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Synthetic selective modulators of the estrogen receptors (SERMs) have shown to protect neurons and glial cells
against toxic insults. Among the most relevant beneficial effects attributed to these compounds are the regulation
of inflammation, attenuation of astrogliosis and microglial activation, prevention of excitotoxicity and as a
consequence the reduction of neuronal cell death. Under pathological conditions, the mechanism of action of the
SERMs involves the activation of estrogen receptors (ERs) and G protein-coupled receptor for estrogens (GRP30).
These receptors trigger neuroprotective responses such as increasing the expression of antioxidants and the

activation of kinase-mediated survival signaling pathways. Despite the advances in the knowledge of the
pathways activated by the SERMs, their mechanism of action is still not entirely clear, and there are several
controversies. In this review, we focused on the molecular pathways activated by SERMs in brain cells, mainly
astrocytes, as a response to treatment with raloxifene and tamoxifen.

1. Introduction

Astrocytes perform essential functions in the brain, such as pro-
viding nutrients, recycling neurotransmitters, and maintaining brain
homeostasis (Pekny and Pekna, 2014; Sofroniew and Vinters, 2010) and
blood-brain barrier (BBB) stability (Chodobski et al., 2011). Besides,
astrocytes play a significant function in maintaining physiological brain
functions by releasing antioxidant and anti-inflammatory molecules,
growth factors, and neurotrophins to the brain milieu (Buffo et al.,
2010; Colangelo et al., 2014). Among the more critical functions of
astrocytes is the modulation of the immune system, including the reg-
ulation of inflammatory proteins expression and formation of glial scars
(Sheng et al., 2013) after damage of the central nervous system (CNS)
(Dickson, 2012; Nair et al., 2008) (see Figs. 1 and 2).

Despite advances in the study of pathophysiology and testing of

many molecules in search of a possible treatment, there are still many
diseases such as traumatic brain injury (TBI), spinal cord injury (SCI),
Parkinson’s disease (PD), and Alzheimer’s disease (AD) that do not have
a timely and efficient treatment that can halt or reverse the cognitive
damage and neuronal dysfunctions. Currently, different compounds
have been proposed for the attenuation of reactive gliosis or patholo-
gical treatments. Some of these compounds are Selective Estrogen
Receptor Modulators (SERMs), Selective tissue estrogenic activity reg-
ulators (STEARs), and isoflavones. The SERMs have been reported to
exhibit protective effects in the brain (Acaz-Fonseca et al., 2014; O'neill
et al., 2004; Rutanen et al., 2003) and are becoming a promising
therapeutic alternative because they have shown neuroprotection in
several experimental models of injuries and pathologies. Tamoxifen and
raloxifene are two SERMS that have been reported to be quite useful in
the treatment or protection of the CNS.
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Fig. 1. Neuroprotective actions of tamoxifen and raloxifen under pathological conditions and proposed mechanism of metabolism of tamoxifen in the brain by P450
enzymes. Following brain injury, tamoxifen binds to the classical receptors ERa and ER or to membrane receptor such as GPR30. Upon binding, it exerts protective
actions by reducing lipid peroxidation, nitrotyrosine levels, ROS formation, AP plaques, apoptotic proteins, excitotoxicity and axonal degeneration induced by Th1
and Th2 infiltration. Tamoxifen by acting on ERs decreases microglia activation and reduces TNF, IL1, IL6 and IL12. Tamoxifen also inhibits upregulation of TLR4. In
astrocytes, tamoxifen diminishes astrogliosis and GFAP expression by upregulating TGF-a and EGFR expression. Tamoxifen also decreases IL1p, IL6 and in-
flammatory genes expression. It also induces the expression of glutamate transporters GLUT1 and GLUT2, and anti-apoptotic genes. The neuroprotective actions of
tamoxifen might be induced by one of its metabolites as well. Astrocytes and neurons express CYPs enzymes such as CYP2A6 and CYP3A, whilst endothelial cells do
express CYP2B6, in which tamoxifen is metabolized into endoxifen and 4-hydroxytamoxifen. The possible mechanism of action of raloxifene on different brain cells is
similar to that reported with tamoxifen. The possible effects of raloxifene are indicated in blue lines in the figure.

It has been shown that tamoxifen, raloxifene, and others SERMs can
regulate the morphology and functions of astrocytes, neurons, and
microglia by their interaction with estrogen receptors a and 3 (ERa and
ERP) (Gonzalez et al., 2016; Li et al., 2014). These compounds have
also been reported to act via activation the G-protein coupled receptor
(GPR30) (Bourque et al., 2014; Gonzalez et al., 2016). The neuropro-
tective signals stimulate several signaling cascades. For example, ta-
moxifen acts stimulating several signaling factors including phospha-
tidylinositide 3-kinases (PIK3)/protein kinase B (Akt), cAMP response
element binding protein (CREB)1, cAMP, protein kinase A (PKA) and
mitogen-activated protein kinase (MAPK)/estrogen receptors. These
factors exert brain protection by reducing (a) the inflammatory re-
sponses (Franco Rodriguez et al., 2013), (b) lipid peroxidation and re-
active oxygen species (ROS) production (Moreira et al., 2005; Zhang
et al., 2007), (c) astrogliosis (Colon et al., 2016), (d) and the infiltration
of leukocytes into injury zone (Wei and Ma, 2014). These beneficial
effects improve spatial learning and memory (X. Sun et al., 2013), and
may promote neuronal survival (Wakade et al., 2008).

Despite the advances in the knowledge of the signaling pathways
activated by the SERMs, their effects on different nervous cells and
under different pathological conditions are still not entirely clear. In
this review, the molecular pathways that occur in different brain cells,
mainly astrocytes, are discussed in response to treatment with ralox-
ifene and tamoxifen. In addition, the metabolism and actions of their
metabolites on the CNS, as possible therapeutic alternatives, in the
context of different brain pathologies are discussed. Also, the use of
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genetic techniques using DNA recombinase and the tamoxifen-Cre/Lox
system have permitted to assess the importance of the use of SERMs in
the proliferation and differentiation of brain cells, as well as allowed to
advance investigation related to the understanding of the effect of ta-
moxifen on astrogliogenesis and neurogenesis.

2. Astrocyte, neuron and microglia interactions in neurological
pathologies and injuries

The interaction between CNS cells (neurons, astrocytes, and mi-
croglia) has an essential role in mediating metabolic processes, sup-
plying nutrients and improving braifis metabolism and function
(Allaman et al., 2010). This close relationship induces small variations
in the environment and can cause changes in the phenotype of cells,
gene expression and intracellular dynamics of Ca’* in the brain
(Brawek and Garaschuk, 2017; Farina et al., 2007). These changes
trigger a chain of reactions that lead to cellular deterioration and death.
For example, microglia under conditions of injury produces and re-
leases several inflammatory and anti-inflammatory mediators, whose
effects may result in beneficial or detrimental responses (Carniglia
et al.,, 2013; Szalay et al., 2016). A previous study using microglial
ablation in a male mouse model of brain ischemia revealed that in-
hibition of microglia increased infarct size, and calcium-triggered
neuronal loss (Szalay et al., 2016). On the other hand, other study re-
vealed that microglia could also promote synaptogenesis in the hippo-
campus through the release of interleukin 10 (IL-10), which increased
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Fig. 2. Molecular actions of tamoxifen in the brain. Tamoxifen binds to ERa, ER} and GPR30 triggering neuroprotective actions in various cell types promoting
survival and differentiation processes. For example, tamoxifen induces differentiation of oligodendrocytes precursors cells (OPCs) by binding ERs and GPR30 and
triggering phosphorylation MAPK/ERK CREB and PI3K/Akt/mTOR signaling pathway (A). In microglia, upon treatment with raloxifene and tamoxifen, the ER
dimerizes, enters the nucleus and binds to estrogen response element (ERE) triggering reduction of TNFa, IL1f3, IL6 and IL12 (B). In astrocytes, tamoxifen binds to
GPR30 and ERs and improves the expression of TGF and GLT1 via CREB, NK-kB and transactivation of epidermal growth factor receptor (EGFR). Tamoxifen also
activates ERK 1/2, PI3K, cAMP and PKA pathways. In brain trauma, purinergic receptors (P2) respond to ATP release and activates ERK (C). In neurons, tamoxifen
and raloxifene bind to GPR30 triggering a rapid signaling of intracellular Ca®*, activation of PI3K/Akt and Src/ERK/CREB. In addition, both compounds activate
Nrf2 and antioxidant response element ARE. Tamoxifen acting on ER inhibits NF-kB p65 nuclear translocation and increases BDNF expression (D).

the number of dendritic spines (Lim et al., 2013).

Current evidence has shown that cooperation between astrocytes
and microglia facilitates the disposal of dead cells through phagocytosis
that contributes to the reduction of inflammation (Chan et al., 2001). In
particular different factors have been identified in microglial cells as
the mediators of phagocytosis processes. One of these factors is the
MAPK p38 that mediates the migration and accumulation of microglia
in the lesion zone, triggering phagocytosis in neuronal cell death in-
duced by the stimulation of the N-methyl-D-aspartate receptor
(NMDAR) (Katayama et al., 2012). Likewise, the pro-inflammatory
cytokine interferon gamma (IFN-y) activates different pathways pro-
moting phagocytosis of apoptotic inflammatory cells in the inflamed
nervous system (Chan et al., 2001). Though, functional studies have
shown that astrocytes have smaller phagocytic capacity than microglia
(Magnus et al., 2002). For example, it has been observed male mouse
astrocytes engulfing dead cells after TBI, suggesting that it may be a
survival mechanism avoiding damage of neurons adjacent to the in-
jured area (Loov et al., 2012). In fact, it has been shown that in
amyotrophic lateral sclerosis (ALS), there is an increase in the

expression of the receptor transmembrane chemokine CX3C1 receptor 1
(CX3CR1) (D. Sun et al., 2013). These data suggest that, like microglial
cells, CX3CL in astrocytes may be mediating phagocytic activity (Cerbai
et al., 2012). Another study showed that CX3CL-CX3CR1 signaling in-
hibited the production of nitric oxide, superoxide (O, ), tumor necrosis
factor-alpha (TNFa) and pro-inflammatory molecules in astrocyte and
microglia in co-culture (Mattison et al., 2013). Interestingly, in another
report, the chemokines CX3CL1 and CXCL16 were demonstrated as
instrumental facilitating the cross-talk between neurons, astrocytes, and
microglia to promote physiological neuroprotective mechanisms that
counteract neuronal cell death due to ischemic and excitotoxicity in-
sults (Rosito et al., 2014).

Various studies have shown the importance of cell-cell interaction in
the CNS. For instance, Park et al. reported that glial cells co-cultured
with neurons having a mitochondrial thiamine deficiency, maintained
neurons neurite outgrowth, and cell metabolism (Park et al., 2001).
This neuroprotective effect was linked to a reduction in oxidative stress
and inflammation (Park et al., 2001). Besides, there is also evidence
showing that production of the tumor necrosis factor alpha (TNFa) by
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microglial cells increases the expression of antioxidant enzymes that
favors neuronal protection against excitotoxicity insults and ischemic
brain injury (Bruce et al., 1996). Also, the response of astrocytes to
microglial activation can also stimulate neuronal survival (Hailer et al.,
2001). Other recent findings indicate that after brain trauma, male
mouse astrocytes can transform to a neuroprotective phenotype medi-
ated by microglia-derived cytokines and the downregulation of P2Y1
receptors (Shinozaki et al., 2017). However, not only the interaction of
astrocytes with microglia has beneficial effects on brain tissue, but also
astrocytes by activating and regulating the purinergic receptors P2Y1
and P2Y2 regulate calcium signaling and synaptic transmission and
plasticity thus having potential therapeutic value for cognitive dys-
function (Fam et al., 2000; Gallagher and Salter, 2003; Guzman and
Gerevich, 2016). In addition, the maintenance of cellular homeostasis
and calcium signaling promotes cell survival in injured brain tissue
(Bindocci et al., 2017; Khakh and McCarthy, 2015; Shigetomi et al.,
2013a). Cell-cell interactions are essential for the maintenance of cog-
nitive and motor functions in response to adverse conditions (Guzman
and Gerevich, 2016).

New cellular studies have permitted to have a preliminary idea of
the potential response of each type of cell to toxic or damaging insults
and gave insights for possible therapeutic alternatives. In the following
sections, the importance of astrocytes response to brain insults and the
effect of SERMs on the maintenance of astrocytes’ functions are re-
viewed.

3. Astrocytes are involved in CNS lesions and pathologies

Astrocytes are the most abundant in the CNS, which under normal
conditions fulfill essential functions for the physiology of the system.
Their primary functions are providing nutrients, recycling neuro-
transmitters and maintaining homeostasis (Pekny and Pekna, 2014;
Sofroniew and Vinters, 2010) (Table 1). Also, the proximity of the end-
feet of astrocytes with BBB (Chodobski et al., 2011) allows the secretion
of antioxidants, anti-inflammatory molecules, growth factors, neuro-
trophins (Cabezas et al., 2014) and neurotrophic factors helping to the
maintenance of the BBB (Sheng et al., 2013). In this context, astrocytes
have a protective role in defense of the CNS. Many beneficial effects of
astrocytes have been reported (Fernandez-Fernandez et al., 2012). In
this respect, for example, a study with female astrocytes indicate that
are not only good at protecting against ROS, but also there is strong
evidence demonstrating that astrocytes accumulate copper (Cu) and
protect neurons from the toxicity of this metal (Dringen et al., 2013;
Tiffany-Castiglioni et al., 2011). Other astrocytic functions include
cerebral blood flow (CBF), and regulation in response to neuronal ac-
tivation by means of synthesis of prostaglandin E, (PGE,) (Howarth
et al.,, 2017). However, the release of PGE, is dependent on several
factors such as glutathione levels (Howarth et al., 2017), intracellular
calcium and extracellular glutamate levels (Sheng et al., 2013).

Table 1
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Several studies have shown that astrocytes are involved in different
pathologies and lesions of the CNS (Cerciat et al., 2010; Pekny and
Pekna, 2014). Astrocytes modulate the immune reaction, inflammatory
proteins activity, and the formation of the glial scar and neuronal
function (Sheng et al., 2013) and also these cells experiment changes in
protein expression induced by stress (Burda et al., 2016). When these
cells are subjected to mechanical lesions, an activation of ionic or ca-
tionic channels sensitive to the stretching of the cell membrane occurs.
In astrocytes, stretching induces the influx of extracellular calcium, and
sodium (Di et al., 2000; Ostrow et al., 2011), and metabolic and mor-
phological changes, globally known as reactive astrogliosis. Astrogliosis
is considered at the same time a detrimental and beneficial process. It
may be detrimental to the recovery of neuronal function in pathologies
of the CNS, such as PD (Dickson, 2012), multiple sclerosis (MS) (Nair
et al., 2008), AD (Beach et al., 1989), TBI, and stroke (Derugin et al.,
2000), as well as other pathologies that induce astrocytic hypertrophy
and proliferation (Bagheri et al., 2013). Reactive astrogliosis stimulates
the expression of the glial marker proteins such as the glial fibrillary
acid protein (GFAP) and vimentin (Lin and Cai, 2004). These proteins
are part of the intermediate filaments, and are concentrated in the cy-
toskeleton of astrocytes, where they play an essential role in the for-
mation of the glial scar (Céspedes et al., 2013). The scar is a woven
mesh between the processes of astrocytes surrounding the site of the
lesion joined by tight and gap junctions (Lin and Cai, 2004). The glial
scar is essential to seal the lesion and stimulates tissue remodeling
mechanisms (Huang et al., 2014). Thus, astrogliosis can be considered
as a defense response of the brain against the onset of an injury.
Nevertheless, when this response is extensive, it generates adverse ef-
fects triggering high production levels of inhibitory molecules that
suppress neuronal elongation and form powerful barriers to axon re-
generation (van Niekerk et al., 2016).

As stated above, various neurodegenerative diseases, such as PD, are
linked to astrogliosis. According to Briick et al, there are a-synuclein
(a-SYN)-dependent alterations of glial function, which has an impact on
neuronal vulnerability to toxic insults (Bruck et al., 2016). In PD, se-
cretion of pro-inflammatory molecules such as IFN-y and TNFa con-
tributes to the maintenance of astrogliosis activation with deleterious
effects on dopaminergic neurons (Barcia et al., 2011). Recent findings
suggest that there may be an excessive accumulation of a-SYN in as-
trocytes, which may cause astrogliosis and microglia activation af-
fecting basic functions of neurons and astrocytes (Gu et al., 2010). On
the other hand, protein S100( can influence the reactive characteristics
of the astrocytes. For example, S100 can enhance the synthesis of
inducible nitric oxide synthase (iNOS) in astrocytes, thus contributing
to the progression of infarction, DNA damage and cell death by in-
creased production of nitric oxide and ROS (Yasuda et al., 2004). In
contrast, Bianchi et al., using chemical methods showed evidence sug-
gesting that S100 proteins reduce the polymerization of GFAP by in-
hibiting the protein nucleation step and polymer growth, thus

Studies showing the protective function of astrocytes in different in vivo and in vitro models.

Model Main findings

References

Astrocyte Reactivity and Reactive Astrogliosis
homeostasis

Parkinson's Disease

Middle Cerebral Artery Occlusion

Alzheimer's disease and aging cerebrum

Formation of the glial scar

Parkinson's disease and Oxidative Stress Model

Provide nutrients, recycling neurotransmitters and maintaining
Development and maintenance of the BBB
Formation of tight and gap junctions to seal off the lesion and remodeling

Secretion of antioxidant, anti-inflammatory, growth factors,

Pekny and Pekna (2014) and Sofroniew and
Vinters (2010)

Cabezas et al. (2014)

Céspedes et al. (2013)

Derugin et al. (2000) and Ostrow et al.
(2011)

Cabezas et al. (2014) and Sheng et al. (2013)

neurotrophins and neurotrophic factors

Astrocyte Calcium Signaling and Imaging Calcium
Microdomains

Protection against ROS

Protect neurons from the toxicity induced by Cu

Ca®" signals from the entire 3D structure of astrocyte

Cerebral Blood Flow (CBF) regulation

Dringen et al. (2013) and Tiffany-Castiglioni
et al. (2011)

Dringen et al. (2013) and Tiffany-Castiglioni
et al. (2011)

Howarth et al. (2017)
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Table 2
Estrogenic compounds and their protective effects in the CNS.
Compound Cell Type or Model Effect References
Estrogens Neuron/Alzheimer's disease — Excitability and synaptic plasticity Mukai et al. (2010)
Neuron — Promotes survival Arevalo et al. (2010)
Neuron - Regulates cell differentiation, homeostasis and development  Ascenzi et al. (2006)

Astrocytes/Stab Wound Injury
Astrocytes — Microglia

— Decreases GFAP expression in astrocytes
- Decreases vimentin-immunoreactive astrocytes and

Lopez Rodriguez et al. (2011)
Barreto et al. (2007)

17B-Estradiol (E2)

Astrocytes — Neuron

immunoreactive microglia
- Regulator of gene expression
- Induces neuronal survival
- Decreases glial activation

Cipolla et al. (2009), DonCarlos et al.
(2009), Harms et al. (2001) and Lopez
Rodriguez et al. (2011)

- Anti-inflammatory and antioxidant effects

Estradiol Astrocytes/Stab Wound Injury

— Reduced vimentin-immunoreactive astrocytes and GFAP-

Lopez Rodriguez et al. (2011)

positive astrocytes and regulated CB1 and CB2 Receptors

Estrone (E1) Traumatic Brain Injury - Rats

- Activates ERK1/2 and BDNF pathways

Gatson et al. (2012)

— Decreases ischemic secondary injury and cell death

Testosterone Stab Wound Injury - Rats - Reduces astrogliosis
Astrocytes/Glucose Deprivation
expression
Dihydrotestosterone Stab Wound Injury - Rats — Reduces astrogliosis

Isoflavone Daidzein Obesity Model - Rats

— Protects mitochondrial function and regulates neuroglobin

- Increases SGZ cell proliferation and reduces hippocampal

Barreto et al. (2007)
Toro-Urrego et al. (2016)

Barreto et al. (2007)
Rivera et al. (2013)

apoptosis and gliosis

— Induces neuroprotection by inhibiting the generation of ROS
as a result of down-regulation of gp91(phox) and inhibition

Yu et al. (2016)

of Src phosphorylation

Equol PC12 neuronal cells/Hypoxia/
Reoxygenation Injury
Genistein Astrocytes/Alzheimer's Disease

— Anti-inflammatory effects of estrogenic compounds may be

Valles et al. (2010)

mediated and activated by PPARs suppressing

3alpha-OH-Tib and 3beta-OH-  Oligodendrocyte and Normal
Tib Human Astrocytes
Tibolone Astrocytes/Glucose Deprivation

- Agonist activity on astrocytes through ERa and ER
— Increased gene transcription
— Protection by a mechanism involving ERP and the

Guzman et al. (2007)

Avila-Rodriguez et al. (2016)

upregulation of neuroglobin

Astrocytes/Glucose Deprivation

— Decreases cell death

Avila Rodriguez et al. (2014)

— Reduces nuclear fragmentation

- Attenuates Superoxide ion production

- Improves mitochondrial membrane potential
— Regulates cytoplasmic calcium concentration

Neuro/Ozone Exposure

Neuro/Ozone Exposure

- Prevents memory deficits

- Protects effect against oxidative stress and the cholinergic

system disruption
- Prevented neuronal death

Pinto-Almazan et al. (2014)

Pinto-Almazan et al. (2014)

- Prevented increased levels of lipid peroxidation and protein

oxidation

preventing the elongation of the glial scar (Bianchi et al., 1994).

Taking into account the impact of brain diseases on the welfare of
the population by inducing cognitive and motor effects (Feigin et al.,
2010; Hyder et al., 2007; Mar et al., 2011), new therapeutic avenues
such as the use of estrogens have been seen as strategies to decrease
secondary lesions while keeping a controlled response to insults.
Therefore, preventing the progression of the injury and favoring brain
repair. In the following sections, it will be discussed the neuroprotective
actions of tamoxifen and other SERMs in brain cells exposed to different
toxic insults mimicking pathological conditions. Special emphasis will
be put on the mechanism of action and the receptors involved in search
of possible therapeutics for different brain pathologies.

4. Neuroprotective effects of estrogenic compounds on the CNS

For some time, the use of estrogens has been considered useful for
the maintenance of brain functions, and for treating and preventing
various diseases (Table 2). Estrogens encompasses all steroid hormones
with effects not only on the reproductive system of females, but also on
other non-reproductive tissues such as adipose, bone, cardiovascular
and brain tissues (Cui et al., 2013; Lu and Herndon, 2017; Mauvais-
Jarvis et al., 2013).

Recent studies in female and male mice have revealed that estrogens
have effects on neuronal excitability and synaptic plasticity by acti-
vating the ERo/ERP nuclear receptors (Mukai et al., 2010). Estradiol
and estrogenic compounds potentiate the neuroprotective functions of
glial cells through the control of edema and glutamate levels after brain
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injury (Arevalo et al., 2010). At the developmental level, estrogens also
have effects on the morphology, differentiation and functional prop-
erties of neurons apparently mediated by the ERa receptor and brain-
derived neurotrophic factor (BDNF) (Ascenzi et al., 2006; Bondesson
et al., 2015; Lu and Herndon, 2017).

In addition to the known effects of estrogens, it has been found that
17B-estradiol (E2), estrone (E1) and estriol (E3) have significant ben-
efits in the functional maintenance of the CNS (Kikuchi et al., 2000).
For example, estradiol regulates the activity of the endocannabinoid
system through CB1 and CB2 receptors in conditions of stab wound
brain injury, resulting in a reduction of reactive astrogliosis (Lopez
Rodriguez et al., 2011; Mukai et al., 2010). However, estrogens are not
only associated to brain functions, but also they are implicated in the
regulation of cellular metabolism through the activation of mechanisms
mediated by the interaction with estrogen receptors (Chalvon-
Demersay et al., 2017; Fuente-Martin et al., 2013) in tissues such as
adipose and brain (Brown et al., 2010). Various studies revealed the
important role played by the activation of ERs in regulating the CNS
metabolism and energy balance. For example, in patients with AD, the
concentration of extracellular glutamate has been found increased,
whereas treatment with estradiol increased glutamate uptake in astro-
cytes derived from these patients, suggesting a protective effect of es-
tradiol against glutamate excitotoxicity in this neurodegenerative dis-
ease (Arevalo et al., 2010; Barreto et al., 2009; Fuente-Martin et al.,
2013). It has also been described that estrogens can control fat reserves
and modulate the central sensitivity to leptin (Fam et al., 2007;
Matyskova et al., 2010). Taking into account the above, several studies
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reveal the beneficial effects of E2 in the protection of the stability of the
BBB, the brain tissue and the organism as a whole (Maggioli et al.,
2016; Villa et al., 2016), including metabolic disorders caused by ex-
cessive food intake (Hargrave et al., 2016; Hsu and Kanoski, 2014), as
well as other pathologies such as ischemia, where the permeability of
the BBB is altered permitting the entry of proinflammatory mediators to
the brain.

Several studies reveal that estrogens have anti-inflammatory prop-
erties both in the periphery and at the CNS level. This is in accordance
with studies that have shown estrogenic compounds such as tibolone
reduced oxidative damage and inflammation in microglia (Hidalgo-
Lanussa et al., 2018) and preserved mitochondrial functionality and cell
morphology in astrocytic cells subject to an insult with palmitic acid
(Gonzalez-Giraldo et al., 2018) and others such as E2 is neuroprotective
against excitotoxicity by increasing the expression of glutamate trans-
porters GLAST and GLT-1 in astrocytes (Xu et al., 2011).

E1 and some isoflavones are other compounds that have been shown
to be neuroprotective. E1 has a protective effect against TBI by stimu-
lating prosurvival pathways such as the ERK1/2 and BDNF pathways,
thus decreasing both the secondary lesion and the cell death induced by
this type of injury (Gatson et al., 2012). Some flavonoids such as ca-
lycosin, isorhamnetin, luteolin, and genistein strongly stimulate the
synthesis and secretion of neurotrophic factors, including nerve growth
factor (NGF), glial-derived neurotrophic factor (GDNF) and BDNF
(Karki et al., 2014a; Xu et al., 2013). Specifically, bioproducts like
isoflavones, daidzein, and genistein also exhibit a protective effect on
astrocytes. In a previous study, it was found that the isoflavone daidzein
(50 mg/kg) has estrogenic properties by reducing apoptosis of cultured
cells from male wistar rats for almost two weeks (Rivera et al., 2013). In
an animal model of fat-rich diet, daidzein reversed the high-fat diet-
associated enhanced immunohistochemical expression of caspase-3,
FosB, GFAP, ionized calcium-binding adapter molecule 1 (Iba-1), and
ERa, in the hippocampus, an effect that was more prominent in the
dentate gyrus (Rivera et al., 2013). In addition to its effects on beha-
vior, cognition, and neuronal growth. Equol, the main active metabolite
of daidzein, confers neuroprotection against hypoxia/reoxygenation
injury in PC12 cells by the inhibition of ROS generation (Yu et al.,
2016). On the other hand, the phytoestrogen genistein has shown anti-
inflammatory effects, suppressing a diverse array of inflammatory re-
sponses caused by Ap in astrocytes in a primary culture that was linked
to PPAR activation (Valles et al., 2010). Furthermore, genistein also
decreased the formation of AP aggregates and increased astrogliosis in
cellular and animal models of AD (Bagheri et al., 2012; Valles et al.,
2010).

Recent research also suggests a protective effect of other sex steroid
hormones such as testosterone and its metabolite dihydrotestosterone
on the CNS. For example, it has been found that in male rats subjected
to brain injury, sex steroids reduced astrogliosis (Barreto et al., 2007),
and dihydrotestosterone also diminished reactive microglia as well
(Barreto et al., 2007). A separate study revealed that testosterone
protected astrocytes exposed to glucose deprivation through the reg-
ulation of neuroglobin expression and the protection of mitochondrial
function (Toro-Urrego et al., 2016).

Altogether this evidence opens a broad range of possibilities of the
use of steroid hormones and estrogenic and similar compoundssuch as
STEARs and SERMs for the protection of brain function. In this respect,
various reports suggest beneficial effects of tibolone, a drug considered
as STEAR, by the virtue of its estrogenic activity (Gambacciani and
Levancini, 2014; Sadarangani et al., 2005). It was recently reported that
tibolone significantly reduces the effects of glucose deprivation such as
cell death, nuclear fragmentation, changes in mitochondrial membrane
potential, superoxide ion production, calcium homeostasis and mor-
phology in the astrocyte cell T98G (Avila Rodriguez et al., 2014). The
data from this study suggested that tibolone exerts its effects through
ERp and the upregulation of neuroglobin (Avila-Rodriguez et al., 2016).
Although actual research on the effect of tibolone on CNS protection
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has been increasing, the mechanism by which tibolone exerts these
effects is still poorly understood. However, some mechanisms started to
be elucidated. For example, tibolone has a neuroprotective effect di-
minishing neuronal damage and memory dysfunction caused by chronic
exposure to ozone in male rats, likely as a consequence of the activation
of SOD expression and the enhancement of the cholinergic system in the
CNS of these rats (Farfan-Garcia et al., 2014). Furthermore, tibolone
induced a decrease of peroxidized lipids, protein oxidation and neu-
ronal death in the hippocampus that paralleled the prevention of
memory and motor dysfunction induced by exposure to ozone. This
evidence suggests that tibolone can be a good candidate for the pre-
vention of neurodegeneration induced by oxidative stress (Pinto-
Almazan et al., 2014). Based on this new evidence, estrogenic STEARs
compounds are being evaluated as novel therapeutic agents for the
treatment or prevention of different neurological pathologies (Arevalo
et al., 2010). SERMs, which are synthetic estrogenic compounds, have
neuroprotective effects similar to estrogens by selectively modulating
ERs (Acaz-Fonseca et al., 2014). Below it is discussed more detailed
information related to their protective effect, mechanisms of action or
signaling pathways involved in the preservation of the physiology of the
CNS.

5. Selective Estrogen Receptor Modulators

In addition to the multiple benefits mentioned above regarding the
use of estrogens for the treatment or prevention of different pathologies
in the CNS, other studies have argued that the use of estrogens can have
adverse side effects. The adverse effects on the use of estrogens include
the appearance of mammary and renal tumors after prolonged treat-
ment with estrogen related to the activation of ERa (Russo and Russo,
2006). This has been strongly supported by studies that report on the
occurrence and survival of breast cancer in patients who have been
treated with estrogens or who have received hormonal replacement
therapy (Perkins et al., 2018; Tian et al., 2018; Yue et al., 2010). In this
regard, it is believed that the mechanism of action involved in the
proliferation of cancer cells can be through several hormonal signaling
pathways that induce the proliferation of renal cancer cells (Czarnecka
et al.,, 2016) or through the estrogen/estrone metabolism pathway
(Yager, 2015), and epigenetic cell reprogramming for breast cancer
(Trevino et al., 2015). In addition to the carcinogenic effects of estro-
gens, recent investigations in ovariectomized rats (OVX) showed that
high dosage of estradiol affected learning and memory, which is
probably also related to its pro-oxidative effects (Khodabandehloo
et al., 2013), alteration of the metabolism of estrogens, increased free
radicals causing DNA damage (Kelloff et al., 1992) and the suppression
of the expression of the antioxidant protein calbindin D28K (Bhat and
Epelboym, 2004).

The use of synthetic and natural compounds that have a similar
effect to estrogens, without causing these deleterious side effects in
other tissues, has recently being promoted. These compounds might be
considered as SERMs, which have become an integral part of a potential
strategy for the treatment of different diseases such as osteoporosis,
breast cancer (Gambacciani and Levancini, 2014; Reddel et al., 1983)
and CNS disorders like PD (Dluzen et al., 2001), dementia (Yaffe et al.,
2005) and AD (O'neill et al., 2004). SERMs are synthetic compounds
that interact with ERs as ligands and induce changes in the receptor (Xu
et al., 2016). SERMs have a high binding affinity to the ERs. For in-
stance, the ER has two subtypes, ERa and ER, each encoded by genes
located on different chromosomes; for example, ERa is encoded by
chromosome 6, while the ER} on chromosome 14 (Zhao et al., 2005).
The activity of SERMs is determined by the interaction with ERa and
ERP (Khan et al., 2015). In this regard, SERMs modulate the interaction
of ERs with co-activators and co-repressors (Ascenzi et al., 2006), thus
having both agonistic or antagonistic effects depending on the tissue
(Khan et al., 2015; Pfaffl et al., 2001). Among the SERMs that have been
already tested for therapy or prevention are raloxifene (Khan et al.,
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Table 3
SERMs and the protective effect in the CNS.

SERMS Protective Effect References

Tamoxifen - Promotes axonal outgrowth. Tian et al. (2009)
- Attenuates inflammatory-mediated damage.
- Inhibits hydrogen peroxide formation. Moreira et al. (2005) and Zhang et al. (2007)
— Reduces the extent of lipid peroxidation.
- Increases neuronal outgrowth of hippocampal neurons.
- Reduces reactive astrocytes after a stab wound brain injury. Barreto et al. (2009)
- Reduces the glial scar. Franco Rodriguez et al. (2013) and Suuronen
— Promotes neuronal survival. et al. (2005)
- Regulates inflammatory cytokines IL1, IL6 and IP10
- Attenuates microglia activation and inflammatory cytokines. Barreto et al. (2014) and Blasko et al. (2009)
— Induces neuroprotective effect by reducing infarct zone in MCAO. Kimelberg et al. (2003)
- Reduces infarct volume as a result of diminished F2-isoprostanes (IsoPs) and

F4-neuroprostanes (NeuroPs).
— Inhibits neuronal nitric oxide synthase activity. Osuka et al. (2001) and Renodon et al. (1997)
- Reduces the formation of 4-hydroxynonenal (4-HNE), 8-hydroxyl-2’-deoxyguanosine Wakade et al. (2008) and Mosquera et al. (2014)
(8-OHAG) and the production of superoxide ion
- Attenuates pro-apoptotic proteins by increasing MnSOD
- Promotes neuronal survival
- Reduces nitrotyrosine levels along with inhibition of the formation of peroxynitrites. Zhang et al. (2005)
- Decreases myo-inositol (MI) associated with neurological disorders. Ernst et al. (2002)
- Improves the cholinergic system enhancing memory Newhouse et al. (2013)
- Increases the expression of GLT-1 and Transforming Growth Factor Alpha (TGF-a) Feustel et al. (2004) and Lee et al. (2012b, 2009,
2008)

— Reduces the levels of TNF-a and IL-1f. Ismailoglu et al. (2010) and Mitra et al. (2015)
— Decreases myelin loss.

Raloxifene - Increases neuronal outgrowth of hippocampal neurons. O'neill et al. (2004)

— Increases neurotrophic factors, anti-apoptotic molecules and protection of

dopaminergic neurons.

- Improves the expression of astrocytic transporters such as GLT-1 and GLAST.
— Increases the expression of calcium memory-associated protein.

Bourque et al. (2014)

Karki et al. (2014c)
Zhou et al. (2015)

— Favors neuronal survival against inhibition of calcium oscillation by high glutamate

concentration.

- Beneficial effects on verbal memory and executive function.

- Beneficial effects on cognition.

- Decreases inflammation by inhibiting CCL20 and NF-kB in reactive astrocytes.
— Inhibits proliferation of proteolipid peptide-related CD** T cells which are associated

with autoimmune demyelination.

Huerta-Ramos et al. (2014), Weickert et al.
(2015) and Yaffe et al. (2005)

Li et al. (2014)

Bebo et al. (2009), Elloso et al. (2005) and Lei
et al. (2003)

- Decreases GFAP expression in astrocytes and Mac-1 in microglia.

Raloxifene and Tamoxifen
ganglion neurons.
- Diminish mitochondrial oxidative stress.

- Reduce caspase activation and apoptotic pathways

- Preserve neurogenesis and spine density.

— Important for the synaptic function related to the learning process and long-term

memory.
Tamoxifen/4-Hydroxytamoxifen
— Decrease ROS production
— Improve recovery of locomotor function

- Protect camptothecin-induced neuronal cell death through TGF-B
- Reduce leukocyte infiltration and apoptosis at the site of the lesion.

- Increase the number of neurons.
- Decrease axonal degeneration.

- Inhibitory actions on TRPA1, TRPM2, and TRPV1 in hippocampal and dorsal root

- Induce neuroprotection against B-amyloid and glutamate.

Yazgan and Naziroglu (2016)

Chakraborti et al. (2012), Khan et al. (2015) and
Sanders et al. (2012)

O'neill et al. (2004)
Kuo et al. (2003) and Mosquera et al. (2014)

Dhandapani et al. (2005)
Colon et al. (2016)

— Decrease astrogliosis and GFAP immunoreactive cells.

- Reduce the induction of major histocompatibility complex II (MHC II).

Bebo et al. (2009)

— Suppress the proliferation of myelin-specific CD** T cells.
- Inhibit T-helper type 1 differentiation (Th1) and T2 helper (Th2) by suppression of

IFN-y, TNF-a and IL12.
- Prevent weight loss at the brain level.
- Protective effect on mitochondrial function.

— Reduce the production of hydrogen peroxide (H02).

— Attenuate lipid peroxidation.

Feng et al. (2004)
Moreira et al. (2005, 2004) and Saladores et al.
(2015)

- Protect the permeability of the calcium-induced mitochondrial transition pore (MPT).

2015), tamoxifen (Gonzalez et al., 2016) and toremifene (Szamel et al.,
1998), among others (Table 3). The use of these compounds for the
treatment of various diseases or the protection of CNS against different
lesions is discussed in the following sections.

5.1. Raloxifene

Raloxifene is a second generation SERMs and is derived from ben-
zothiophene (Abdelhamid et al., 2011; O'neill et al., 2004). The
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metabolism of this compound is not mediated by the cytochrome P450
pathway but occurs through glucuronidation (Heringa, 2003; Kemp
et al., 2002). This metabolism is carried out by the hepatic UDP-glu-
curonosyltransferases (UGT) 1A and 1A9, and for this reason, patients
treated with this compound have high levels of glucuronides and only
1% of raloxifene in plasma (D. Sun et al., 2013). These UGT are well
expressed in astrocytes and endothelial cells, but neurons have lower
expression (Gradinaru et al., 2012; Suleman et al., 1998). Raloxifene
has shown beneficial effects against neurotoxicity and inflammation in
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neurodegenerative disorders, autoimmune diseases and stroke.

A protective effect of raloxifene on dopaminergic neurons subjected
to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) is noted. This protective effect was mediated by the simulta-
neous activation of the G protein-coupled estrogen receptor 1 (GPER1)
and the Akt signaling striatal pathway with the increase in Bcl-2 and
BDNF, but no significant activation of the extracellular signal-regulated
kinase-1 (ERK) 1/2 signaling (Bourque et al., 2014). In another study
performed in rat cerebral cortex, raloxifene was found to increase
glutamate uptake and GLT-1 protein and mRNA expression, under high
levels of manganese (Mn) (Karki et al., 2014c). These changes in gene
expression were mediated by several signaling pathways such as ERK,
EGFR, and CREB through ERa, ERf3, and GPR30. Moreover, the treat-
ment with raloxifene regulated the expression of GLAST by activating
NF-kB through the ER (Karki et al., 2014c).

Glutamate has several functions within the CNS, including the
regulation of intracellular calcium waves (Ca®™) associated with
learning and memory processes (Pasti et al., 1995). According to a
previous study, glutamate regulated calcium oscillations and protein
expression associated with calcium levels in a concentration-dependent
manner but observed that after raloxifene treatment neuronal survival
increased (Suuronen et al., 2005). This effect correlated with a 33%
decrease in cognitive deterioration after treatment with raloxifene
(Legault et al., 2009). Likewise, studies on transient receptor potential
(TRP) cation channel family members that are activated by oxidative
stress such as TRPA1, TRP melastatin 2 (TRPM2), and TRP vanilloid 1
(TRPV1) showed an increase in cytosolic calcium levels with sub-
sequent neuronal toxicity, ROS increase, and cell death in ovar-
iectomized rats (OVX) (Yazgan and Naziroglu, 2016). These deleterious
effects were diminished considerably after treatment with raloxifene
and other estrogenic compounds through the regulation of anti-apop-
totic pathways including caspase-3 and caspase-9 (Yazgan and
Naziroglu, 2016). The evidence discussed above has left open the
possibility that raloxifene can be used as a drug to improve the ex-
pression of glutamate transporters or other channels that present al-
terations in various neurodegenerative diseases such as AD in women
after menopause.

Several studies have shown that the use of estrogenic compounds
improves learning and memory. A previous study showed that in ad-
dition to being used as a hormone replacement therapy, raloxifene also
has beneficial effects on cognition (Huerta-Ramos et al., 2014). For
example, a study conducted in postmenopausal women using functional
magnetic resonance imaging (fMRI) revealed an effect on memory and
visual brain activation patterns in women treated with raloxifene
(60 mg) compared to the controls (Neele et al., 2001). Another study in
which raloxifene was used as a complementary therapy for schizo-
phrenia reports evidence suggesting an improvement of cognitive
abilities such as verbal memory and attention in men and women
treated with raloxifene (120 mg/day) when compared to controls
(Abdelhamid et al., 2011; Szamel et al., 1998). However, the use of
estrogens as adjuvant therapy in the treatment of schizophrenia in both
men and women is not under use because of their unwanted side effects
and more importantly the variable therapeutic results that have been
reported. For example, a different study showed no improvement in
cognitive function, nor recovery of memory or verbal attention in
postmenopausal women treated with raloxifene (60-120 mg/day)
(Ditkoff et al., 1991; Kemp et al., 2002; Polo-Kantola et al., 1998;
Shaywitz et al., 1999). Therefore, it is necessary to delve more into the
mechanism of action of raloxifene and other estrogenic compounds to
find new therapeutic targets toimprove cognitive functions in patients
with schizophrenia and neurodegenerative diseases.

Raloxifene has anti-inflammatory effects (Li et al., 2014) that were
linked to the inhibition of CCL20, which promotes Th17 cell migration
and also suppresses IL-13-induced NF-kB activation (phosphorylation of
p65) in reactive astrocytes (Li et al., 2014). In agreement with an anti-
inflammatory action, raloxifene has a positive effect on MS, a disease
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characterized by chronic inflammation (Bebo et al., 2009). Also, it has
been shown that raloxifene also affects the proteolipid peptide-related T
cells (CD4™) (Elloso et al., 2005), which play an important role in
autoimmune demyelination (Fletcher et al., 2010), and decreased ex-
pression of GFAP in astrocytes, and Mac-1 in the microglia in the
dentate gyrus and CAl region of the hippocampus after treatment with
raloxifene (Lei et al., 2003). These findings leave open the possibility
that raloxifene can influence glial-mediated inflammatory pathways
and possibly protect against inflammatory and autoimmune diseases.

Raloxifene has shown to preserve neurogenesis and the density of
the spine in the cerebral cortex after the transitory occlusion of the
middle cerebral artery (MCAO) in female rats neurons (Khan et al.,
2015). Also, it has been reported that in male rodents, hippocampal
pyramidal neurons treated with tamoxifen and raloxifene showed in-
creased density of dendritic spines and changes in geometry, probably
mediated through the increase in BDNF (Chakraborti et al., 2012;
Gonzalez-Burgos et al., 2012; Sanders et al., 2012). Raloxifene can also
be involved in brain plasticityand synaptic functions that are crucial for
learning and memory processes. Hence, further studies are needed to
address this issue, and the mechanism of action and signaling pathways
involved, among others.

5.2. Tamoxifen

Tamoxifen is a derivative of triphenylethylene, a non-steroidal
analog of estradiol (Neven et al., 2018) and a first-generation SERM,
mostly known for its therapeutic use against breast cancer (Chang et al.,
2011; Peng et al., 2009). Nevertheless, several studies have also shown
beneficial effects of tamoxifen in the brain (Barreto et al., 2009;
Dhandapani and Brann, 2003). Tamoxifen has an affinity for the ER
about 100 and 1000 times higher than estrogens. Recent findings sug-
gest that tamoxifen crosses the BBB (Kimelberg et al., 2003; Lien et al.,
1991) eliciting a response in the brain similar to estradiol (Galvan-
Ramirez et al., 2016). Tamoxifen is considered a molecule with an es-
trogen agonist profile (Barreto et al., 2009) and, like estradiol, reduced
reactive astrocytes in the surroundings of a stab wound brain injury.

To date, several studies support the theory that tamoxifen has ef-
fects on the CNS (Franco Rodriguez et al., 2013; Moreira et al., 2005).
The effect of tamoxifen on several brain pathologies has been evaluated
including TBI, cerebral ischemia, cerebrovascular stroke, subarachnoid
hemorrhage, and spinal cord injury. Also, alterations in the levels of
excitatory amino acids and inflammation involved in neurodegenera-
tive diseases, as well as inflammatory autoimmune disorders and in-
fectious diseases. To some extent, the effect of tamoxifen on these
diseases may be at least in part due to their protective effect on mi-
tochondrial function (Moreira et al., 2005). In this regard, tamoxifen
was found to reduce the production of hydrogen peroxide (H,0,), lipid
peroxidation and oxidation of thiol groups and Glutathione (GSH) le-
vels promoted by Ca?* (Moreira et al., 2005).

Previous studies have reported different routes and mechanisms of
action by which tamoxifen exerts its neuroprotective action on various
diseases. Tamoxifen exerts a significant effect in reducing reactive male
wistar rats astrocytes after brain injury (Franco Rodriguez et al., 2013).
This reduction in the proliferation of astrocytes by tamoxifen may be
mediated by the inhibition of the Protein Kinase C (PKC) involved in the
proliferative signaling pathways (Horgan et al., 1986). This study also
demonstrated a tamoxifen-induced decrease in vimentin, as well as the
production of IL-1, IL-6, and IL-10, an effect that can be mediated by
ERa and NF-kB promoting neuronal survival in this type of injury
(Horgan et al., 1986).

5.2.1. Neuroprotective effects of tamoxifen

In hippocampal neurons, tamoxifen and 4-hydroxy-tamoxifen at low
concentrations induced neuroprotection against A and glutamate
toxicity, two neurotoxins associated with AD (O'neill et al., 2004).
Furthermore, previous reports show evidence that tamoxifen also
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affects the expression of glutamate transporters. For example, tamox-
ifen increased the expression of GLT-1, a glutamate transporter which
expression is altered in AD and stroke (Lee et al., 2008), and decreased
the excitotoxicity induced by chronic exposure to manganese (Lee et al.,
2009). The increase in the expression of GLT-1 has been reported to be
mediated by the transforming growth factor-a (TGF-a) (Lee et al.,
2012b, 2008). In the same study, knockdown of TGF-a using siRNA
abolished the E2/TX effect on GLT-1 expression, and also the use of
tamoxifen increased the protein and mRNA levels of TGF-a. This
finding is of great importance because TGF-a is considered as neuro-
trophic and neuroprotective (Karki et al., 2017; Lee et al., 2009; Yuen
and Mobley, 1996).

In addition to the above benefits, the effect of tamoxifen has also
been tested in vivo models of different brain pathologies. For example,
tamoxifen (20 mg/kg) reduced the infarct zone after 3 h, likely due to
its ability to inhibit the release of excitatory amino acid and lipid
peroxidation (Kimelberg et al., 2003; Zhang et al., 2007), possibly as a
result of a decrease in F2-isoprostanes (IsoPs) and F4-neuroprostanes
(NeuroPs), and biomarkers of oxidative damage (Montine et al., 2002)
or the inhibition of the neuronal NOS(nNOS) (Renodon et al., 1997).
Tamoxifen has been also demonstrated to exhibit an inhibitory role in
the formation of citrulline mediated by the binding of calmodulin and
nNOS (Ohashi et al., 2007). It is important to highlight that tamoxifen
in reversible occlusion models of the middle cerebral artery (rMCAO)
decreased excitatory amino acid in penumbra areas by acting on the
volume-regulated anion channels (VRACs), an effect considered even
more relevant than the reversal of GLT-1 (Feustel et al., 2004). Like-
wise, in a rat model of rMCAO, tamoxifen was considered as an in-
hibitor of Ca®*/Calmodulin-dependent NOS activity (Osuka et al.,
2001). Indeed, tamoxifen reduced the formation and production of 4-
hydroxynonenal (4-HNE), 8-hydroxyl-2’-deoxyguanosine (8-OHdG) and
superoxide ion, attenuated pro-apoptotic proteins in ischemic female
rats through an antioxidant mechanism that involves the increase in
MnSOD expression and attenuated ERK signal favoring neuronal sur-
vival in ischemic nucleus at 24 h post-injury (Wakade et al., 2008).
Furthermore, tamoxifen significantly attenuated nitrotyrosine levels
along with inhibiting the formation of peroxynitrites in proteins (Zhang
et al., 2005) and this may be one mechanism responsible for its neu-
roprotective effect on ischemic injury models.

Tamoxifen has shown neuroprotective effects in the context of
biochemical events associated with the secondary lesion framed in a
male rat model of spinal cord injury. This neuroprotection is accom-
panied by the reduction of TNFa levels and IL-1f and ultrastructural
changes after 6 h (Ismailoglu et al., 2010), reduction of ROS production
with treatment by tamoxifen 30 min post-injury (Tian et al., 2009) or
improvement in recovery in motor function 21-28 days post-injury
(Mosquera et al., 2014). Altogether, these data suggest tamoxifen as a
therapeutic alternative for the treatment of spinal cord injury in chronic
stages. Previous studies also support the neuroprotective and re-
storative role of tamoxifen through an antioxidant mechanism that re-
duces the production of superoxide and oxidative damage in the pe-
numbra of the cerebral cortex, in addition to decreasing the activation
of caspase-3 (Ismailoglu et al., 2010). Furthermore, tamoxifen also
exerts neuroprotective actions in animal models of ischemia. For ex-
ample, tamoxifen was found to be neuroprotective in a rat model of
permanent MCA occlusion, considered to be a realistic model of human
stroke. In this case, tamoxifen induces neuroprotection when it is ad-
ministered within 3h of the occlusion attenuating the increase in ex-
citatory amino acids (Kimelberg et al., 2003). In canine models, ta-
moxifen was reported as effective in reducing the neurological deficits
and the size of the infarct area in the brain of male beagles after
ischemia (Boulos et al., 2011). Meanwhile, other studies reported that
tamoxifen accumulated in the brain over long periods due to its ability
to cross the BBB (Li et al., 2012). In this concern, tamoxifen has effects
on the tissues by causing marked inhibition in the protein expression of
the Toll-like Receptor Type 4 (TLR4), NF-kB and downstream molecules
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such as IL-1f3, TNF-a, IL-6 and the intercellular adhesion molecule-1
(ICAM-1) (X. Sun et al., 2013). This effect of tamoxifen not only im-
proved early brain injury (EBI), but also had beneficial effects on cer-
ebral edema, BBB impairment, and clinical behavior scale, with a direct
impact on learning and memory in adult male rats with subarachnoid
hemorrhage (SAH) (X. Sun et al., 2013). Also tamoxifen prevented
brain weight loss and at low concentrations blocked 3-nitropropionic
acid-induced intracellular Ca®>* increase and cell damage (Feng et al.,
2004). However, many studies reported that high concentrations of
tamoxifen can also induce cell damage after hypoxic-ischemic brain
injury in male and female rat pups, but this damage is much lower in
adult female rats (Feng et al., 2004).

Finally, studies in elderly women confirmed that tamoxifen affects
brain homeostasis, in a similar form of that from estradiol. Using proton
magnetic resonance spectroscopy, it was found that women treated
with tamoxifen or estrogen had lower concentrations of myo-inositol
(MI) in the brain in comparison to controls (Ernst et al., 2002). Since
changes in myo-inositol have been associated with neurological con-
ditions such as AD (Voevodskaya et al., 2016) and brain injury, sug-
gesting that these changes can be of clinical relevance (Kierans et al.,
2014).

5.2.2. Tamoxifen, memory and neuroinflammation

Previous studies also indicated that tamoxifen improves the choli-
nergic system function and, as a consequence, the hippocampal-de-
pendent learning and memory processes in postmenopausal women
(Newhouse et al., 2013). Similarly, other studies have shown a clear
relationship between tamoxifen and improvement in learning and
memory of ovariectomized rats (OVX), probably through its protective
effects against oxidative damage of the brain (Zabihi et al., 2014). In
fact, recent studies have reported that after intoxication by MPTP, the
frontal cortex shows a neurodegeneration associated to glial cells and
the activation of the canonical pathway of NF«kB: IKK2-IkB-RelA:p50
and/or the non-canonical pathway that induces the nuclear transloca-
tion and transcriptional activity of the dimer NF-kB/RelB:p52. In one of
these studies, they investigated the effect of estrogenic compounds (17-
B estradiol, tamoxifen and 17-f estradiol + tamoxifen) over the pro-
gression of neurodegeneration and changes in the molecular and cel-
lular pattern of NF-kB as p65, p52, RelB and NIK in the frontal cortex of
Swiss male and female albino mice treated with MPTP. They found that
the activation of these pathways depend on the function of estrogens
through their nuclear or cytosolic ERs. They suggested that the varia-
bility of estrogen level and actions through ERs may explain that men
are more prone to develop PD than women (Mitra et al., 2015).

Upon neuroinflammation, tamoxifen and raloxifene decrease the
inflammatory response in both astrocytes and microglia submitted to
lipolysaccharide (Arevalo et al., 2012). Similary, in other study, a re-
duction of microglia activation was also reported in ovariectomized
rats. This response was found in cells after being treated with 17f3-es-
tradiol, raloxifene and tamoxifen after penetrating brain injury (Barreto
et al., 2014; Blasko et al., 2009). Likewise, anti-apoptotic actions of
these compounds by an ER-mediated mechanism were observed in
microglial cells treated with LPS and different concentrations of ta-
moxifen and raloxifene (Suuronen et al., 2005). This mechanism was
mediated by inhibitory signals affecting TGF-f3 (Perry et al., 1995) and
heat-shock proteins such as HSP72 (Gabai et al., 2000), which are re-
sponsible for the transient activation of MAPKs such as p38 and ERK1/
2. However, defining the anti-inflammatory signaling pathway induced
by SERMs in microglial cells requires further studies.

A protective effect of tamoxifen has been observed in MS and hy-
poxic-ischemic brain injury. In MS, it has been demonstrated that it
suppresses myelin-specific CD** T-cell proliferation, apparently
through a mechanism that involves the downregulation of MHCII levels
in the plasma membrane or the induction of TGF-$, a cytokine with
known anti-proliferative effects on T-cells. The authors also report an
inhibition of the differentiation of Thl and Th2 (Bebo et al., 2009),
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which may be related to tamoxifen’s ability to inhibit the production of
IL-12, as the main cytokine responsible for the generation of in-
flammatory Th1 cells (Komi and Lassila, 2000; Liu et al., 2002). For this
reason, tamoxifen can be considered as a regulator of the immune re-
sponse that may be potential for the treatment of inflammatory auto-
immune disorders affecting the CNS. In this regard, tamoxifen improves
the outcome by attenuating symptoms of encephalomyelitis and degree
of demyelination in an experimental autoimmune encephalomyelitis
model performed on adult female mice (Bebo et al., 2009). Otherwise, a
study with six-week-old male and female mice found the co-adminis-
tration of tamoxifen and 17f-estradiol attenuates the damage in in vitro
astrocytes infected with the toxoplasma Tachyzoite (Galvan-Ramirez
et al., 2016) through the inhibition of the ER, which has an important
effect in reducing parasite proliferation (Dittmar et al., 2016).

The possible mechanisms by which tamoxifen might have a neuro-
protective effect have been increasingly described by different in-
vestigations as we have previously shown. Its beneficial effect on the
maintenance of brain function has been demonstrated in vivo as well as
in vitro, and represent a possible alternative for the treatment of various
brain pathologies. This also guarantees the safety of this compound in
the treatment of cancer, but it is necessary to apply and specify the
mechanisms of action in some pathologies, as well as to identify more
precise aspects related to its metabolism and elimination.

5.2.3. Active metabolites of tamoxifen

Tamoxifen is transformed in the liver into three active metabolites,
N-desmethyl-4-hydroxytamoxifen (Endoxifen), a-hydroxytamoxifen,
and 4- and 3-hydroxytamoxifen, which are metabolized by the cyto-
chrome P450 enzyme complex (Cyps) (Table 4). For instance, the P450
(Cyps) is a family of proteins characterized by their ability metabolizing
drugs and xenobiotics compounds (Meyer et al., 2001). Although Cyps
enzymes are found in a smaller amount in the brain than liver, the
knowledge of metabolism of several drugs by these enzymes has now
been well established. As for tamoxifen metabolites, the 4-hydroxy
Tamoxifen has an affinity for ER one hundred times greater than ta-
moxifen. However, it only constitutes about 10% of its primary oxida-
tion. On the other hand, endoxyphene is the most active metabolite,
and it has similar characteristics at high concentrations (Irarrazaval,
2011).

CYP enzymes have a beneficial effect on the brain (Miksys et al.,
2000) and are expressed in astrocytes (Gambaro et al., 2016) and
neurons (Nebert et al., 2013). Currently, some isoforms of CYP450 have
been described with a neuroprotective effect in the brain (Terashvili
et al., 2012). CYP2E1 responds to inflammatory factors such as lipo-
polysaccharides and IL-1p, increasing its expression in rat glial cultures
in the face of an ischemic lesion (Tindberg et al., 1996). CYP2C29
prevents the cytotoxic effect in the brain by metabolizing phenytoin at
high concentrations (Meyer et al., 2001). It has also been reported to
promote cell proliferation, tube formation and migration in human
retinal astrocytes after hypoxia (Capozzi et al., 2014). The abuse of
cocaine consumption reduces the regulation of CYP2C8 and CYP2C9
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genes, which play an important role in the modulation of cere-
brovascular functions, thus increasing the risk of cardiovascular dis-
eases (Malaplate-Armand et al., 2005). CYP3A is expressed in astrocytes
(Naud et al., 2016) and is related with the metabolism of psychoactive
drugs (Woodland et al., 2008) and steroid hormones that are involved
mainly in the early development of the brain (Krauser and Guengerich,
2005; Rosenbrock et al., 1999). Similarly, CYP2D6 is an enzyme ex-
pressed in the brain that metabolizes drugs and endogenous neuronal
compounds (Mann et al., 2012). Also, CYP2D6 has been able to reduce
neuronal cell death by reducing the neurotoxic effect in neurons (Mann
and Tyndale, 2010). CYP2D6, which is also present in the mitochon-
drial membrane of neurons, is involved in the metabolism of several
drugs related to AD and PD (Mann and Tyndale, 2010; Miksys et al.,
2002). On the other hand, CYP2B6 and CYP2B1 are highly expressed in
BBB (Dauchy et al., 2008). The increased CYP2B6 expression level in
neurons and astrocytes is related to smoking and alcohol intake, which
increased the risk of development of neuropathologies and cancer
(Miksys et al., 2003). In male rat brains, nicotine exposure increased the
levels of CYP2B1 triggering the rise of carcinogenic metabolites, sus-
ceptibility to mutagenesis, genotoxicity, and cell death (Miksys et al.,
2000). CYP450 enzymes have been characterized in the brain and it has
been discover that some isoforms are expressed mainly in the en-
doplasmic reticulum and mitochondria of astrocytes and neurons
(Lavandera et al., 2015).

Some CYPs are involved in the metabolism of several drugs (Bajpai
et al.,, 2013). CYP2D6, CYP2C9 and CYP3A are the primary enzymes
that convert tamoxifen into different active metabolites (Singh et al.,
2011). Tamoxifen has been used as a treatment in different brain lesions
and pathologies, while its substrate and its signaling mechanism in the
brain are not clear, there is evidence of the action and metabolism of
these enzymes in the liver. For example, the bioactivation of tamoxifen
in breast cancer is carried out by several isoforms of CYP in the liver,
which is metabolized through different reactions such as N-demethy-
lation, 4-hydroxylation, a-hydroxylation and N-oxidation (Desta et al.,
2004). The N-demethylation reactions of tamoxifen are catalyzed by the
enzymes CYP3A, CYP3A4, and CYP3A5 and produce N-demethylta-
moxyphene (DMT) (Reddel et al., 1983; Wegman et al., 2007; White,
2003). The a-hydroxytamoxifen is catalyzed by CYP3A4 in liver
(Boocock et al., 1999), but the family of CYP3A is widely expressed in
brain and have an important role in steroid metabolism (Woodland
et al.,, 2008). The 4- and 3-hydroxy-TAM are catalyzed by CYP2B6,
CYP2C19 and CYP3AS5 (Dehal and Kupfer, 1999; Jordan, 2007; White,
2003). The N-desmethyl-4-hydroxytamoxifen (Endoxifen) is catalyzed
by CYP2D6 and CYP3A (Ahmad et al., 2010; Teft et al., 2011).

Considering the discussion above, tamoxifen can be metabolized by
the CYP450 enzymes in the brain by crossing the BBB, but the me-
chanism involved restricts the accumulation of tamoxifen in the brain
and its metabolites. Also plays an important role the Glycoprotein P(P-
gp), which is an ATP-dependent drug/flow pump expressed in en-
dothelial cells that acts as a transporter in the BBB limiting the cerebral
penetration of drugs (Dauchy et al., 2008). For example, one study

Table 4
Degradation and metabolites of raloxifene and tamoxifen in brain tissue and other tissues.
SERMs Enzyme (s) Function (s) Metabolite (s) Cell-type References
Raloxifene  UDP-glucuronosyl- Metabolism of endogenous compounds (bilirubin, Raloxifene-4’-Glucuronide ~ Astrocytes Dluzen et al. (2014), Gradinaru et al.
transferases (UGTs) steroid hormones, bile acids, fatty acids) and Raloxifene-6-Glucuronide Endothelial Cells (2012), Kemp et al. (2002), Ouzzine
UGT1A1 detoxication of drugs and xenobiotics, besides the Neurons et al. (2014), Suleman et al. (1998)
regulation of neurotransmitters (Dopamine and and D. Sun et al. (2013)
serotonin).
Tamoxifen P450 (CYPs) Proteins characterized for their ability of metabolize = N-desmethyl-4- Astrocytes Gambaro et al. (2016), Malaplate-
enzymes drugs and xenobiotics compounds. Moreover, the hydroxytamoxifen Endothelial Cells Armand et al. (2005), Mann et al.
CYP2D6, CYP2C9 CYPs have exhibited a neuroprotective effect in brain ~ (Endoxifen) Neurons (2012), Meyer et al. (2001), Singh
and CYP3A against injuries, pathologies and by inactivating a-hydroxytamoxifen et al. (2011) and White (2003)

neurotoxins.

4-hydroxy-tamoxifen
3-hydroxy-tamoxifen
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showed that in the absence of P-gp, tamoxifen and its metabolites in-
creased its accumulation slightly, whereas the activation of P-gp by
tamoxifen decreased its accumulation (Tusuf et al., 2011). Likewise, a
study evaluated the time of total degradation of tamoxifen and its
metabolites such as 4-Hydroxytamoxifen, N-desmethyl-tamoxifen, en-
doxifen and norendoxifen in the CNS, and found that the degradation of
tamoxifen, and its metabolites, take up to 8 days depending on factors
such as mouse strains, age, and dosage (Valny et al., 2016). Under-
standing these aspects is fundamental for the treatment with tamoxifen
since the effectiveness of the treatment depends on the concentration of
the drug.

5.2.3.1. 4-Hydroxytamoxifen. 4-Hydroxytamoxifen the active
metabolite of tamoxifen, has 25 to 50 times higher binding affinity
than tamoxifen for the ERs (Fabian et al.,, 1981). Even though 4-
hydroxytamoxifen has a higher affinity for ERs, other studies showed
relative binding affinities in percentage to be 36% for ERa and 43% for
ERP compared to 100% for 17p-estradiol (Qiu et al., 2003). The above
finding indicates that 4-hydroxytamoxifen has not an estrogenic
activity similar to that of tamoxifen. In another study, it was shown
evidence that 4-hydroxytamoxifen prevented the loss of cytochrome C
induced by calcium, exhibiting high antioxidant capacity (Moreira
et al., 2005). Indeed, tamoxifen and 4-hydroxytamoxifen had similar
protectives effects in response to increased levels of TGF, inducing the
release of anti-inflammatory cytokines with neuroprotective properties
in cortical astrocytes (Dhandapani et al., 2005). Similarly, tamoxifen
and 4-hydroxytamoxifen increased neuronal survival against toxic
insults such as AP and glutamate-induced toxicity, both linked to
neuronal degeneration in AD (O'neill et al., 2004). In the same study,
it was mentioned that both compounds did not affect the neuronal
process (Yazgan and Naziroglu, 2016), outgrowth and memory function
in the complexity of cortical, hippocampal, or basal forebrain (O'neill
et al., 2004). In contrast, in adult male Sprague-Dawley rats tamoxifen
has been shown to promote axonal growth and clearly reduced the
number of apoptotic neurons after spinal cord injury by reducing the
production of axonal growth inhibitors, as well as significantly
attenuating the production of IL-B induced by microglial activation
(Tian et al.,, 2009). This confirms that tamoxifen provides
neuroprotective effects and may have a therapeutic potential on
human spinal cord injury.

Other studies have shown that 4-hydroxytamoxifen prevents mi-
tochondrial dysfunction and inhibits lipid peroxidation caused by the
ADP/Fe®* oxidant pair, as well as the mitochondrial permeability of
the transition pore, decreasing the level of repolarization and an in-
crease in the repolarization phase (Moreira et al., 2004). 4-Hydro-
xytamoxifen also shows a protective effect against oxidative stress by
eliminating free radicals such as the superoxide ion by inducing the
expression of MnSOD (Kuo et al., 2003; Pinto-Basto et al., 2009). 4-
Hydroxytamoxifen is an active signal transducer that stimulates the
activator of transcription 3 (STAT3) inhibiting the differentiation of
stem cells by binding to ERs (Matsuda et al., 1999).

6. Molecular mechanisms of the SERMs dependent on the action of
Estrogen Receptors

Tamoxifen and its active metabolites compete with estrogens for
binding to ER. The genomic effects of tamoxifen are related to the ac-
tivation of ERa and ERP inducing a different conformation of the ER to
the conformation induced by 17p-estradiol (E2) and other potent es-
trogens (Zhou et al., 2007) (Table 5). Tamoxifen is a potent activator of
ER-mediated induction of promoters regulated by AP-1 sites that in-
clude the promoter of the human collagenase gene and constructs in
which an AP-1 site is fused with the promoter of herpes thymidine ki-
nase (Eberling et al., 2004; Miksys and Tyndale, 2004). Tamoxifen
agonist at AP-1 sites is specific to the cell type and occurs in cell lines of
uterine origin, but not of mammary origin and it is paralleled to
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tamoxifen agonist in vivo. AP-1 proteins such as Jun or Jun/Fos are
necessary for stimulation with tamoxifen, since it increases the tran-
scriptional efficiency even when they are provided in optimal amounts.
In a previous study, 4-hydroxytamoxifen in astrocytes exhibited an
agonist effect that binds to the reporter driven by ER-a and AP-1
(Guzman et al., 2005, 2007). Similarly, other studies showed that ta-
moxifen binds to ER and activates dielectric barrier discharge, which
increases the transcriptional efficiency of Jun/Fos in AP-1 promotion
sites (Webb et al., 1995), as well as both tamoxifen and raloxifene were
found to be potent activators of ER-f and AP-1 mechanism through
which gene transcription was triggered (Paech et al., 1997). In a pre-
vious study, it was also found that treatment with tamoxifen increased
the levels of the phosphorylated forms of the Jun N-terminal kinases
(JNK), c-Jun and AP-1 (Schiff et al., 2000). From the molecular point of
view, it was also suggested that ER(} and ERa have different roles in
gene regulation and response according to the ligand, and that the
regulation of tamoxifen and raloxifene differed in different brain re-
gions (Eberling et al., 2004; Zhou et al., 2002). For example, one study
showed that tamoxifen increased the levels of ER} mRNA in the hy-
pothalamus, but raloxifene augmented levels of ERB mRNA in the
amygdala, while another study suggested that tamoxifen stimulated
ERp, triggering the transcription of the AP-1 complex in hippocampal
cells (Pak et al., 2005).

Tamoxifen, raloxifene, ospemifene and bazedoxifene exhibited a
similar response to that of estradiol on inflammation. These SERMs
decreased IL-6 and IL-10 expression under lipopolysaccharide (LPS)
insult in astrocytes. Regarding ospemifene and bazedoxifene, it was
observed that these compounds inhibit the nuclear translocation of the
p65 subunit of NF-kB induced by LPS though an ER-dependent me-
chanism (Cerciat et al., 2010). In an spinal cord injury model, tamox-
ifen reduced NF-kBp65, and activation of phosphorylated IkBa and
caspase 3 (Wei and Ma, 2014), suggesting that this compound is an
inhibitor of the IKKB/NF-kB pathway. Similarly, raloxifene triggers an
anti-inflammatory process through ER by blocking the translocation of
NF-kB p65 to the nucleus, reducing the expression of IL-1f3 and TNF-a
and its suppressive effect on the expression of CCL20, which activates
the migration of Th7 by astrocytes in an experimental model of auto-
immune encephalomyelitis (Li et al., 2014). Among other studies, ta-
moxifen activated PI3K through an ER-mediated mechanism, which, in
turn, induced the inhibition of inflammatory gene transcription, the
transport of NF-xB to the nucleus and reduced astrogliosis, as well as
decreased the number of proliferating NG2 cells acting on ER (Franco
Rodriguez et al., 2013). Furthermore, in glioblastoma cells, it was ob-
served that activation of ERa-36, a variant of ERa, has shown an action
similar to that of tamoxifen, showing a neuroprotective effect that in-
volves MAPK/ERK and PI3K/Akt (Liu et al., 2016). Indeed, low con-
centrations of tamoxifen increased the expression of ERa-36 in hippo-
campal neurons following MCAO (Zou et al., 2015).

Tamoxifen contributes to reducing the excitotoxicity in astrocytes
since it binds to ER and increases the expression of transforming growth
factor (TGF) and GLT1 (Lee et al., 2012b). In neurodegenerative dis-
eases such as PD, whereby toxicity is produced by an increase in the
concentration of manganese in astrocytes, thus inducing oxidative
stress, energetic alterations and loss of mitochondrial potential. In this
regard, treatment with tamoxifen (1 uM) reduced the toxicity by at-
tenuating ROS production through mechanisms not dependent on ER
and probably because of its antioxidant properties (Milatovic et al.,
2007) and activation of PI3K/Akt (Yu et al., 2004). Another study re-
ported that tamoxifen also decreased cell death in astrocytes isolated
from cerebral cortex of newly born Sprague-Dawley rats by activating
PI3K/Akt and MAPK/ERK signaling pathways after 24 h of manganese
insult (Lee et al., 2009). Taken together these findings, tamoxifen ex-
hibited an effective therapeutic actions against manganese toxicity,
which is found increased in some neurodegenerative diseases. Several
other experiments have reported that tamoxifen improves the astroglial
uptake of glutamate via glutamate-aspartate transporter (GLAST) in rat
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Table 5
Classic receptors: Estrogen Receptors alpha and beta activation by SERMs.
SERM Receptor Main Findings References
Tamoxifen ER mRNA levels — Increased in hypothalamus. Zhou et al. (2002)
ERP - Increased phosphorylated JNK c-Jun. Schiff et al. (2000)
Classical Estrogen Receptors — Reduced expression of NF-kB p65 and phosphorylated I-kBa Wei and Ma (2014)
— Attenuated the expression of active caspase-3 and reduction of
apoptosis, and infiltration of leukocytes to the injury site.
Mechanism mediated by ERa — Inhibition of inflammatory gene transcription mediated by ER and NF-  Franco Rodriguez et al. (2013)
kB
ER-a36, a novel variant of ERa - Enhanced neuroprotection by regulating ER-a36 expression Zou et al. (2015)
ER - Pathways — Attenuation of manganese-induced ROS formation through Lee et al. (2009)
phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway
ERa — ERP - Pathways — Increased TGF-a mRNA and protein levels and increased GLT - 1 Lee et al. (2012b)
ER-Pathways — Increased expression and release of TGF-f1 and TGF-B2 mediated by = Dhandapani et al. (2005)
phosphotidylinositol 3-kinase (PI3K)/Akt
ER-Pathways — Decreased neuronal loss and apoptosis mediated by increasing Tsai et al. (2014)
neuronal p-ERK1/2 and Bcl-2 expression
ER - Pathways — Ameliorate TBI-induced depression-like behavior in rats by increasing ~ C.-C. Wang et al. (2016)
neuronal p-ERK1/2 expression, associated with neuronal Bcl2 and
BDNF expression
ER - Pathways — Attenuated the elevation of pERK1/2, an effect correlated with Wakade et al. (2008)
reduced infarct size.
— Enhancement of MnSOD expression
ERa — Neuroprotection to hippocampal neurons by modulating the Mosquera et al. (2014) and
expression of Bcl-2 and Bax Sharma and Mehra (2008)
Raloxifene ER mRNA levels — Increased in amygdala. Zhou et al. (2002)

ER - Pathways

— Suppressed IL-13-induced NF-kB activation (phosphorylation of p65)

Li et al. (2014)

and translocation but did not affect phosphorylation of IkB

ERa

— Neuroprotective action of raloxifene against hypoxia-induced damage

Rzemieniec et al. (2015)

in mouse hippocampal cells

ER - Pathways

Potent transcriptional activators
with ERP at an AP1 site
Estrogen receptor-dependent
pathway

Estrogen Receptor-Betal
Mechanism involving Classical
Estrogen Receptors

Tamoxifen/Raloxifene
Tamoxifen and Raloxifene

40H-tamoxifen

Tamoxifen, Raloxifene,
Ospemifene and
Bazedoxifene

Ospemifene and Bazedoxifene Mechanism involving Classical

Estrogen Receptors

— Reduced production of TNF-a and IL-13 6 h after SCI
— Element triggering the transcription of genes

- Suppressed microglial activation and neuronal cell death
— Mediated gene transcription in neuronal cells

— Decreased the expression of IL-6 and IP-10 mRNA and protein levels

- Anti-inflammatory actions by the inhibition of LPS-induced NF-kB p65
transactivation

Ismailoglu et al. (2013)
Paech et al. (1997)

Ishihara et al. (2015)
Pak et al. (2005)

Cerciat et al. (2010)

Cerciat et al. (2010)

astrocytes through ER. Indeed, tamoxifen increases the expression of
TGF-B1 as a result of augmented GLAST expression (Lee et al., 2009),
besides promoting the release of TGF-$ in cortical astrocyte, which
depends on the membrane-associated ER that induces the phosphor-
ylation of Akt (Dhandapani et al., 2005).

In spinal cord injury, tamoxifen showed antioxidant effect and re-
covery of locomotor activity mediated by the ERa (Mosquera et al.,
2014; Sharma and Mehra, 2008). Furthermore, long-term administra-
tion of tamoxifen in ovariectomized rats reduced upregulation of BAX
and downregulation of Bcl-2 proteins in the hippocampus by exerting
its protective effect through ERa and in hippocampal neurons of male
rats, after TBI, tamoxifen-induced anti-apoptotic proteins by the acti-
vation of the pERK1/2 signal pathway and Bcl-2 (Tsai et al., 2014).
Similarly, tamoxifen demonstrated the reduction of neuronal death in
TBI by the activation of ERK1/2 and Bcl-2. In this study, the researchers
proposed that tamoxifen promoted cell survival by activating the RSK-
ERK-Creb-Bcl-2 pathway. Also, tamoxifen increased some neurotrophic
factors such as BDNF that are implicated in cell survival (C.-C. Wang
et al., 2016). A study in cerebral ischemia showed that tamoxifen has
beneficial effects by decreasing phospho-ERK1/2 and reducing the in-
farct size (Wakade et al., 2008). It also implies an antioxidant me-
chanism as it attenuated the production of the superoxide anion
(Wakade et al., 2008). On the other hand, in brain trauma, the response
of purinergic receptors (P2) results in the release of active ATP and
ERK. In turn, ERK signaling is involved in the mechanisms of pro-
liferation and differentiation in astrocytes after injury, as well as when
calcium influx rules out the decreased ERK activation (Neary et al.,
2003).
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The ER-B and GPR30 expression levels under hypoxic conditions
were not increased by raloxifene treatment in hippocampal neurons
(Rzemieniec et al., 2015). On the contrary, in another study, the pro-
tective effect of raloxifene on hippocampal neurons was mediated by
ERa, which triggers the increase of mitochondrial membrane potential,
loss of the lactate dehydrogenase enzyme (LDH) and decreased neu-
ronal survival. In astrocytes under oxygen glucose deprivation and
hypoxic injuries, estrogens showed to change the expression of ERa and
to induce neuroprotective effects (Al-Bader et al., 2011). This study
suggested that these changes in ERa expression were mediated by the
hypoxia-inducible factor-1 (HIF-1). For instance, HIF-1 has a pivotal
role in the celladaptation to hypoxic conditions, is expressed in astro-
cytes under ischemic conditions, and is implicated in increasing glu-
tathione, astrocytic survival, and the cell protection against glutamate
toxicity (Badawi et al., 2012). Finally, tamoxifen and raloxifene also
suppressmicroglial activation. Under LPS toxicity, the decrease of mi-
croglia activation induced by tamoxifen and raloxifeneinvolved the ER-
mediated activation of gene promoters containing estrogen response
element (ERE) and triggered a reduction of TNFa and IL-1f mRNA
expression (Ishihara et al., 2015). Similarly, raloxifene decreased the
concentration of IL-6 and TNF-a induced by spinal cord injury, which
contributes to a reduction of iNOS (Ismailoglu et al., 2013).

7. Non-Genomic signaling mediated by SERMs: G/Protein coupled
receptor for estrogens (GPR30)

Several studies have shown that the neuroprotective effect of ta-
moxifen persists even after the administration of ER blockers (Zhang
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Table 6

Non-classic receptors: G protein coupled receptor for estrogen (GPR30) activation by SERMs.
SERM Receptor Main Findings References
Raloxifene Stereospecific neuroprotection — Neuroprotective effect on dopamine transport Callier et al. (2001)

- Neuroprotective properties of Raloxifene in MPTP C57Bl/6 mice

G protein-coupled estrogen
receptor

— Activation of ERK, EGFR, and CREB pathways

— Activation of striatal Akt signaling and increased Bcl-2 and BDNF levels
— Activation of Nrf2 and antioxidant response element (ARE)

Bourque et al. (2014)
Abdelhamid et al.
(2011)

Karki et al. (2014b)

— Enhanced expression of GLT1 and GLAST

— GPR30 trigged a rapid signaling of intracellular Ca**, activation of PI3K/Akt and Src/ERK/
CREB pathways exhibiting anti-apoptotic mechanisms of neuroprotection
— Increased astrocytic expression of GLT-1 and its molecular mechanism is involved by

17B-estradiol (E2)

Abdelhamid et al.
(2011)
Lee et al. (2012a)

cAMP/PKA pathways, CREB, and NF-kB p50 and NF-kB p65

Tamoxifen

— Increased TGF-o mRNA and protein levels and increased GLT - 1
— GPR30 activated several pathways as ERK 1/2, PI3K, cAMP and PKA and increased the

Lee et al. (2012b)
Lee et al. (2012b)

expression of transforming growth factor (TGF) and GLT1 in astrocytes.

et al.,, 2007). Therefore, this suggests that tamoxifen might bind to
others receptors such as GPR30. GPR30, also called as G-protein es-
trogens receptor-1 (GPER1), is a member of superfamily G-protein re-
ceptors implicated in rapid kinase signaling involved in neuroprotec-
tion and pro-survival mechanisms such as Akt, ERK and PI3K signaling
(Arevalo et al., 2015; Tang et al., 2014) (Table 6). Indeed, GPR30
triggers a rapid response by decreasing the pro-apoptotic JNKs (Tang
et al., 2014).

Raloxifene has displayed protective actions on dopaminergic neu-
rons under MPTP toxicity in C57BL/6 male mice by a mechanism in-
volving the activation of GPR30, AKT phosphorylation, and positive
modulation of Bcl-2 and BDNF, but not of GDNF (Bourque et al., 2014).
However, in another toxicity study using 6-OHDA, it was found that
treatment with 17p-estradiol also increased GDNF protein levels both in
the substantia nigra and striatum, inducing protection of nigrostriatal
dopaminergic neurons in a male rat model of PD (Campos et al., 2012).
GPR30 activation is associated with the promotion of the expression of
GDNF in dopaminergic neuronsinduced by 17f-estradiol as a me-
chanism against MPTP toxicity (Bessa et al., 2015). Raloxifene also
induced a stereospecific neuroprotection acting on dopamine transport
(DAT) and dopamine depletion caused by MPTP toxicity in neurons of
the substantia nigra and the striatum (Callier et al., 2001).

Tamoxifen increased the expression of glutamate transporter (GLT-
1) in astrocytes, decreased manganese levels, and enhanced the uptake
of glutamate, thus preventing excitotoxicity (Lee et al., 2012b). In this
regard, tamoxifen acted via GPR30 by activating several signaling
factors such as ERK 1/2, PI3K, cAMP, and PKA and by increasing the
expression of the transforming growth factor (TGF) and GLT-1 in as-
trocytes (Lee et al., 2012b). Tamoxifen also improved the expression of
TGF and GLT-1 by stimulating CREB and NF-kB (Karki et al., 2013). The
epidermal growth factor (EGF) receptor (EGFR) plays an important role
of expression of GLT-1 in astrocytes by stimulating the TGF-a/EGFR
pathway. In this regard, GPR30 stimulates EGFR by transactivation (Lee
et al., 2012b; Mo et al., 2013).

Raloxifene promotes the expression of GLT-1 and GLAST in astro-
cytes by the activation of ERK, EGFR, and CREB pathways and signaling
by GPR30 (Karki et al., 2013, 2014c). In another model the oxygen-
glucose deprivation in cortical neurons, raloxifene prevented apoptosis
and cell death by a non-genomic path through its binding to GPR30,
triggering rapid signaling of intracellular Ca®", activating the PI3K/Akt
and Src/ERK/CREB pathways exhibiting anti-apoptotic mechanisms of
neuroprotection (Abdelhamid et al., 2011). Additionally, raloxifene
triggers the activation of the transcription factor Nrf2 and the anti-
oxidant response element (ARE), which is anER-independent promoter
of redox homeostasis in neurons under oxygen-glucose deprivation
(Abdelhamid et al., 2011). The activation of ARE is implicated in the
expression of genes that are protective against oxidative stress and is
dependent on Nrf2 activity (Lee et al., 2003).
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To date, several studies also support the neuroprotective effects of
E2 associated to GPR30. For example, E2 increases the astrocytic ex-
pression of GLT-1, and its molecular mechanism incolves cAMP/PKA,
CREB, and NF-kB p50 and NF-kB p65 pathways, which are activated by
EGF/EGEFR regulated through GPR30 (Lee et al., 2012a). In this regard,
a positive modulation of NF-kB in the expression of GLAST-1 (rodent)
and EAAT1 (human) through EGF has also been reported (Karki et al.,
2015). On the contrary, it was found that the transcription factor Yin
Yang 1 (YY1), which is a repressor of the EAAT1 promoter that are
induced by manganese toxicity, can trigger the downregulation of
EAAT1 and TGF-a expression (Karki et al., 2017, 2015). Another study
reported the negative effects of YY1 on EAAT1 expression by TNF-a
action (Karki et al., 2014b), thus triggering increased production of
glutamate, which in turn is related to neurodegeneration. Although, it is
known the role of EGF stimulating the expression of GLT-1 through
GPR30, and the opposite effects of YY1, enhancing glutamate levels and
neurodegeneration, it is not yet clear whether all SERMs affect NF-kB
through GPR30 or can also affect YY1 activity (Karki et al., 2017, 2015)
or stimulate protective factors like the EGF (Karki et al., 2015).

8. Tamoxifen-induced differentiation of progenitor cells

Recently, some studies have assessed the potential of neural pro-
genitor cells and oligodendrocytes precursors cells (OPCs) as a strategy
for regeneration against CNS diseases and injuries such as TBI (X. Wang
et al.,, 2016) and MS (Gonzalez et al., 2016). NPCs have multipotent
capacities to become neurons, astrocytes and oligodendrocytes (Suh
et al., 2007). Estrogens have shown increased proliferation of neural
progenitor cells and their response is mediated by ER-B and activation
of ERK signaling, which is implicated in cell cycle regulation and cell
proliferation (Wang et al., 2008). Neural stem/progenitor cells were
reported to differentiate into oligodendrocytes by the actions of estro-
gens, but this action is not associated with ER activation (Okada et al.,
2010). Although the proliferation is associated with activation of ER, it
triggers the phosphorylation of MAPK/ERK (Okada et al., 2010).

Tamoxifen has effects on axonal and myelin preservation under
spinal cord injury, which might favor locomotion recovery in cats (de la
Torre Valdovinos et al., 2016). The beneficial effect of tamoxifen on
myelin might be related to the differentiation of oligodendrocyte pro-
genitor cells. This, in turn, may favor the remyelination in vivo by ta-
moxifen and is mediated by ER-a, ER-B and GPR30 (Gonzalez et al.,
2016). In this same study, tamoxifen triggered differentiation response
by binding to ERa and ER[, which promotes ERK 1/2 and CREB ac-
tivities (Gonzalez et al., 2016). Tamoxifen is also a potent inducer of
oligodendrocyte progenitor cells differentiation by modulating GPR30
that increases the intracellular calcium levels thus activating the ade-
nylyl cyclase (AC) and as a result stimulating PKC-a and CREB1
(Gonzalez et al., 2016). Using high throughput screening assays,
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raloxifene, toremifene and tamoxifen promoted the differentiation of
oligodendrocyte progenitor cells through ER-B, which triggers the ac-
tivation of PI3K/Akt/mTOR signaling pathway (Lariosa-Willingham
et al., 2016).

Rapamycin targeted in mammalian cells or mTOR has an important
role in oligodendrocyte progenitor cells differentiation. The mTOR
phosphorylation in vivo is implicated in signaling of immature oligo-
dendrocyte stage, and regulated the expression of genes related to
myelin and suppressed the expression of transcriptional repressors
during oligodendrocyte progenitor cells differentiation (Tyler et al.,
2009). Moreover, mTOR is implicated in the process of neurogenesis
due to the increase of proliferation and differentiation of neural stem
cell (NSC) in the hippocampus of aged mice (Romine et al., 2015), and
previous study indicated that TBI increases the NSC proliferation by
mTORC1 activation in the hippocampus (X. Wang et al., 2016). Thus,
available evidence suggests that tamoxifen is involved in the differ-
entiation of oligodendrocyte progenitor cells (Gonzalez et al., 2016)
and the proliferation of astrocytes of male wistar rats after injury
(Franco Rodriguez et al., 2013). Therefore, tamoxifen and other SERMs
have become therapeutic targets for inflammatory and demyelinating
diseases not only as agents for direct treatment with potential protec-
tion against ROS, but also for their contribution in the differentiation of
oligodendrocyte progenitor cells and oligodendrocytes that form
myelin. However, more research is needed to investigate their mole-
cular mechanism of action.

9. Tamoxifen-inducible Cre-loxP system for fate-mapping

Tamoxifen, 4-hydroxytamoxifen, and endoxifen induced astro-
gliogenesis after spinal cord injury in female Balb/c mice and promoted
the differentiation of oligodendrocyte progenitor cells in a form in-
dependent of the ER activation (Barabasi et al., 2016). Some previous
studies have described the capacity of astrocytes to differentiate into
stem cells under the conditions of injury using a tamoxifen-inducible
Cre-loxP system (Buffo et al., 2008; Sirko et al., 2013). For instance, the
Cre/lox system is a molecular technique that controls site-specific DNA
recombination in different regions of brain. The action of Cre/lox
system is mediated by tamoxifen, which binds to Cre/ER and releases
HSP90 to be translocated into the nucleus and to mediate the specific
recombination of a site (Slezak et al., 2007). Therefore, knowing the
kinetics and metabolism of tamoxifen when using a CRE-loXp system,
which is an experimental alternative for the genetics and cell biology of
mammals, is important not only for the role of a particular gene in both
development and pathogenesis, but also to define the dosage to avoid
over-recombination (McLellan et al., 2017; Ray et al., 2000; Sauer,
1998).

9.1. Notch-1 receptor

Notch proteins are ligand-activated transmembrane receptors
(Artavanis-Tsakonas et al., 1995; Blaumueller and Artavanis-Tsakonas,
1997). Notch has significant effects on the CNS. For example, Notch
regulates both neurogenesis and cell cycle activity to coordinate the
differentiation of precursor cell in the eyes of Drosophila (Bhattacharya
etal., 2017). Also, Notch-1 is part of the signaling mechanisms involved
in the proliferation of astrocytes under conditions of injury (Kato et al.,
2018; Zhang et al., 2015), astrocytic functional maturation (Hasel et al.,
2017) and the astrocytic expression of GLT-1 (Lee et al., 2017).

Notch 1 activity is required for reactive astrocyte proliferation in the
peri-infarct area after stroke (Shimada et al., 2011). After tamoxifen
treatment, GFAP-CreER™:Notch-1 conditional knockout mice had a
significantly decreased number of proliferating and RC2-positive re-
active astrocytes. Tamoxifen treatment also led to an increased number
of CD45-positive cells that invaded the peri-infarct area. There is evi-
dence that both the y-secretase and the endothelin type B receptor
(ETBR) are important in Notch-1 signaling. The y-secretase in astrocytes
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is involved in the proliferation of reactive astroglia (Shimada et al.,
2011). Also, previous studies have shown that y-secretase increases its
activity under the condition of ischemia (Arumugam et al., 2011; Pluta
et al., 2013) and that treatment with the y-secretase inhibitor L-685,458
after a stroke attenuated cerebral ischemia-induced caspase-3 cleavage
and apoptotic cell death (Polavarapu et al., 2008) and modulation of
neuroinflammation and neurodegenerative diseases (Gandy and
Wustman, 2011; Wolfe, 2008).

Another molecule that has been found to mediate astrogliosis
through Notch-1 is the Type B endothelin receptor (ETBR). Astrocytes
proliferation through Notch-1 is related to increased expression of
STAT3 and Jaggedl, and induction of ETBR in male C57BL/6J mice
(LeComte et al., 2015). Astrocytes do express an endothelin receptor. In
normal conditions, endothelin-1 (ET-1) is not detectable in astrocytes,
but in pathological conditions it is highly expressed and triggers hy-
pertrophy and reactive gliosis (Hostenbach et al., 2016). Endothelin-1
induced reactive gliosis via activation of c-Jun/JNK pathway (Gadea
et al., 2008). Using a Cre/ER system for tamoxifen-induced ETBR in the
case of multiple sclerosis, it was possible to confirm that the astrocyte-
derived endothelin-1 inhibits remyelination through Notch activation
(Hammond et al., 2014, 2015; Reddel et al., 1983). However, several
trials are still required to fully understand the role of Notch-1 and its
signaling in different pathologies, and also to understand when its role
or activation is harmful or beneficial for brain tissues and whether the
use of SERMs may contribute to the activation of survival pathways or
neuroprotection through this receptor.

9.2. Inositol 1, 4, 5-trisphosphate receptor type 2 (ITPR2)

Inositol 1, 4, 5-trisphosphate receptor type 2 (ITPR2), also called
IP3R2, is a receptor for inositol triphosphate (IP3), a second messenger
that triggers intracellular calcium release by IP3-sensitive channels.
Ca®* signaling modulates synaptic transmission (Hirase et al., 2004)
and intracellular increase of Ca®* releases gliotransmitters such as
glutamate, ATP, and D-serine (Martineau, 2013). Glutamate and D-
serine increases synaptic plasticity through NMDAR (Padmashri et al.,
2015; Shigetomi et al., 2013b), and ATP supports neuronal transmission
and survival.

About the mechanisms involved in the release of gliotransmitters, it
was found studying a mutant IP3R2 mice, generated using the tamox-
ifen-induced Cre-recombinase technique that the activation of IP3R2 in
astrocytes was due to increased Ca®™ levels which was related to motor
skill learning, while the expression of a mutant IP3R2 plus fluorocitrate
(FC) treatment had a negative impact on learning (Padmashri et al.,
2015). Nonetheless, in response to brain injury, Ca®* signaling is re-
quired for astrogliosis, and the activation of IP3R2 induced by Ca®>* and
IP3 releases ATP, ET1, and glutamate from the injury site (Kanemaru
et al., 2013). In ischemic stroke, astrocytic deletion of IP3R2 reduced
neural damage, cell death, PLC/IP3R2 Ca®™ signaling, glutamate ex-
citotoxicity from astrocytes, and attenuated reactive-like astroglial
morphology in the adult male and female IP3R2KO (Li et al., 2015).

9.3. Cannabinoid receptors (CBR)

CBRs are expressed in hippocampal astrocytes and are part of the G
protein-coupled seven-transmembrane receptor (GPCR) superfamily
(Navarrete and Araque, 2008). Tamoxifen and its metabolites exhibit
affinity towards cannabinoids subtype 1 and 2 receptors (CB1R and
CB2Rs) (Ford et al., 2016). The Z-hydroxytamoxifen showed higher
affinity for CB1R and CB2R than Z-Tamoxifen or Z-Endoxifen, but 4-
hydroxytamoxifen showed high affinity for CB2R (Ford et al., 2016).
Activation of the cannabinoid system promotes the communication
between astrocytes and neurons, triggering astrocyte Ca®* signaling,
the release of glutamate, and the activation of the neuronal NMDAR.
Through Cre/loxP system in GFAP-CB1-KO mice, treatment with ta-
moxifen showed that deletion of CB1 receptors in astrocytes produced a
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detriment in ObR and response to leptin in astrocytes (Bosier et al.,
2013). Leptin is required for the maintenance of brain energy stores
such as glycogen and synaptic transmission (Bosier et al., 2013; Kim
et al.,, 2014). On the other hand, a study using a conditional mutant
male mice lacking the type-1 cannabinoid receptors CB1R suggested
that the consumption of marijuana alters hippocampal-dependent spa-
tial working memory by activating the CB1R in astrocytes but no in the
CB(1)R in glutamatergic or GABAergic neurons (Han et al., 2012). As-
trocytes seem to potentiate synaptic transmission through CB1R, which
stimulatesthe release of glutamate from astrocytes (Navarrete and
Araque, 2008). In addition, the endocannabinoid system supports
neuron-astrocyte communication through CB1R-mediated phospholi-
pase C-dependent Ca?* mobilization from internal stores and triggers
the release of glutamate that activates neuronal NMDAR (Navarrete and
Araque, 2008).

10. Concluding remarks

In conclusion, the evidence presented here indicates that SERMs
such as tamoxifen and raloxifene, in addition to their action in other
organs, have a fundamental role at the CNS level. These include anti-
oxidant, antiapoptotic properties, reduction of microglia activation by
mechanisms independent of estrogen receptors and trigger numerous
mechanisms of survival and differentiation in neurons, astrocytes, mi-
croglia and oligodendroglia. Should these benefits be added to the lack
of treatment that currently have several brain pathologies, SERMs be-
come an promising therapeutic alternative to decrease brain damage or
slow down the progress of these diseases. However, it is evident that
SERMs not only have benefits for the treatment or reduction of sec-
ondary events in brain pathologies, but are also involved in the dif-
ferentiation of cells such as oligodendrocyte precursors. Until nowa-
days, it has not been investigated whether SERMs have clear effects on
neuronal stem cells and the pharmacokinetics of tamoxifen at the brain
level have not been well characterized yet. Therefore, future studies on
this aspect and the clinical advance of the use of SERMs in the CNS are
presented with a good projection at the therapeutic level.
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