cannot be detected in beef or dairy herds. Many
forms of functional infertility result in anestrus in cows. This leads to serious economic losses
for large farms [73].
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Four different types of anovulatory anestrus may be encountered in the postpartum period.
The first (type I) is characterized by follicle development remaining “emergent” (~ 4 mm) and
not progressing to the “deviation” (~ 9 mm) phase. This type of anestrus is classically referred
to as “inactive ovary.” In type II, the “deviation” phase is passed, and after the “growth”
phase, the follicle undergoes atresia. In type 1III, the follicle develops to the preovulatory stage
but does not ovulate, thus becoming permanent follicles or follicular/luteal cysts. In type IV,
the follicles develop and ovulate and the corpus luteum is formed, but the corpora lutea cannot
regress and become permanent [13, 83].

In anovulatory anestrus, exogenous progesterone applications can be very useful [84]. The use
of intravaginal progesterone devices, such as PRID or CIDR, may induce the restart of cyclic
activity in the ovary [13]. Especially at the end of this application, the use of PGF2a and
analogues may increase the pregnancy rate [73]. At the end of 10 days of progesterone therapy,
injection of eCG, estradiol, or PGF2a is beneficial [83]. In this context, successful results were
obtained after 9 days of PRID and intramuscular cloprostenol injection 1 day before PRID
removal. Higher pregnancy rates can be achieved by adding progesterone to ovulation syn-
chronization protocols in acyclic cows [13, 85].

4.5. Use of progesterone in cystic ovarian disease

Cystic ovarian follicles are non-ovulated preovulatory follicles that maintain long-lasting per-
sistence without any luteal structure on the ovary. With progesterone administration, the
number of LH pulses, and thus the LH level, is reduced and maintained at a luteal phase level
throughout the cycle [73].

PRID or CIDR can be administered intravaginally for 7-14 days in cows with cystic ovarian
disease [86]. In addition, progesterone is frequently used in the treatment of follicular cysts
that cannot be mitigated with GnRH or human chorionic gonadotropin (hCG) injections.
Progesterone therapy in cows with follicular cysts restarts hypothalamic functions and con-
tributes to the resolution of the problem [83, 87].

Combination of progesterone administration for 9 days with GnRH and PGF2a may improve
outcomes in cows with cystic ovarian disease. GnRH is injected and a progesterone-releasing
device is applied intravaginally for 9 days. On day 7, PGF2a is administered intramuscularly,
and 2 days later, the vaginal progesterone-releasing device is removed. Artificial insemination
is done when the cows are in heat [88].

4.6. Use of progesterone to induction of lactation

The induction of lactation is a procedure that is applied to infertile heifers and non-lactating
cows. The main purpose is to generate profit by initiating milk production. In particular, the
combination of progesterone and estradiol in this type of cattle helps to develop the lobule
alveolar system. Lactation can be successfully induced in 60% of cows treated with a combina-
tion of estrogen and progesterone for 7 or 10 days [89, 90].

When 50 mg progesterone and 20 mg 17(3-estradiol are injected subcutaneously twice a day
for 7 days in repeat breeders or aborted heifers, milk synthesis starts 10-21 days after the
treatment [91]. In another study, lactation started 11-21 days after the first 17p-estradiol and
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progesterone injection. The highest milk yield was reached 30-35 days after the start of
lactation [92].

Lactation can be induced in non-pregnant ewes using progesterone and estrogen treatment.
Progesterone and 240 mg estradiol benzoate injection once every 3 days for 60 days increased
udder size. At the same time, the development of the udder is stimulated daily by injecting
10 mg dexamethasone trimethylacetate or injecting 5 mg estradiol benzoate and 12.5 mg
progesterone for 6 days. After this protocol, milk synthesis starts from the udder with physio-
logical size [93].

5. Relationship between progesterone and oxidative stress in ruminants

Oxygen is necessary for metabolism in living organism, but oxygen can be damaging to the
living organism when it generates reactive oxygen species [94]. Thus, living organism face an
oxygen paradox. During vital biochemical reactions in living organisms, intermediate meta-
bolic products called reactive oxygen species (ROS) are generated that cause oxidative damage
in many tissues by reducing oxygen. Oxygen is a potentially toxic molecule that is necessary
for aerobic organisms to survive. Oxygen species are called “oxidants” or “free radicals”
because of the oxidative destruction they provoke. Free radicals occur in all living organisms
that metabolize molecular oxygen [95]. Free radicals carry a single number of unshared elec-
trons in their outer orbitals [96]. They are very short-lived reagents, which disrupt the structure
of other electrons in the environment of highly energetic electrons. Therefore, free radicals are
dangerous to the organism [97]. Free radicals can occur as a by-product in all parts of aerobic
cells, during metabolism, or in pathological conditions and they can cause various changes in
the cells. As a result, serious cell, tissue, and/or organ damage can occur [98].

Free radicals are highly reactive molecules. Electrons interact with other molecules in the cell
generating oxidative damage. They also damage many biological materials such as proteins,
lipids, DNA, and nucleotide coenzymes [99]. There are many defensive mechanisms in place to
prevent the formation of ROS and damage to the organism. These mechanisms are generally
referred to as “antioxidant defense systems” or “antioxidants” [100]. Antioxidants control the
metabolism and free radical levels that occur in normal metabolic or pathological conditions
and prevent or repair damage that may be caused by these radicals [101-103].

In the organism, the formation rate of free radicals and the rate of their removal are in balance.
This condition, called “oxidative balance,” prevents the organism from being affected by free
radicals. An imbalance between free radical formation and the antioxidant defense mechanism
in favor of free radicals is termed “oxidative stress,” which in turn leads to tissue damage
[104]. Antioxidants are known to have protective effects on lipids, proteins, nucleic acids, and
other macromolecules. Antioxidants affect ROS in four ways: scavenger, quencher, restorative,
and chain breaker [103]. All biomolecules are exposed to free radicals. However, lipids are
most easily affected [105]. The membranes surrounding the cells and organelles contain a large
amount of unsaturated fatty acids. The oxygen molecule has a high affinity for lipids in these
unsaturated fatty acids in the cell membrane. The binding of oxygen to the double bonds in the
unsaturated fatty acids found in tissues is the result of lipid peroxidation. Lipid peroxidation is
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the reaction of unsaturated fatty acids in the structure of phospholipids, glycolipids, glycer-
ides, and steroids in the membrane by free oxygen radicals to various products such as
peroxides, alcohols, aldehydes, hydroxy fatty acids, ethane, and pentane [106]. The major
intracellular antioxidants found in organisms include superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPX), glutathione S transferase, glucose 6 phosphate dehydro-
genase, and paraoxonase enzymes. Vitamin E, ferritin, transferrin, haptoglobin, uric acid,
ceruloplasmin, glutathione, albumin, bilirubin, and (3-carotene are antioxidant defenses in the
extracellular environment [107].

Every month, the oocyte grows and begins to develop in the ovary. However, meiosis-I continues
only in the dominant oocyte. This process is inhibited by antioxidants causing an increase in ROS.
Thus, antioxidants promote meiosis-II [108]. The ROS produced by the preovulatory follicle is
considered an important inducer of ovulation [109]. Thus, ROS do not always cause adverse
effects [110]. Recently, ROS have been reported to regulate cell function by controlling the pro-
duction or activation of substances with biological activity [111]. Oxygen deprivation stimulates
follicular angiogenesis, which is important for the growth and development of the follicle in the
ovary. While follicular ROS increases apoptosis, glutathione (GSH) and follicle stimulating hor-
mone (FSH) act as a balance in the growing follicle. FSH increases in response to estrogen, which
triggers catalase production in the dominant follicle, thereby preventing apoptosis [108].

After ovulation, the corpus luteum synthesizes progesterone. Likewise, ROS, which has a key
role in reproduction, is also produced in the corpus luteum [108, 112], and antioxidants play an
important role in corpus luteum physiology during the cycle [112-114]. When pregnancy does
not occur, the corpus luteum shrinks. During pregnancy, progesterone is continuously synthe-
sized [112].

In mammalian species, the main function of the corpus luteum (CL) is the synthesis of proges-
terone, which is required for the establishment of a uterine environment suitable for the
development of the peri-implantation conceptus and the successful progression and mainte-
nance of pregnancy. Progesterone acts on the endometrium to regulate the synthesis of growth
factors, cytokines, transport and adhesion proteins, protease inhibitors, hormones, and
enzymes, which are primary regulators of conceptus implantation, survival, and development.
Thus, compromised CL progesterone production is a potential risk factor for prenatal devel-
opment and pregnancy outcomes [114].

There should be a rapid decline in the progesterone level for good follicular growth. During
the middle luteal phase, superoxide dismutase 1 (SOD1, cofactor Cu or Zn) increases in the CL
and decreases during regression [108]. PGF2a is defined as luteolysin because it increases in
the CL during regression [115] and inhibits progesterone production by luteal cells. The
inhibitory effect of PGF2a on progesterone production by the CL is due in part to increased
ROS. In addition, progesterone levels decrease due to the destructive effects of oxidative
stressors on luteal cell steroidogenesis [116-118]. ROS can also inhibit progesterone synthesis
through inhibition of cytochrome P450, mitochondrial intracellular transport of cholesterol,
and degradation of LH receptors [112].

Although the mechanisms of CL rescue from cell death and maintenance of progesterone
production are very complex and vary among mammalian species, substantial evidence
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suggests ROS are key factors in determining the CL lifespan and antioxidants play significant
roles in CL physiology during the estrous/menstrual cycle. Luteal ROS production and prop-
agation depend upon several regulating factors, including luteal antioxidants, steroid hor-
mones and cytokines, and their crosstalk. However, it is unknown which of these factors have
the greatest contribution to CL function. In addition, the sequence of events leading to the
functional and structural luteal regression at the end of the estrous/menstrual cycle is still not
clear. The scarce in-vivo reports studying the CL of rats and sheep have shown the importance
of antioxidant enzymes in the control of CL function during the peri-implantation period. As a
luteal phase defect can impact fertility by preventing implantation and early conceptus devel-
opment in livestock and humans, this review attempts to address the importance of ROS-
scavenging antioxidant enzymes in the control of mammalian CL function and integrity [119].

The production of ATP is derived from the mitochondrial respiratory chain oxidative phos-
phorylation, which is the main source of oxygen-free radicals and non-radical ROS. The ROS
include superoxide anion (—O,—), hydroxyl radical (—OH), nitric oxide (NO), hydrogen
peroxide (H,O,), and peroxynitrite (ONOO—). ROS are also produced via enzymatic path-
ways, including the activity of membrane-bound NADH and NADPH oxidases, the activity of
xanthine oxidase, the metabolism of arachidonic acid by lipoxygenases and cyclooxygenases
(COX), and the mitochondrial cytochrome P450 [119].

The cause of the ROS concentration increase in the regression phase may be a decrease in the
SOD1 concentration. A decrease in SOD1 concentration may be due to an increase in PGF2a or
macrophages, or a decrease in blood flow to the ovaries [108]. In the CL, luteal cells and
phagocytic leukocytes stimulate the production of a superoxide anion. With decreased blood
flow to the ovaries, ROS production increases and causes tissue damage. Concentrations of
superoxide dismutase 2 (SOD2, cofactor Mn) in the CL increase to clear the ROS produced in
the mitochondria during regression. Along with the complete lysis of the CL, the regressor
decreases significantly in the SOD2 cells [110]. The SOD1 enzyme is closely related to progester-
one production. SOD2 protects luteal cells from oxidative stress induced inflammation [108].

Aerobic cells are equipped with antioxidant enzymes that control ROS production and prevent
their propagation to toxic ROS. The conversion of —O,— to H,O, by superoxide dismutase
(SOD) is the first enzymatic antioxidative pathway. Two different SOD enzymes were identi-
fied: copper-zinc-containing SOD (SOD1) is predominantly localized in the cytosol and can be
found in mitochondria, and manganese-containing SOD (SOD2) localizes in the mitochondrial
matrix. Glutathione peroxidase (GPX) is a group of selenium-containing enzymes that belong
to the first antioxidant mechanism preventing the propagation of highly reactive ROS by
catalyzing the conversion of H,O, to H,O and O,. NADH and NADPH are key elements in
the control of ROS production and maintenance of the cellular redox state. The mitochondrial
NADP+-dependent isocitrate dehydrogenase generates NADPH via oxidative decarboxylation
of isocitrate [119].

Like any aerobic cells, those of the CL produce ATP through the respiration of O, with the
consequence of luteal ROS production. The rate-limiting step in steroidogenesis in all steroido-
genic organs, including the CL, is the transfer of cholesterol from the outer to the inner
mitochondrial membrane where it is converted into pregnenolone by the enzyme cytochrome
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P450scc. Luteal ROS are generated via enzymatic pathways of the mitochondrial cytochrome
P450. In the CL, macrophages and luteal cells produce ROS where they can affect progesterone
production. Indeed, there is substantial evidence to indicate that ROS regulate steroid hor-
mone biosynthesis in the CL. The induction of ovarian SOD by LH, which in turn could lead to
the production of H,O,, suggests that this action is involved in the LH stimulation of proges-
terone secretion in the CL. Thus, ROS can function beneficially to control the production of
progesterone by luteal cells over the course of the reproductive cycle and inhibit progesterone
synthesis at the end of the cycle. The O,— radical is reported to be involved in the mechanism
by which LH stimulates progesterone secretion [94, 119].

Oxidative stress may affect various physiological functions, such as folliculogenesis and ste-
roidogenesis, in the female reproductive system. High ROS levels may also cause adverse
pregnancy outcomes or embryonic/fetal losses [120-122] and are implicated in the etiopatho-
genesis of cystic ovarian disease [123]. ROS and the oxidative stress index in cows may be
higher in the luteal phase than follicular phase, especially when progesterone is high. Again, in
the luteal phase, the antioxidant status can be high or low. Imbalances, especially in oxidant
and antioxidant capacity, can cause cystic ovarian disease by disturbing physiological events
necessary for ovulation [124].

High free radical and low progesterone concentrations were detected in cows identified as
repeat breeders. Infertility problems such as repeat breeder are encountered due to a low
progesterone level in the critical period of pregnancy and the short life of the CL. All kinds of
stress factors cause excessive radical production in high milk-yielding cows. This may be a
determining factor for the amount of progesterone synthesized by inhibiting luteal cell func-
tion [125, 126]. In another study, the complex arrangement of antioxidant enzymes and com-
pounds in the bovine CL was discussed. In particular, the correlation between antioxidant
capacity and progesterone concentration was determined in the luteal phase of the estrous
cycle. Findings show that antioxidative mechanisms are activated to cope with oxidative
stress, which has a negative effect on steroid hormone synthesis [127]. In support of the
previous study, it has been suggested that an antioxidant substance (astaxanthin) promotes
progesterone synthesis in bovine luteal cell culture. However, attention has been drawn to the
fact that the use of antioxidant material at low doses is beneficial [128].

Anestrus is a problem of infertility in which cyclic activity is absent and therefore estrogen-
progesterone hormones are not expressed. Non-cyclic Murrah buffaloes were found to have
low concentrations of antioxidants such as [3-carotene and vitamin E [129]. Oxidative stress
biomarkers change in cow milk during the anovulatory and ovulatory estrous cycles. In
particular, the SOD levels in cyclic cows are significantly higher than levels in the anovulatory
cycle, while the concentrations of lipoperoxides, GSH-Px, and GSH are lower. A low level of
lipoperoxides, GSH-Px, and GSH is assumed to be an important event prior to the ovulation
response, with high levels of milk SOD concentration in the ovulatory cycle cows [130].

Nitric oxide is synergistic with progesterone and may reduce relaxation by relieving uterine
contraction during the paracrine-style secretion phase. In sheep, the regulation of reproductive
physiology is related to the effects of oxidative stress [117]. Increased levels of progesterone
during pregnancy in sheep and goats as well as increased levels of malondialdehyde (MDA) in
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placentomas have been reported [131]. Significant reductions in antioxidant substances may
occur in placentomas during early gestation in sheep. These changes in the antioxidant enzy-
matic defenses of the placenta are thought to be an adaptation to the oxidative stress caused by
ROS in early pregnancy [132]. According to the results obtained, pregnancy may be a stressor
and it may be beneficial to support progesterone production with antioxidants in order to
mitigate oxidative stress effects [131, 132]. The application of antioxidant vitamins in estrus
synchronization during the breeding season reduces free radical levels, increases pregnancy
performance, and increases the litter size in Tuj sheep [133]. However, (3-carotene and vitamin
E applications before estrus synchronization did not cause significant changes in plasma MDA
levels in sheep during the breeding season [66]. Serum progesterone concentration increases
after administration of intravaginal progesterone-releasing devices for estrus synchronization
in goats increases oxidants such as eNOS activity, NO, MDA, and total oxidation status total
oxidation status decreased [68, 69]. Short-term PRID treatments increase serum progesterone
levels but decrease total antioxidant capacity in dairy heifers [23].

6. Conclusion

Progesterone is synthesized in the luteal phase and is an important hormone required for the
continuity of pregnancy in ruminants. It is widely used in cattle for the purpose of estrus
synchronization. In addition, this hormone, which has many uses in clinical practice, continues
to be explored in ruminants. As time progresses, more detailed facts about the complex effects
of progesterone in the organism, its use in clinical practice in ruminants, and the relationship of
progesterone to oxidative stress in ruminants will be revealed.
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Abstract

There are increasing evidence of interactions between sex hormones and the structure and
function of inner ear, especially in hearing impairment and balance disorders. In this
chapter, we will discuss the mechanism of sex hormones on the inner ear, describe both
clinical and basic research that has led us to our current understanding, and conclude with
future perspectives on avenues of investigation that may lead to innovative treatments on
the hearing loss, tinnitus, and dizziness resulted from the changes in estrogen and pro-
gesterone levels. The presence of estrogen receptors o and  has earlier been shown in the
inner ear of mice. Expression of estrogen receptors (ER) correlates with the protection of
auditory function. Estrogen may have certain protective effects on the hearing. Evidence
for the treatment of sex hormone-induced symptoms is principally restricted to case
reports and retrospective studies. Recognition and understanding of sex hormone-related
inner ear problems will allow otologists to notice and manage these patients. Also, basic
studies on the mechanism of how sex hormones act on inner ear provide the way to
further prevent and treat on hearing impairment and balance disorders. High-quality
evidence for their management is limited, with further research required.

Keywords: sex hormones, inner ear, hearing, balancing functions, mechanism, treatment
methods

1. Introduction

Hearing loss, vertigo, dizziness, and tinnitus are the common symptoms in otology clinics. The
cochlea and vestibule in the inner ear are filled with endolymph and perilymph, and the
homeostasis of the water and blood circulation in the inner ear is essential for maintaining its
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hearing and equilibrium functions [1]. There are more evidence of interactions between sex
hormones and the function of the inner ear, especially in the mechanism of hearing impairment
and balance disorders in old women and pregnant women. Is the female sex steroid estrogen
the key to preserved hearing in the aging human? Is the hearing loss more profound in elderly
males than females? Is the hearing loss easier spontaneously recovered in pregnant women?
All these questions remain unanswered. In this chapter, we will discuss the mechanism of sex
hormones on the inner ear, describe both clinical and basic research that has led us to our
current understanding, and conclude with future perspectives on avenues of investigation that
will contribute to stratification strategies on the hearing loss, tinnitus, autophony, and dizzi-
ness resulted from the changes in sex hormone levels.

2. How the different sex hormones may influence the inner ear

The sex hormones, including estrogen, progesterone, and androgen, are known to be impli-
cated in normal auditory function in different proportions [2]. It is the balance of all three
hormones in the body that promotes human health and vitality, including inner ear functions.
Estrogen is usually thought of a “female” hormone; it may act as an auditory protectant; it is
made in the ovaries, adrenal glands, and fat cells; and its levels are higher in those of repro-
ductive age, which is helpful to prevent bone loss and works toward maintaining good
cholesterol levels. Estrogens are known to facilitate the loss of intravascular fluid into the
extravascular space, producing edema; however, blood vessel permeability, blood circulation,
or inflammation has been reported to be related to the inner ear diseases. Progesterone is the
sex steroid frequently mentioned for sexual health. In women, it is produced in the ovaries and
through ovulation, which performs different benefits in balancing the unwanted effects of
estrogen, helping the body use fat for energy, maintaining healthy weight, promoting restful
sleep, and protecting against breast and uterine cancer; however, it may have a negative effect
on hearing [3]. Androgen is a “male” hormone, the primary and most well-known androgen is
testosterone, produced in the testicles and to a lesser degree in the adrenal glands, which helps
build muscle tome, increases energy, contributes to a healthy libido, and aids in sperm pro-
duction [4]. Healthy levels are also important in women; testosterone is produced in the female
ovaries and a small amount is made in the adrenal glands, which helps to increase libido,
promote musculoskeletal tone and strength, and raise energy levels. When testosterone is too
high, however, it can lead to acne, unwanted hair on the face and body, polycystic ovaries with
resulting interference of ovulation, and aggression among other concerns. Getting all three sex
hormones balanced can be helpful for both men and women, and the results often offer clues
on how to prevent unwanted inner ear symptoms in the future.

2.1. Estrogen

Estrogens influence physiological functions of many organs and systems in both female and male,
including the skeletal, cardiovascular, and nervous systems, as well as the male urogenital tracts,
mammary glands, and female reproductive organs. Estrogen could lead to neural excitation and
thus facilitate auditory transmission, but the possible increase in neurosteroids in the brainstem
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may counteract this effect. Estrogen may act as an auditory protectant, which influences the inner
ear at different levels, at the cochlea, vestibular organs, and more proximal levels.

Estrogens are mediated through estrogen receptors (ERs). There are at least three and possibly
four distinct estrogen receptors. The most common estrogen receptors are ERa, which is
encoded by a gene on chromosome 6, and ERf3, encoded by a gene on chromosome 14. Other
ERs include G protein-coupled receptor (GFER, GPR30, and a putative receptor (ER-X), which
has been studied mostly in brain [5]. Estrogen receptors a and (3 containing cells were also
found in the inner ear, with a specific distribution pattern, both in auditory pathways and in
the water/ion regulating areas. The presence of ERs in the inner ear cell nuclei implies that
estrogen may have an influence on the inner ear and auditory functions. Estrogen receptors
have been found in the inner ear of rats and mice in different cell types, including inner and
outer hair cells, stria vascularis, spiral ligament, Reissner’s membrane, and spiral ganglion
cells especially type I cells [5]. Moreover, estrogen receptors in the auditory epithelium of
vertebrates also occur in fishes [6], cichlid [7], songbird [5], and rodents [8], which suggest a
widespread occurrence of steroid-dependent auditory plasticity among the vertebrates.

But in adult human inner ear, ERa-containing cells were only found in the spiral ganglion, and
ERp-containing cells in the stria vascularis selectively, which are important for hearing trans-
mission and inner ear homeostasis [8]. It has been shown that there is less expression of ERat in
strial marginal cells, outer hair cells, and type II ganglion cells [9]. ERa and ERp are regulated
depending on the stage of maturation, development, and pregnancy, suggesting that estrogen
may have an effect on the cochlea during different life time. ERs were not found in the cochlea
of the growing fetus, which implied that estrogen does not have an influence on the cochlea
during the period of gestation [10]. Estrogen receptor mRNA is expressed in supporting cells
with similar functions within the saccular epithelium of midshipman fish [6].

The expression of ERa was found in forebrain nuclei, including anterior parvocellular (PPa)
and anterior tuberal (AT), which are sites of the integration between auditory and vocal motor
system [11], and anterior tuberal is densely innervated by the neuropeptides, arginine vasoto-
cin and isotocin, which modulate vocal motor patterning in midshipman [12-14]. Also, in
some gene knockout studies, estradiol plays an important role in the regulation of both
vasopressin and oxytocin, especially by ERa in limbic regions [15, 16] and by ERf in hypotha-
lamic areas [17].

The expression of ERs in known target organs is influenced by the amount of estrogen in the
serum. Lots of studies have shown a gender difference in hearing function. And some of them
suggested that part of this variation was because of the difference in estrogen levels between
the two genders. As for the expression pattern of ERs, there is no gender- or age-related
difference to be found. However, the fluorescence intensity of ERa was stronger in female
mice than in young male ones. To compare with, ER(3 showed no significant difference. Also,
the expression of ERs decreased with age. In the old mice, the fluorescence intensities of ERs
were significantly decreased in both male and female [9].

Many clinical and basic studies have proved that estradiol plays an important role in auditory
physiology, neuronal plasticity, and the metabolic levels of neurotransmitters [18, 19]. ERax might
change cochlea and vestibular sensory transduction, and ERp may have a neuroprotective effect
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in the inner ear [9]. ERB protects the auditory system from acoustic trauma in young male and
female mice. ERf3 in accordance with brain-derived neurotrophic factor (BDNF) promotes neu-
ronal plasticity and protection against trauma in the auditory system [20]. But experimental
estrogen-induced hyperprolactinemia leads to hearing loss in the guinea pig. It suggests that otic
capsule and hair cell pathology related with estrogen-induced prolonged hyperprolactinemia
and conditions such as pregnancy may lead to similar auditory pathology [21]. 17p-estradiol
leads to adjustments in the molecular biology of the cochlea and the inferior colliculus of mouse
accompanied with behavioral alternations [22]. Estrogen-related receptor gama (ESSR) plays a
role in maintenance of hearing in both humans and mice [23].

2.2. Progesterone

Progesterone is secreted principally by the granulosa lutein cells of the corpus luteum, which
are formed from granulosa cells after the luteinizing hormone surge. Progesterone is the main
hormone of pregnancy, and in pregnancy, after week 8, the placenta replaces the corpus
luteum as the main source of progesterone. Several steroids have similar properties and are
together classified as the “progestogens.” These include 17a-hydroxyprogesterone and preg-
nenolone as well as progesterone itself.

The two main progesterone receptors are progesterone receptor-A and progesterone receptor-B.
And, there are two isoforms of the progesterone receptor encoded by the same gene, but with
different start sites for transcription, hence the increased size of progesterone receptor-B com-
pared with progesterone receptor-A. Expression of the progesterone receptor is regulated by
estrogens, while progesterone receptors have an important effect, mediated by progesterone
receptor-A, in inhibiting the proliferative actions of estrogen. For this reason, progesterone is
nearly always given in addition to estrogen therapy, for example, in the oral contraceptive pill
and in hormone replacement therapy. The presence of progesterone as a component in hormone
replacement therapy leads to poorer hearing in aged women, affecting both the peripheral and
central auditory system, and it interferes with the perception of speech in background noise [21].

Nevertheless, there is no direct nuclear effect of progesterone in the inner ear. There is no
nuclear progesterone receptor being found in human or rat stria vascularis, organ of Corti or
spiral ganglion with immunohistochemistry, or polymerase chain reaction (PCR). But, proges-
terone receptor-B is being found with Western blot in the cochlea. It probably indicates the
staining in the cochlea bone. In this case, the effect of progesterone on hearing is probably not
relevant to the action in the inner ear [25].

Progesterone receptors are important for integration of external signals and internal physio-
logical cues in the brain to output an appropriate behavior. In a study using the frog,
Physalaemus pustulosus, as a model system, progesterone receptor immunoreactivity was found
in key brain regions known to modulate the processing of auditory clues [26].

2.3. Androgen

Androgens, which are produced by Leydig cells, like all steroid hormones, are made from
cholesterol. A range of androgens is made in the body and, although most of these come from
the testes, some are made in the adrenal cortex. The most potent and important of these
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androgens is testosterone, and by far the highest production of testosterone is in the testes.
Testosterone has two main actions: the initiation of spermatogenesis and the development and
maintenance of secondary sexual characteristics. In order to achieve the second group of
actions, testosterone must be converted to 5a-dihydrotestosterone (DHT). This conversion
happens outside the testes, in peripheral tissues. Furthermore, both testosterone and DHT act
on the same receptor, the androgen receptor (AR).

In contrast to these well-known effects of estradiol on hearing function, relatively little is
known about how androgens might influence hearing or whether androgen receptors (AR)
are also expressed in the inner ear of vertebrates. The lack of regenerative ability of adult
mammalian cochlea and the irreversible degeneration of cochlear sensory hair cells leads to
permanent hearing loss. Whether the androgen receptors (ARs) establish in the inner ear, there
are many studies on it, in a transcriptomic analysis of the developing and adult mouse
cochlear sensory epithelia, the adult cochlear sensory epithelium overexpressed 2542 tran-
scripts including new transcripts, such as AR, which previously were not reported to be
expressed in the adult cochlea [27].

In all major vertebrate animals, androgen receptors have been identified in neural circuits that
shape vocalization. Many of those nuclei mentioned above are part of the known vocal and
auditory circuit in midshipman. The distribution of androgen receptor mRNA supports that
androgens modulate behaviorally defined vocal, auditory, and neuroendocrine circuits in
teleost fish and vertebrates in general [28].

Additionally, testosterone in serum increased neural thresholds in females in a frequency-specific
way [29]. And hyperandrogenism may be responsible for the elevation of hearing threshold,
particularly in the high frequency, in patients with polycystic ovary syndrome [30-32]. On the
contrary, hyperandrogenism did not seem to affect otoacoustic emission levels or the medial
olivocochlear reflex response in adult female subjects [33].

In audiology, the usage of biomedical interventions and biotherapeutic methods could play an
important role in modulating or preventing some kinds of hearing loss. Planar cell polarity is of
high importance as it regulates cochlea extension and coordinates orientation of sensory hair
cells in the inner ear. If we could use the effect of sex hormone in the inner ear, the establishment
of ectopic hair cell-like cell polarity could be built. Testosterone is related to the neuroprotection
and regeneration in central nervous system. We could promote an increase in hair cell-like cell
polarity in the LER through proliferation and transdifferentiation by using testosterone-3-(O-
carboxymethyl) oxime bovine serum albumin and Math1 treatment [34]. In the treatment of
immune-mediated sensorineural hearing loss, it was confirmed that testosterone has the preven-
tive and therapeutic effects induced by sensitization using bovine inner ear antigens [35].

3. Physiological variation in sex hormones and effect on inner ear

The levels of sex hormones vary in response to endogenous and exogenous stimuli and many
vary in a cyclic fashion. The endocrine changes related to reproductive function (ovarian cycle,
pregnancy, and menopause) could in turn affect auditory and balance function. Additionally,
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there are multiple interactions between the sex hormones involved in these physiological
changes and this enhances the possible multidirectional effects on the inner ear.

3.1. Ovarian cycle

In the ovarian cycle, the levels of estrogen and progesterone in the body have a dynamic
regulation. Both clinical and basic studies have proved that the changes of auditory and
balance system are attributed to estradiol and progesterone. In other words, the fluctuating
hearing levels are evident in females during the ovarian cycle. Across the life span, both
women and men undergo transitions in reproductive status related in part to changes in sex
hormone levels. There is controversy over how hormonal conditions influence cerebral physi-
ology related to evoked potentials and perceptual speech processing in women during ovarian
cycle. Hearing thresholds change upon different sex hormone levels during the menstrual
cycle [36]. And hearing conduction, measured by auditory brainstem response, is better in
postovulatory phase compared with preovulatory phase of menstrual/ovarian cycle [37]. Also,
brainstem auditory evoked potentials change in the mid follicular and the mid luteal phases of
the ovarian cycle [38]. Moreover, ovarian cycle effects on postural stability but not optokinetic
function, and this needs to be considered when conducting studies of postural stability in
women [39]. Studies of dichotic listening in women of the reproductive age also show that
there is variation in laterality as a function of menstrual cycle phase. The perceptual speech
processing of women is highly plastic and operates at varying states of functional asymmetry
across days of the menstrual cycle, which are consistent with other works showing menstrual
cycle-related changes in lateralized neurocognitive systems in the language domain [40—42].

3.2. Menopause

More organs are found to be influenced by the positive effects of estrogen, and estrogen has
been expected to be benefit on auditory system by many investigators. As for the postmeno-
pausal women, many studies suggested that the hearing and balancing problem appeared
might be related to their sex hormone levels. Hearing loss in older people usually affects the
highest frequencies early on and gradually affects the lower frequencies. Progesterone may
have negative effects on the hearing of pre- and postmenopausal women and aging mice. On
the contract, estrogen was found in some situation to have a positive influence [25]. The
auditory brainstem response thresholds of postmenopausal female are higher than younger
men or women [43, 44]. And the lower level of circulating serum estradiol possibly impedes
hearing sensitivity in postmenopausal women, which has no relationship with bone mineral
densities [45].

Intrinsic estrogen at physiological levels might slow down hearing loss in aging women [46].
At the same time, estrogen therapy may slow down the hearing loss in aging postmenopausal
women [47]. Tibolone, a synthetic steroid drug with estrogenic, progestogenic, and weak
androgenic actions, is often used in the hormone replacement therapy for menopausal or
premenopausal women. And tibolone had no negative effect on hearing function and might
decelerate hearing loss in aging postmenopausal women, intrinsic estrogen at physiological
levels might slow down hearing loss in aging women [46]. After treatment of healthy
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menopausal women with tibolone for 6 months, the improvement was more prominent on the
right side in audiometry results at low frequency. It may be explained by differences in
distribution of ER in the ear. ERs might be more dense in the right ear, so give better response
to estrogen therapy [47]. Many studies have showed that estrogen affects hearing function,
especially in the postmenopausal women; a recent study gets a result that there may be
hearing lateralization in menopausal women, especially significant improvement on right ear
can be explained by lower BMD on that side ear bones in turn better response to estrogen
therapy due to this, which may be related to ER concentration and the more dense of type ERa
and/or ERf in the right ear [48].

According to the vestibular function, the level of estradiol and progesterone decreases obvi-
ously in postmenopausal women with benign paroxysmal positional vertigo, which can cause
the inner ear microcirculation disorder, may be a risk factor of BPPV [49].

Although estrogen has been expected to be benefits on auditory system, both clinician and
patients need to take into concern that estrogen may have some unwanted side effects, such as
increased risk of uterine cancer. Because in the central nervous system, ERf3 is highly expressed
in neurons and glial cells. And there is little ER(3 in the mature uterus, selective ER(3 agonists,
then they become available [50, 51].

3.3. Pregnancy

Hearing loss appeared in pregnancy is not a commonly reported problem. Some investiga-
tors have noticed reversible and physiological sensorineural hearing loss at low frequencies
during the period of pregnancy [52, 53]. In some case reports, sudden onset of sensorineural
hearing loss during pregnancy has been described [54], and one report concerning a patient
who had the hearing loss with each serial pregnancy [55]. But a nationwide population-
based study suggested that sudden sensorineural hearing loss (SSNHL) in pregnancy is rare.
SSNHL is defined as sudden, idiopathic, usually unilateral deafness developed at most in
72 hours in previously healthy people [56]. It often happens in the third trimester. And
SSNHL in pregnancy does not increase the risks of delivery or subsequent stroke [57]. As
for the mechanism, there is a hypothesis implied that SSNHL is connected with the changes
in cardiovascular system, hematological system, and/or some other systems because of
pregnancy. These changes in pregnancy may evoke disorders of cochlea circulation or
cochlea fluid homeostasis resulting in SSNHL [57]. Otosclerosis is one of the most common
causes of acquired hearing loss and is widely supposed as being related with pregnancy.
Another study revealed that resonance frequency of middle ear was found to be low during
the third trimester of the pregnancy. And low resonance frequency informs that the acoustic
immittance of the middle ear changes during pregnancy [58].

Tinnitus is another auditory symptom in pregnant patients, with proposed theories of patho-
genesis, including hyperdynamic circulation, increase in perilymphatic fluid pressure, and
hormonal changes. Clinically, it appears that the hearing loss and tinnitus related to pregnancy
can spontaneously recover. As for treatment, it depends on the otorhinolaryngologic doctors to
decide whether they should administer steroid drugs for acute hearing loss, as it may recover
after the delivery [54].
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Autophony is a classic complaint of patients suffering from a patulous Eustachian tube (PET).
The typical patients with PET have lost a drastic amount of weight, resulting in shrinkage of
the peritubal mucous membranes. One third of the patients with PET are either pregnant or
taking an estrogen replacement therapy [59]. In order to resolve the symptoms postpartum,
management should consist of informative reassurance alone [60].

There is an increase in incidence of Bell’s palsy (BP) during pregnancy [61]. One of the reasons
could be a brain stem synaptic impairment caused by estrogen, presumably because of ische-
mic changes [62]. And most of them seem to be concentrated in the third trimester. The most
likely explanation about the concentration in the third trimester may be the altered suscepti-
bility to herpes simplex viral reactivation during pregnancy. And the prognosis of pregnant
patients may be poorer [63].

3.4. Gender differences in auditory function

Many authors have shown that a gender differences in auditory function and some of them
implied that part of this variation was due to the difference in estrogen levels between females
and males. There are well-known sex differences in the auditory brainstem response, with
women having shorter latencies than men [64]. Hearing loss is more profound in elderly males
than females. Many early studies on otoacoustic emissions revealed the existence of sex and ear
differences in human beings. Some also revealed that the sex and ear differences in adults are
evident in newborns as well. These differences are in the direction of human females having
stronger and more numerous spontaneous otoacoustic emissions and stronger click-evoked
otoacoustic emissions than do males; also, human right ears have stronger and more numerous
spontaneous otoacoustic emissions and stronger click-evoked otoacoustic emissions than do left
ears. There is a so-called prenatal-androgen-exposure explanation. Prenatal androgen exposure
apparently can alter auditory evoked potentials. The sex difference in otoacoustic emissions in
newborns may be that the prenatal androgen exposure in some way weakens the cochlea
amplifiers and thereby weakens spontaneous otoacoustic emissions and click-evoked
otoacoustic emissions (and perhaps distortion product otoacoustic emissions less markedly) [65].

Sex differences are limited to frequency ranges, which are related to the processing of natural
vocalizations and depend on the type of stimulus. In a research using green tree frog, Hyla
cinera, sex did not change audiogram best frequencies, although sex did make a difference in
the sensitivities at those frequencies with males more sensitive in the lower frequency range
[29]. The auditory system exhibits differences by sex and by sexual orientation, and the
implication is that relevant auditory structures are altered during prenatal development,
possibly by exposure to androgens [66].

Gender differences also occur in some pathological situations. In the presence of sex hormone
receptors in human middle ear cholesteatoma, stronger expression of progesterone receptor
was found in samples from male patients, while stronger expression of estrogen receptor was
found in samples from female patients. It suggests that female sex hormones may stimulate
proliferation of middle ear cholesteatoma keratinocytes [67]. Estrogen levels between females
and males in different ages may influence the function of the auditory systems, and the details
of the mechanism should be studied in the future.



Sex Hormones and Inner Ear
http://dx.doi.org/10.5772/intechopen.74157

4. Sex hormones and auditory and vestibular pathology

Considerable anecdotal evidence and limited information from previous studies suggest that
auditory and vestibular functions may be influenced by sex hormones resulting in pathological
conditions such as hearing disorders in Turner syndrome, Presbyacusis, Otosclerosis, and
Meniére’s disease.

4.1. Hearing disorders in Turner syndrome

Hearing disorders are obvious in mice and women with Turner syndrome (total or partial loss
of one X chromosome) [68]. Approximately one-half of women with TS have a 45,X karyotype,
about 20% have 45,X/46,XX mosaicism, and the remainder have structural abnormalities of the
X chromosome such as X fragments, isochromosomes, or rings. TS is characterized by bilateral
streak gonads, short stature, primary amenorrhea, streak ovaries, and no estrogen production,
which often develop an early presbyacusis.

The hearing loss features in patients with Turner Syndrome should be taken into consideration.
The common clinical complaints are recurrent otitis media, dysfunction of the Eustachian tube,
conductive hearing loss during infancy, and sensorineural hearing loss in the adolescence. The
karyotype appears to be important in the hearing loss, with studies demonstrating an increased
prevalence in patients with monosomy 45,X or isochromosome 46,i (Xq). It is necessary of
morphologic studies of the cochlea to help out in clarifying the etiology of the sensorineural
hearing loss [69]. And sensorineural hearing loss is the most common type of hearing loss. It is
mostly characterized by a high-frequency loss and/or a mid-frequent dip. It is uncommon for
conductive hearing loss in young women with Turner Syndrome. But in a TS cohort, 91% of
patients suffered middle ear disease, but the incidence of SNHL was 9%. It is suggested that TS
patients should be screened for onset and progression of hearing loss [70]. Consequently, there is
a need for hearing rehabilitation in these patients. Questions about hearing must be asked by
physicians when treating women with Turner Syndrome to identify those who need hearing
rehabilitation, even if they have an audiogram with a normal pure tone average [71].

Both the karyotype and sensorineural dip in hearing could be used to predict the future course of
hearing levels for TS patients. And estrogen may have an influence on hearing loss in TS patients [72].

Progressive hearing loss is relatively common in human without a clear molecular basis and
medical therapies. A new gene, WBP2, was defined to be involved in the molecular pathway
linking hearing impairment to hormonal signaling and provides new therapeutic targets. WBP2
is required for normal glutamatergic synapses in the cochlea and is crucial for hearing [73]. WBP2
encodes the protein that acts as a transcriptional coactivator for ERa (ESR1) and progesterone
receptor. The loss of Wbp2 expression leads to progressive high-frequency hearing loss in mouse,
as well as in two deaf children, each carrying two different variants in the WBP2 gene [73].

4.2. Presbyacusis

Presbyacusis or age-related hearing loss is a complex degenerative disease that affects many people
worldwide. Gender does play a role in age-related hearing loss. Longitudinal studies of aging have
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shown that hearing declines more rapidly in males than females. Elderly people with presbyacusis
not only have a loss in sensitivity to sound but also have significant difficulties understanding
speech in background noise at supra-threshold, conversational levels. Many researchers have
identified sex-specific differences in presbyacusis in humans and animal models [74].

There is growing evidence that interactions between sex hormones and sensory systems are
sometimes beneficial, but oftentimes detrimental, such as progesterone with negatively affect
hearing in older women, whereas in some cases, estrogen may have positive effects [24]. Data
from a large cohort of adults (48-92 years) in the Beaver Dam Epidemiology of Hearing Loss
Study show significant age effects in word recognition scores in competing messages for both
men and women, but performance is consistently poorer in men than in women at all age
groups and hearing loss categories [75].

4.3. Otosclerosis

Otosclerosis is a major cause of acquired hearing loss in adult life affecting exclusively the
human temporal bone, which is reported to worsen during periods of intense hormonal
activity. Many researchers show a possible link between aggravation of otosclerosis and preg-
nancy is still debated. Thus, sex hormones were believed to be involved in the progression of
the disease. Estrogen deficiency is considered to be a cause of osteoporosis in menopause
women, and estrogen substitute therapy has shown beneficial effect in those cases [76].

Otosclerosis becomes manifest between the ages of 20-50 years and is usually bilateral. It
affects twice as many females as males [77]. A retrospective study on a sample of 479 women
with otosclerosis showed that the risk of subjective hearing deterioration with bilateral oto-
sclerosis increased from 33% after one pregnancy to 63% after six pregnancies [78]. Several
reports have suggested that oral contraceptives may increase the risk of hearing loss and in
particular otosclerosis, although no clear conclusion has been drawn [79].

Estrogen has an inhibitory effect on bone resorption by directly inhibiting osteoclast activity as
well as decreasing auto and paracrine production of cytokines such as interleukin (IL) 1 and IL-6
and tumor necrosis factor, TNF [80]. Researchers investigated the effect of 17p3-estradiol on bone
remodeling via diastrophic dysplasia sulfate transporter (DTDST) in otosclerosis and in a human
osteoblast-like cell line, and they have demonstrated that the response to estrogens in terms of
DTDST activity might be related to the expressed receptor type. It is possible that exacerbating
effects of estrogens in patients with otosclerosis may be mediated by peculiar profiles of estrogen
receptor in otosclerotic cells [81]. However, the regulatory mechanisms of Otosclerosis related to
the estrogen receptor profile in the otosclerotic cells need to be further analyzed.

4.4. Menieére’s disease

Meniére’s disease is characterized by hearing loss, tinnitus, and vestibular dysfunction. It is
thought that endolymph malabsorption is the underlying cause of the swelling of the endo-
lymphatic spaces. Estrogens are known to facilitate the loss of intravascular fluid into the
extravascular space, producing edema. Endogenous alterations in concentrations of estrogen
and progesterone in the premenstrual syndrome or with the use of exogenous hormones such
as oral contraceptives may trigger vertigo in patients with Meniere’s disease. Many reports
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show that women with Meniére’s disease were identified as having premenstrual phase of
their monthly cycle or during pregnancy [82]. Genetic factors could contribute, at least par-
tially to it. Many researchers have identified that in some women with Meniere’s disease,
attacks of vertigo, low frequency hearing loss, aural fullness and tinnitus are exacerbated in
the premenstrual phase, when estrogen levels are low with edema in the endolymphatic
spaces due to the loss of intravascular fluid into the extravascular space facilitated by estrogens
[83-85]. One possible explanation may be estrogen-induced hyperprolactinemia, which was
reported to provoke hearing loss and otic capsule dysmorphology in guinea pig [24].

Significant associations have been reported between Meniere’s disease and genetic polymor-
phisms. Polymorphisms associated with blood vessel permeability, blood circulation, or
inflammation have been reported to be related to the inner ear pathology. AQP5 is known as
an exocrine-type water channel with the roles in conveying a high degree of membrane water
permeability [86]. Mice lacking AQP5 show lower frequency hearing impairment [87]. Some
researchers demonstrated identified AQP5 as an ESa target gene in the mouse uterus using
chromatin immunoprecipitation and DNA microarray analyses [88].

5. Summary

Sex hormone-related symptoms of auditory and vestibular systems are common in clinic.
Here, we address by recognizing that interactions between sex hormones and sensory systems
can be beneficial or detrimental to the peripheral and central auditory and vestibular systems.
Knowing how sex steroids can alter hearing ability may give important clues as to how
estrogen can preserve hearing in humans. The postmenopausal women have slightly better
hearing if administered estrogen replacement therapy, physiological levels of estrogen would
seem to have a possible protective effect on hearing function. The association described here
shed light to the role of sex hormones and their receptors in the inner ear and behavior and
underline the therapeutic potential of specific sex hormone agonists and antagonists.
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