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Abstract: Recent studies have shown that the selective estrogen receptor modulator (SERM) raloxifene
had pronounced protective effects against progressing brain damage after traumatic brain injury
(TBI) in mice. These studies, indicating beneficial effects of raloxifene for brain health, prompted the
study of the history and present state of knowledge of this topic. It appears that, apart from
raloxifene, to date, four nonrelated compounds have shown comparable beneficial effects—fucoidan,
pifithrin, SMM-189 (5-dihydroxy-phenyl]-phenyl-methanone), and translocator protein (TSPO)
ligands. Raloxifene, however, is ahead of the field, as for more than two decades it has been used in
medical practice for various chronic ailments in humans. Thus, apart from different types of animal
and cell culture studies, it has also been assessed in various human clinical trials, including assaying
its effects on mild cognitive impairments. Regarding cell types, raloxifene protects neurons from cell
death, prevents glial activation, ameliorates myelin damage, and maintains health of endothelial cells.
At whole central nervous system (CNS) levels, raloxifene ameliorated mild cognitive impairments,
as seen in clinical trials, and showed beneficial effects in animal models of Parkinson’s disease.
Moreover, with stroke and TBI in animal models, raloxifene showed curative effects. Furthermore,
raloxifene showed healing effects regarding multiple sclerosis (MS) and amyotrophic lateral sclerosis
(ALS) in cell culture. The adverse biological signals typical of these conditions relate to neuronal
activity, neurotransmitters and their receptors, plasticity, inflammation, oxidative stress, nitric oxide,
calcium homeostasis, cell death, behavioral impairments, etc. Raloxifene favorably modulates these
signals toward cell health—on the one hand, by modulating gene expression of the relevant proteins,
for example by way of its binding to the cell nuclear estrogen receptors ERα and ERβ (genomic effects)
and, on the other hand (nongenomic effects) by modulation of mitochondrial activity, reduction
of oxidative stress and programmed cell death, maintaining metabolic balance, degradation of
Abeta, and modulation of intracellular cholesterol levels. More specifically regarding Alzheimer’s
disease, raloxifene may not cure diagnosed Alzheimer’s disease. However, the onset of Alzheimer’s
disease may be delayed or arrested by raloxifene’s capability to attenuate mild cognitive impairment.
Mild cognitive impairment is a condition that may precede diagnosis of Alzheimer’s disease. In this
review, relatively new insights are addressed regarding the notion that Alzheimer’s disease can be
caused by bacterial (as well as viral) infections, together with the most recent findings that raloxifene
can counteract infections of at least some bacterial and viral strains. Thus, here, an overview of
potential treatments of neurodegenerative disease by raloxifene is presented, and attention is paid to
subcellular molecular biological pathways that may be involved.
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1. Introduction

This review focuses on raloxifene (Figure 1), a selective estrogen receptor modulator (SERM).
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Figure 1. Chemical structure of raloxifene. By Jü - own work, CC0, available online: 
https://commons.wikimedia.org/w/index.php?curid=16071989. Raloxifene hydrochloride, 
C28H27NO4S•HCl, has a molecular weight of 510.05 g/mol. IUPAC name: [6-hydroxy-2-(4-
hydroxyphenyl)-1-benzothiophen-3-yl]-[4-(2-piperidin-1-
ylethoxy)phenyl]methanone;hydrochloride. 

This review compiles data on raloxifene and other selective estrogen receptor modulators 
(SERMs) relevant for their promising application as treatments of brain injury and disease. In a recent 
article, Honig et al. [1] suggested that raloxifene (Figure 1) actually may be ready for a clinical trial, 
Phase 2, for testing its efficacy to treat mild traumatic brain injury (TBI). Importantly, it has been used 
as medication for various (very serious) diseases for over 20 years (i.e., it is FDA approved, and well 
established as safe). Raloxifene was first developed by Eli Lilly and marketed as Evista, which was 
approved by the FDA to treat postmenopausal osteoporosis more than twenty years ago. Since then, 
it has also been FDA-approved to reduce the risk of invasive breast cancer in postmenopausal 
women, and is currently available in generic form. Furthermore, raloxifene acts as an estrogen agonist 
on bone and lipid metabolism and as an estrogen antagonist for reproductive tissues [2,3]. Animal 
studies suggest that raloxifene may affect brain function as well, although the effects of raloxifene on 
the human brain remain to be established in more detail [4–6].  

Early on in the use of raloxifene, it was shown that after 12 months of treatment of 
postmenopausal women with raloxifene (60 and 120 mg/day), the application of performance testing 
with the Memory Assessment Clinics (MAC) battery, the Walter Reed Performance Assessment 
Battery (PAB), and the Geriatric Depression Scale (GDS), did not show negative effects of raloxifene 
[4]. Raloxifene also has no evident adverse hormonal side effects, and is safe for use in men, as seen 
in clinical trials to treat bone fracture [7], prostate cancer [8], and acromegaly [9]. In male rats, 
raloxifene was found to be a pure estrogen antagonist and a physiological antagonist of androgen 
action [10]. Apart from these examples of peer-reviewed research, information provided by Lilly, the 
company from where raloxifene originated, states that raloxifene provided in daily doses from 30 to 
600 mg/kg, is well tolerated. Nonetheless, contraindications provided by the FDA 
(https://www.accessdata.fda.gov/drugsatfda_docs/label/2007/022042lbl.pdf) have to be kept in mind. 
These contraindications include preceding extant blood circulatory problems, for example, active or 
past history of venous thromboembolism, including deep vein thrombosis, pulmonary embolism, 
and retinal vein thrombosis, as well as documented coronary heart disease or increased risk for major 
coronary events. Regarding distribution in the body, measuring the relative levels of raloxifene in rat 
tissues, after giving a simple oral dose, the highest levels of raloxifene were observed in the liver, 
lung, spleen, followed by the heart and kidney [11]. The lowest level was found in the brain. This 
study also indicated that raloxifene distributes rapidly and moderately into tissues, such as the liver, 
lung, and spleen [11]. 

During the time that raloxifene became used as a treatment for osteoporosis, it was already 
known that estrogen can improve cognition and delays the onset of Alzheimer’s dementia (although 
it cannot cure diagnosed Alzheimer’s disease), and favorably influences the feeling of well-being [12]. 

Figure 1. Chemical structure of raloxifene. By Jü - own work, CC0, available online: https://commons.
wikimedia.org/w/index.php?curid=16071989. Raloxifene hydrochloride, C28H27NO4S•HCl, has a
molecular weight of 510.05 g/mol. IUPAC name: [6-hydroxy-2-(4-hydroxyphenyl)-1-benzothiophen
-3-yl]-[4-(2-piperidin-1-ylethoxy)phenyl]methanone;hydrochloride.

This review compiles data on raloxifene and other selective estrogen receptor modulators (SERMs)
relevant for their promising application as treatments of brain injury and disease. In a recent article,
Honig et al. [1] suggested that raloxifene (Figure 1) actually may be ready for a clinical trial, Phase 2,
for testing its efficacy to treat mild traumatic brain injury (TBI). Importantly, it has been used as
medication for various (very serious) diseases for over 20 years (i.e., it is FDA approved, and well
established as safe). Raloxifene was first developed by Eli Lilly and marketed as Evista, which was
approved by the FDA to treat postmenopausal osteoporosis more than twenty years ago. Since then,
it has also been FDA-approved to reduce the risk of invasive breast cancer in postmenopausal women,
and is currently available in generic form. Furthermore, raloxifene acts as an estrogen agonist on bone
and lipid metabolism and as an estrogen antagonist for reproductive tissues [2,3]. Animal studies
suggest that raloxifene may affect brain function as well, although the effects of raloxifene on the
human brain remain to be established in more detail [4–6].

Early on in the use of raloxifene, it was shown that after 12 months of treatment of postmenopausal
women with raloxifene (60 and 120 mg/day), the application of performance testing with the Memory
Assessment Clinics (MAC) battery, the Walter Reed Performance Assessment Battery (PAB), and the
Geriatric Depression Scale (GDS), did not show negative effects of raloxifene [4]. Raloxifene also has
no evident adverse hormonal side effects, and is safe for use in men, as seen in clinical trials to treat
bone fracture [7], prostate cancer [8], and acromegaly [9]. In male rats, raloxifene was found to be a
pure estrogen antagonist and a physiological antagonist of androgen action [10]. Apart from these
examples of peer-reviewed research, information provided by Lilly, the company from where raloxifene
originated, states that raloxifene provided in daily doses from 30 to 600 mg/kg, is well tolerated.
Nonetheless, contraindications provided by the FDA (https://www.accessdata.fda.gov/drugsatfda_
docs/label/2007/022042lbl.pdf) have to be kept in mind. These contraindications include preceding
extant blood circulatory problems, for example, active or past history of venous thromboembolism,
including deep vein thrombosis, pulmonary embolism, and retinal vein thrombosis, as well as
documented coronary heart disease or increased risk for major coronary events. Regarding distribution
in the body, measuring the relative levels of raloxifene in rat tissues, after giving a simple oral dose,
the highest levels of raloxifene were observed in the liver, lung, spleen, followed by the heart and
kidney [11]. The lowest level was found in the brain. This study also indicated that raloxifene
distributes rapidly and moderately into tissues, such as the liver, lung, and spleen [11].

During the time that raloxifene became used as a treatment for osteoporosis, it was already known
that estrogen can improve cognition and delays the onset of Alzheimer’s dementia (although it cannot
cure diagnosed Alzheimer’s disease), and favorably influences the feeling of well-being [12]. However,
estrogens can have unfavorable side effects in tissues and organs outside the CNS. Nonetheless, it was
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predicted that selective estrogen receptor modulators (SERMs) at one point would lead to clinical
trials of CNS-targeted SERMs [12]. Indeed, a variety of SERMs were developed to retain the favorable
effects of estrogen, while minimizing their adverse side effects when used for menopausal treatments.
Moreover, the neuroprotective effects of two specific SERMs, raloxifene and arzoxifene, became known
at this time [13].

Subsequently, it was found that raloxifene and other SERMs favorably affect the nervous
system [14]. In particular, in various experimental models of neural trauma, brain inflammation,
and neurodegenerative diseases, application of SERMs provided neuroprotective mechanisms, as well
as reductions in neural damage. This was associated with the capabilities of these SERMs to ameliorate
cognitive impairments and affective disorders [14,15].

Leading possibilities, whereby SERMs might provide neuroprotection, were thought to include:
(1) acting via the genomic estrogen receptors (ERα and ERβ) on functional pathways to modulate
gene transcription; (2) acting via nongenomic pathways, including activation of cell signalers, such as
mitogen-activated protein kinases and/or phosphatidylinositol-3-kinase /protein kinase B; (3) direct
antioxidant free-radical scavenging, i.e., bypassing receptors, which is primarily attained with
pharmacological doses of estrogen; (4) acting via other potential mediatory factors, such as growth
factors; and (5) modulating the functions of glial cells in general, as well modulating neuronal activities
directly [15]. Since then, these mentioned functional pathways, and various other entities, mechanisms,
pathways, and systems, have been studied to better understand how SERMs can exert their beneficial
effects on brain injury and brain disease, as discussed in this review.

2. Raloxifene in the Context of Other Advances in Treatments of Neurodegeneration

Raloxifene is not the only agent that shows promise in the search for development for treatment
of neurodegeneration. In a search targeting research published during the year 2019 (keywords: Mice,
TBI, treatment), 167 studies came up from PubMed (https://pubmed.ncbi.nlm.nih.gov/). In these
167 studies, as many compounds had been assayed for efficaciousness on TBI in mice, a handful
showed effectiveness of more than 90% curation, according to the measurements presented by these
studies themselves. Raloxifene is one of these quite efficacious compounds tested for mouse TBI [1].
Other agents that showed the same levels of success were hyperbaric oxygen treatment, pifithrin,
SMM-189, translocator protein (TSPO) ligands, and fucoidan. Other compounds also showed various
levels of success, usually around 50% of effectiveness compared to their controls. Raloxifene stood
out for various reasons. First of all, because, at least in mice, first application of raloxifene can be as
late as 48 h after induction of TBI, and then it still provides close to 100% curation [1]. This may be
true for other compounds, too, but such late time points are typically not tested, or do not provide
curation. Note, standing dogma is that treatment should start within a handful of hours (or less) after
TBI induction, and cannot be effective if started at later time points (e.g., [16,17]). For a healthcare
situation, this 48 h time point after TBI possibility demonstrated for raloxifene by Honig et al. [1]
implies that a victim/patient can be brought to the clinic without undue time pressure. The other,
indeed most interesting, aspect was that raloxifene is an FDA approved medicine that has been in use
for various treatments for more than 20 years. Furthermore, its promising effects on cognition have
been part of clinical trials. This review aims to elucidate the aspects of raloxifene researched in relation
to brain damage due to injury and disease.

The other efficacious agents regarding TBI hinted at above are (very) summarily touched upon
here. As for raloxifene, the criteria for their selection were: more than 90% curation and applicability
at least 4 h after induction of TBI and later. Of these agents meeting these criteria, only one treatment
has reached clinical application for treatment of TBI (namely, hyperbaric oxygen treatment) [18–20].
Another very efficacious agent, at least for mouse TBI that has been studied in cell culture and animal
models for almost 20 years now, is pifithrin [21,22]. Moreover, compounds acting on the cannabinoid
type-2 (CB-2) receptor (including SMM-189, as well as raloxifene) can be very effective for treatment of
TBI [1,23–26]. Finally, two other promising representatives of these five efficacious agent are ligands
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for the mitochondrial 18-kDa translocator protein (TSPO) and a brown seaweed product fucoidan,
reviewed elsewhere [27–29]. By compiling data from raloxifene studies, this review also hopes to
provide aid and direction for attempts to establish standards for evaluation of drugs that present
themselves as candidates for treatment of brain damage due to injury and disease. Fortunately,
raloxifene not only appears efficacious, but the more than two decennia of raloxifene research also
covers a wide spectrum of parameters—from molecular biological mechanism to clinical trials—which,
indeed, are most relevant for gaining insight into the mechanisms associated with neurodegeneration
as part of the chronic processes of brain damage due to injury and disease.

3. Brain Cell Types and the Effects of Raloxifene

The brain contains various cell types (neurons, astrocytes, microglia, oligodendrocytes, endothelial
cells), which are discussed in this Section 3, in relation to raloxifene application. It is also well known
that these various cell types interact in intricate ways, in relation to brain disease and brain injury,
either reducing the damage or contributing to the damage (Figure 2). Briefly, progressing brain damage
due to injury and disease typically includes damage and death of neurons and astrocytes, which,
in turn causes microglia activation [27–32]. Briefly, by its mechanical force alone, an impact on the
head or other injury can induce neuronal and astrocytic damage and death. If, and when disease
is the damaging event, induction of microglial activation may be the first apparent phenomenon.
Subsequently, neuronal and astrocytic death, damage, and activation can cause more microglial
activation, and vice versa. Acute microglial activation may help to maintain neuronal and astrocytic
health. In contrast, chronic microglial activity may cause further damage and even death to other
neural cells in the brain. These processes and events involving neurons, astrocytes, and microglia are
presented schematically in Figure 2 at the end of this Section 3.

3.1. Neurons

To mention very briefly, neurons present the fundamental functional units of nervous tissue
assembling circuitry for receiving and transmitting impulses. Morphologically, neurons display two
types of highly differentiated cytoplasmic processes (neurites), one type being dendrites, and the other
type being axons. From just one to a large number of dendrites can protrude from a neuron’s cell body.
Dendrites serve for reception of input, typically from other neurons. Axons project away from the
cell body to conduct impulses to other neurons or to target organs. Neurons typically present solitary
axons, which can branch close or distant from the cell body. Regarding this review, ovarian hormones
can affect the physiological activities of neurons, including their signal transducing dendrites and
axons. For example, prior to the marketing of raloxifene, it was shown that the antiestrogen keoxifene
modulated the ontogenetic processes of myelination and the differentiation of neurons in telencephalic
song motor centers, as well as cerebellar structures, associated with the seasonal behavior of male Zebra
finches [33]. Note: associated with seasonal song, song motor centers in the brains of songbirds can
expand and decrease in volume, including proliferation of neurons and growth of dendrites and axons.

After these observations in birds, it was also seen in the brains of mammals that ovarian hormones
were able to regulate neuronal development and morphology, and neuronal activity in association
with behavioral performance. For example, ovarian hormones were found to modulate dopamine
neuron firing activity in the ventral tegmental area (VTA) induced by acute cocaine in intact female and
ovariectomized rats [34]. In particular, estrogen synergized with the inhibitory effect of cocaine on VTA
dopamine neuron activity [34]. Moreover, pretreatment with the estrogen receptor antagonist raloxifene,
or the selective estrogen α (ERα) receptor antagonist Y134, attenuated the cocaine-inhibition of DA
neuron firing rates [34]. Neuroprotective effects of estradiol have been well characterized in various
animal experimental models, as was discussed by Ciriza et al. [35]. In their own experiments [35],
they assayed the effects of the SERMs raloxifene, tamoxifen, lasofoxifene (CP-336,156), and bazedoxifene
(TSE-424), as well as 17β-estradiol in the hippocampus after the administration of the excitotoxin kainic
acid to adult ovariectomized rats. This application of kainic acid injection induced a significant neuronal
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loss in the hilus of the hippocampus. Estradiol, raloxifene (0.4–2 mg/kg), tamoxifen (0.4–2 mg/kg),
and bazedoxifene (2 mg/kg) prevented this neuronal loss [35]. These and other studies demonstrated the
neuroprotective and anti-inflammatory properties of raloxifene and tamoxifen in several experimental
models of neurodegeneration [36]. Furthermore, raloxifene and tamoxifen counteracted cognitive
deficits caused by gonadal hormone deprivation in male rats. In this context, raloxifene and tamoxifen
can regulate the number and geometry of dendritic spines on CA1 pyramidal neurons of the rat
hippocampus and of spines on apical dendrites of pyramidal neurons in the prefrontal cortex [36,37].
In some detail, ovariectomized rats treated with estradiol benzoate, tamoxifen, or raloxifene showed
significant increases in the numerical density of spines on secondary apical dendrites of layer III
pyramidal neurons in the prelimbic/infralimbic prefrontal cortex, together with a better performance
in the Y maze [37]. Furthermore, SERMs reduced inflammatory response of glial cells in this paradigm,
in addition to modulation of synaptic plasticity in the hippocampus, accompanying reduction in anxiety
and depression, and improvement of cognition [37]. Thus, summarizing these papers here shows that
raloxifene and other SERMs affect neuronal activities at various levels of organization, ranging from
physiological activity, via morphological changes and neurodevelopment, to cell protection, altogether
associated with mental processes and behavior, and their protection. This has implications on our
understanding of neurodegeneration, as it can occur with brain disease and brain injury—such as
Alzheimer’s disease, Parkinson’s disease, stroke, brain penetrating wounds, and blunt traumatic brain
injury—which are the subjects of Section 5.

Neuronal activity related to memory and learning: in rodents as well as humans, cognitive tasks are
impaired by androgen deprivation [38]. Androgen replacement can reverse these deficits. It is thought
that the effects of androgens in the male brain may be mediated in part by metabolism of androgens
to estradiol or 3-α androstanediol, and the consequent activation of estrogen receptors [38]. Briefly,
to gain information in this respect, it was assessed whether the administration of estradiol benzoate,
the estrogen receptor α (ERα) selective agonist propyl-pyrazole-triol (PPT), or the estrogen receptor β
(ERβ) selective agonist diarylpropionitrile (DPN), can affect performance of androgen-deprived male
Wistar rats in a cross-maze test [38]. In addition, the effects of the SERMs raloxifene and tamoxifen
were tested in this paradigm. The behavior of the rats was assessed 2 weeks after orchidectomy or
sham surgery. As expected, orchidectomy impaired acquisition in the cross-maze test. Giving estradiol
benzoate or the selective estrogen receptor β agonist DPN to orchidectomized animals significantly
improved acquisition in the cross-maze test compared to vehicle control [38]. Moreover, raloxifene and
tamoxifen, given at a dose of 1 mg/kg, improved acquisition by orchidectomized animals, while doses of
0.5 or 2 mg/kg did not have this effect. These findings suggest that estrogenic compounds with affinity
for ERβ, and, thus, raloxifene and tamoxifen may enhance cognitive performance in androgen-deprived
males. This may hopefully have implications for persons with mild cognitive impairment [5,39–41],
as discussed with the subject of Alzheimer’s disease, Dementia, in Section 5.

In one study, it was shown that estradiol regulates the expression of hippocampal parvalbumin
in hippocampal interneurons as well as hippocampus-dependent spatial memory in mice [42].
Parvalbumin interneurons generate neuronal oscillatory activity in the gamma frequency range
(30–80 Hz) (gamma-band oscillations) that is considered associated with higher cognitive functions.
To study modulations by estradiol and raloxifene of hippocampal gamma-band oscillations during
spatial memory performance, a subcutaneous pellet of estradiol or raloxifene, or placebo was implanted
in prepubescent ovariectomized mice [42]. Then, during adulthood, while performing a Y-maze
hippocampus-dependent spatial memory task, local field potentials were recorded in their dorsal
hippocampus [42]. First of all, ovariectomy caused deficits in spatial memory, accompanied by a
significant reduction in hippocampal gamma-band oscillations, specifically during decision making.
Estradiol and raloxifene provided treatment for such behavioral and electrophysiological deficits [42].
This suggests potential beneficial effects of raloxifene for treatments of neurobehavioral deficits.

Gap junctions: gap junctions are regulated channels traversing the plasma membranes of two
adjacent cells, allowing direct passage of various molecules, ions, and electrical impulses from one
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cell to another [43,44]. In the nervous system, gap junctions allow for rapid, typically bi-directional,
transmission of signals from cell to cell. In this way, a network of multicellular communication is
established. One of the general functions of gap junctions is taking part in neuronal differentiation and
survival [45]. Potential neural effects of raloxifene and tamoxifen on the effects of gap junctions related
to differentiation were studied in the human teratocarcinoma cell line NTera2/D1 [45]. The mentioned
study targeted retinoic acid-dependent neuronal differentiation regulated by gap junctions formed of
connexin43. Applying 10 µmol/L tamoxifen and raloxifene to NTera2/D1 cells during weeks 1 and
2 of a 6-week retinoic acid-driven differentiation schedule impaired the neuronal differentiation of
these cells otherwise induced during this schedule. However, such treatment during weeks 5 and 6 of
this schedule did not affect this differentiation [45]. Thus, modulation by raloxifene and tamoxifen
of the gap junctions connecting NTera2/D1 cells appears to affect early neuronal differentiation,
but does not affect differentiated, mature neurons. In comparison to the study of [46] reviewed
in Section 5.4, Cerebral Ischemia, this may suggest that SERMs can modulate neuronal systems
in process of development or regeneration after damage, but when fully differentiated, neuronal
systems will not suffer aberrations from their mature, stabilized condition when exposed to SERMs.
This may reflect homeostatic functions of SERMs to serve the return of aberrant states back to normalcy,
while maintaining normal, healthy states of neuronal systems.

Calcium: calcium dyshomeostasis is one of the causes for memory impairment. For example,
intracellular Ca2+ dyshomeostasis appears to underlie cognitive deficits seen in normal aging as well as
degenerative neurologic diseases [47]. Thus, it is interesting to know whether raloxifene can neutralize
the adverse effects of glutamate on cultured neurons by regulation of calcium oscillations [48]. It was
investigated whether raloxifene could affect the glutamate-induced Ca2+ overload in rat cultured
cortical neurons [49]. With whole-cell recording, the effects of raloxifene on N-methyl-D-aspartate
(NMDA)-evoked and voltage-activated Ca2+ currents in cultured cortical neurons were measured.
Pre-exposure of cortical neurons to raloxifene (0.5 µM–10 µM) for 3 min attenuated intracellular Ca2+

increase that is otherwise induced by glutamate (300 µM) for 1 min. The action of raloxifene was
reversible after washout of the neurons in cell culture [49]. The estrogen receptor antagonist ICI 182,780
(ICI, fulvestrant, Faslodex), and the endoplasmic reticulum Ca2+-ATPases’ inhibitor thapsigargin,
did not block the action of raloxifene on neurons [49]. Thapsigargin causes a rapid increase in
cytosolic Ca2+ concentrations via the specific inhibition of endoplasmic reticulum Ca2+-ATPases.
In whole-cells, the amplitude of the high-voltage-activated Ca2+ current was significantly reduced
by raloxifene (10 µM); however, raloxifene had no effect on NMDA-evoked Ca2+ current. Thus,
raloxifene acutely reduces glutamate-induced intracellular Ca2+ increase, apparently via inhibition of
high-voltage-activated calcium channels, but not by antagonism on estrogen receptors of neurons [49].
Thus, from the various studies discussed above, it appears that, depending on the context, raloxifene can
regulate calcium currents potentially via estrogen receptors, CB-2 receptors, and high-voltage-activated
calcium channels. What this may mean for cognition and neurorepair in whole animals needs to be
investigated further.

To summarize from above, the SERM raloxifene can affect neuronal activities of various kinds
associated with cognition and behavior. Underlying mechanisms include, but are not restricted to,
neurotransmitter effects, regulation of gap junctions, and modulation of calcium homeostasis.

3.2. Astrocytes

Astrocytes are specialized glial cells, outnumbering neurons over fivefold. While neurons can
be considered to form the input–output signaling circuitry of the brain, astrocytes can be considered
to form the supportive system embedding the neurons throughout the entire CNS. After brain
injury, astrocytes acquire a reactive phenotype, including a series of morphological and molecular
modifications, such as the expression of the cytoskeletal protein vimentin, which can be down-regulated
by estradiol [50]. In general, astrogliosis (also known as astrocytosis or reactive astrocytosis) is part
of the brain’s response to injury and disease. Astrogliosis can be presented as an enhanced increase
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in the number of astrocytes. Further, this astro-reactivity is characterized by morphological and
functional changes. Thus, for one, astro-reactivity (under its various connotations) presents astrocytic
responses to destruction of nearby neurons caused by CNS trauma, infection, ischemia, stroke,
autoimmune responses, and neurodegenerative diseases [51,52]. Furthermore, two types of reactive
astrocytes, termed A1s and A2s, can be discerned. On the one hand, neurotoxins released by A1
astrocytes can induce rapid cell death of neurons and oligodendrocytes, whereas A2 astrocytes,
on the other hand, promote neuronal survival and tissue repair [53]. Astrocytic responses seen in
various neurodegenerative diseases present a complex topic in need of more research to achieve better
understanding of their classification, functions, and effects [54]. Interactions of astrocytes with neurons
and microglia are presented in schematic form in Figure 2.

Neuroinflammation is a feature of many brain disorders, including injury and disease.
The activation of glial cells (microglia as well as astrocytes), including their regulation of release
of pro-inflammatory cytokines and chemokines, is a normal response oriented to protect neuron
health and viability. Astrocytes can release proinflammatory molecules, including interleukin-6 (IL-6)
and interferon-gamma-inducible protein-10 (IP-10) [55]. However, excessive and chronic activation
of glia cells may lead to neurotoxicity and may be harmful for neural tissue [56]. The possible
anti-inflammatory effects of several SERMs were assessed in primary cultures of astrocytes derived
from newborn mice astrocytes. These cultures were exposed to lipopolysaccharide (LPS), which is
a bacterial endotoxin known to cause neuroinflammation [55]. LPS increased IL-6 and IP-10 mRNA
levels in these primary astrocytes. Moreover, protein expression of IL-6 and IP-10 in the culture
medium of these primary astrocytes was increased by LPS application. These effects of LPS were
attenuated by estradiol and by the four SERMs tested in this study: raloxifene, tamoxifen, ospemifene,
and bazedoxifene [55,56]. From these data on astrocytes, it was suggested that estrogenic compounds
may ameliorate neuroinflammation under neurodegenerative conditions in the brain by counteracting
astrocytic production and release of proinflammatory molecules [55].

In animal studies, the effects of the estrogenic compounds raloxifene, tamoxifen, lasofoxifene
(CP-336,156), bazedoxifene (TSE-424), and 17β-estradiol on the hippocampus of adult ovariectomized
rats were assayed after administration of the excitotoxin kainic acid [35]. Administration of kainic acid
induced the expression of vimentin in reactive astroglia in this paradigm. Disappointingly, in this study,
however, SERMs did not affect this vimentin immunoreactivity in the hilus of the hippocampus [35].
Later, in another model for brain damage, vimentin did appear to be a valuable marker [50].

As mentioned, excessive and chronic activation of glia cells may lead to neurotoxicity and
may be harmful for neural tissue [56]. Mentioned above, after brain injury, astrocytes acquire a
reactive phenotype including a series of morphological and molecular modifications, such as the
expression of the cytoskeletal protein vimentin, which can be down-regulated by estradiol [50].
It was assessed whether the SERMs raloxifene and tamoxifen could have effects similar to estradiol
regarding down-regulation of reactive astrogliosis typically caused by brain injury. In the study of
Barreto et al. [50], fifteen days after ovariectomy or sham surgery, animals received a stab wound to
the brain and treatment with these estrogenic compounds. Raloxifene and tamoxifen reduced reactive
astrogliosis in all experimental groups, indicating that they are potential candidates for the control of
astrogliosis after brain injury [50].

As maintenance of neuronal homeostasis is an important function of astrocytes, to enhance
astrocytic functions in this respect would present promising therapeutic strategies for improvement of
brain function otherwise impaired by injury and disease. Encouragingly, it was found in cell culture
that application of 1 µM raloxifene as a pretreatment to glucose-deprivation of astrocytic cells results
in increases in cell viability and attenuation of nuclei fragmentation [57]. These favorable effects are
associated with raloxifene reduction of oxidative stress and preservation of mitochondrial function [57].
These results also suggested direct effects of raloxifene on mitochondria [57]. In short, the data
presented in Section 3.2, Astrocytes, suggest that, apart from maintaining metabolic homeostasis,
estrogenic targeting of the production and release of pro-inflammatory molecules by astrocytes is a
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promising venue to counteract brain inflammation associated with neurodegeneration that is part
and parcel of brain injury and disease. It appears important to conduct further research explicitly
taking into consideration effects of astrocytic functioning in association with changes in cognition and
behavior due to brain disease and brain injury.

3.3. Microglia

The neuroinflammatory features of microglial cells entail their abilities of transformation
in response to a pathologic event. This includes their acquisition of an amoeboid morphology,
enabling their reactive responses to harmful stimuli. These responses include migration, proliferation,
and phagocytosis [58]. Because microglia cells display immediate activation by challenges to the brain’s
homeostasis, they can be distinguished as “sensors of brain integrity” [59]. Neurological disorders
typically present activation of glial cells, including their release of pro-inflammatory cytokines and
chemokines. This is the normal CNS response to protect neural tissue and is mainly regulated by
microglia and astroglia [27–32,60,61] (Figure 2). However, while acute glial activation is protective by
design, failure of this protective acute activity may consequently lead to chronic glial activation, i.e.,
to enduring inflammation of neural tissue, and even cell death. Two general phenotypes of activated
microglia are recognized: the proinflammatory M1 microglia, whose classical pro-neuroinflammatory
responses include expression of major histocompatibility complex class II (MHC-II) and the release
of the cytokines IL-6, IL-12, (TNFα, (TNF, cachexin, or cachectin; once named as tumor necrosis
factor alpha or TNFα). A second class of activated microglia is designated as anti-inflammatory M2
microglia, which show neuroprotective aspects, characterized by release of the cytokines (IL-4, IL-13),
brain-derived neurotrophic factor (BDNF), and insulin growth factor (IGF) [62]. However, it should be
borne in mind that actual microglial cell activation presents a large variety in cell responses and cell
types [63]. Based on this adaptive nature of microglia, in interaction with the local microenvironment,
it has also been recognized that microglia not only present capabilities of neuroinflammatory responses,
but that microglia also support many other important physiological processes related to normal,
healthy functioning, such as brain wiring and maturation, including the pruning of excessive synapses
and/or influencing neurogenesis [64–66].

In one study, it was found that SERMs, but not 17β-estradiol, induced significant,
concentration-dependent anti-inflammatory responses in rat primary microglial cells, and also in mouse
N9 microglial cells [67]. These responses were reflected by nitric oxide (NO) and IL-6 secretion, as well
as total IL-6 mRNA expression. In N9 microglia, raloxifene and tamoxifen inhibited the potentiation
of LPS response induced by trichostatin A, a histone deacetylase (HDAC) inhibitor. Interesting for
clinical considerations, when treatment with the SERMs raloxifene, tamoxifen, or ICI 182.780 was
applied simultaneously with LPS exposure (and even up to 6 h later) in acute models of mouse and
rat microglial cells, these SERMs provided anti-inflammatory responses. The raloxifene-induced
protection of N9 microglia was associated with a reduction of LPS-induced DNA binding activity of
(Activator protein 1 (AP-1; transcription factor) [67]. Surprisingly, raloxifene or tamoxifen pretreatment
starting 30 h before LPS exposure did not provide any protection of N9 microglia. Further studies then
progressed to a better understanding of the underlying mechanism, as described below.

The two SERMs, raloxifene and tamoxifen, were tested in vivo to see whether they could modulate
the activation of microglia induced by peripheral administration of LPS [68]. The findings supported
the potential therapeutic role of estrogenic compounds as protective anti-inflammatory agents for
the CNS [68]. In this study, MHC-II immunoreactivity was used as a measure to assess microglial
activation in the white matter of the cerebellum [68]. Estradiol, raloxifene, and tamoxifen decreased
microglia activation induced by LPS in male and ovariectomized female rats. In particular, tamoxifen
reduced microglia activation at all doses tested [(0.5–2 mg/kg body weight (b.w.)]. Similarly, raloxifene
also reduced this microglial activation at this dose range, except for the higher dose (2 mg/kg b.w.).
In addition, raloxifene, per se, had a moderate pro-inflammatory activity in the brain of control female
rats and its anti-inflammatory activity was partially impaired in female animals after 1 month of
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deprivation of ovarian hormones [68]. Spots of estrogen receptor ERα immunoreactivity were detected
in the soma and cell processes of microglia. Treatment with LPS, estradiol, or tamoxifen induced
an increase of ERα immunoreactive spots in the perikaryon of microglia. The results indicate that
some estrogenic compounds decrease brain inflammation by a mechanism that may involve estrogen
receptors expressed by microglia [68].

As discussed above, it is well known that brain injury induces microglia activation, including
secretion of pro-inflammatory molecules, and when this micro glia activation is chronic, it can potentiate
damage. Thus, therapy that can limit microgliosis presents an important target for attenuation of
progressing brain damage after brain injury [16]. This was studied for brain injury in young (as well as
aged) animals, where raloxifene and tamoxifen were applied at time points considered relevant to clinic
situations. These time points are considered to be within a handful of hours after brain trauma [16].
In the mentioned study, volume fraction of MHC-II(+) microglia was estimated according to the
point-counting method of Weibel within a distance of 350 µm from the lateral border of the wound,
and cellular morphology was measured by fractal analysis [16]. Two experimental groups were studied:
(1) young rats, ovariectomized at 2 months of age; and (2) aged rats, ovariectomized at 18 months of
age. Fifteen days after ovariectomy, a stab wound was given to the brain accompanied by treatment
with estrogenic compounds. Raloxifene and tamoxifen reduced microglia activation in both young
and aged animals, indicative of the neuroprotective capabilities of these SERMs in response to brain
trauma [16]. In another study, functional rescue by raloxifene after TBI was associated with reductions
in the activation of inflammatory M1 microglia and enhancing activation of anti-inflammatory M2
microglia [1], This was accompanied by reduced neuropathology of the optic system [1], as discussed
in more detail in Section 5.3.

Although steroid hormones, including 17β-estradiol, can protect neuronal cells by attenuating
excess activation of microglia, their use in the clinic is controversial because of contraindications e.g.,
increased risk for endometrial and breast cancer [69]. The effects of SERMs as agonists or antagonists of
estrogen receptors are dependent on the target tissue. As designed, this selectivity of synthetic SERMs
reduces their adverse side effects in peripheral tissue. In this way, associated with their anti-estrogen
action in reproductive organs, in contrast to 17β-estradiol, SERMs present a very low risk for cancer.
Regarding their desired curative effects, raloxifene, and tamoxifen attenuated LPS induced increases
of proinflammatory cytokines and chemokine expression in rat primary microglia cultures [69].
Furthermore, microglial-conditioned media pretreated with raloxifene or tamoxifen significantly
attenuated cellular injury in SH-SY5Y (neuronal) cells otherwise elicited by microglial-conditioned
media treated with LPS alone. Rat primary microglia express the estrogen receptors ERα and ERβ
primarily in the cell nucleus. The suppressive effects of raloxifene and tamoxifen on microglial activation
was prevented by pretreatment with the pure estrogen receptor antagonist ICI 182,780. ICI 182,780 also
prevented their protective action on SH-SY5Y cells [69]. A luciferase assay using a vector with three
estrogen response elements (EREs) revealed that raloxifene and tamoxifen activated ERE-mediated
transcription in rat primary microglia. These results suggested that the SERMs raloxifene and tamoxifen
suppress microglial activation and subsequent neuronal cell death via an estrogen receptor-mediated
transcription pathway [69]. In conclusion, the data presented above in this Section 3.3, Microglia show
these SERMs’ ability to suppress neuroinflammation. This indicates that SERMs, such as raloxifene
and tamoxifen, are promising candidates for treatments of disorders of the CNS. Figure 2 schematically
presents interactions of microglia with neurons and astrocytes, including the microglial transition from
resting stage to activated stage, in relation to their responses to brain disease and brain injury.

3.4. Oligodendrocytes (Myelination)

As said, SERMs appear to affect neurons, astrocytes, and microglial cells. Thus, it is also
interesting to know whether and how SERMs may affect oligodendrocytes. For example, the effects
of the antiestrogen keoxifene on the ontogenetic process of myelination were studied in male Zebra
finches [33]. Keoxifene led to inhibition of myelination in the song motor center of the robust nucleus
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of the archistriatum (RA) and in the cerebellum [33]. Thus, most likely, raloxifene can also act on
myelination. This may have implications for multiple sclerosis (MS). Associated with multifocal
demyelination, this autoimmune disease of MS presents inflammatory cell infiltration of the CNS.
Estrogen has beneficial effects regarding relapse-remittance of MS patients as demonstrated by clinical
data and clinical indicators. To better understand the mechanism(s) of action of estrogen and estrogen
receptor ERα underlying these beneficial anti-inflammatory effects, Hu and Qin [70] studied an
experimental autoimmune encephalomyelitis (EAE) mouse model of MS. In their study, an ERα
recombinant lentivirus was used to infect neurons with ERα. EAE was induced with the myelin
oligodendrocyte glycoprotein (MOG) 35–55 peptide. The EAE mice were divided into five groups:
an estrogen group (treatment with estradiol); an ERα agonist group (treatment with raloxifene); an ERα
recombinant lentivirus group (ERα group, treatment with ERα recombinant lentivirus); an empty virus
group; and a normal saline (NS) group. EAE was successfully reduced by stereotaxically injecting ERα
recombinant lentivirus into the lateral ventricle of C57BL/6 mice. First of all, the results showed that the
ERα recombinant lentivirus infection successfully enhanced ERα mRNA and ERα protein expression
levels in the targeted neurons. This overexpression of ERα apparently inhibited inflammatory cell CNS
infiltration, and decreased expression levels of Matrix metallopeptidase 9 (MMP-9), tumor necrosis
factor-α (TNF-α), interferon-γ (IFN-γ), interleukin (IL)-17 and IL-23 expression levels, while expression
of IL-4 was increased. In addition, overexpression of ERα reduced EAE incidence, and reduced nerve
fiber demyelination, together with an increase in myelin basic protein (MBP) expression levels [70].
Moreover, the associated clinical symptoms were ameliorated. In conclusion, these data demonstrate
that, similar to the effects of estradiol and raloxifene, overexpression of ERα, by using a recombinant
lentivirus, ameliorates EAE in a mouse model. Thus, estrogen and raloxifene inhibit inflammatory
responses, and raloxifene also alleviates damage to the myelin sheath. Collectively, ERα appears
as a target for therapies of MS, other brain diseases, and injuries, and the known related functions
and mechanisms.

3.5. Endothelial Cells

Endothelium is a single layer of squamous endothelial cells that line the interior surfaces of blood
and lymph vessels. Thereby, the squamous endothelial cells form an interface between the lumen
of blood and lymph vessels and the tissues they vascularize. In the brain the endothelium forms
the blood–brain barrier (BBB), which serves to prevent damaging entities, such as toxins, viruses,
and bacteria potentially present in blood circulation, to enter from the blood circulation into the brain
tissue proper (i.e., the neurons with the neuropil). The endothelium has emerged as a key regulator
of vascular homeostasis, as it does not only act as a barrier, but also functions as an active signal
transducer [71].

Mitochondrial reactive oxygen species (ROS) and endothelial dysfunction are key contributors to
cerebrovascular pathophysiology. As a mechanism to ameliorate such pathology, 17β-estradiol can
enhance mitochondrial efficiency of energy production and suppress mitochondrial oxidative stress in
cerebral blood vessels [71]. Cultured human brain microvascular endothelial cells (HBMECs) were used
to determine whether estrogen acted specifically via endothelial estrogen receptors [71]. First, it was
shown that increases in mitochondrial cytochrome c protein and mRNA expression were induced by
treatment with 17β-Estradiol for a period of 24 h. Then applying silencing RNA for estrogen receptors
showed that the estrogen receptor ERα was required for these effects, while ERβ appeared to be not
involved. Measuring the activity of aconitase, which has an iron-sulfur center that can be inactivated by
mitochondrial superoxide, was used to indicate mitochondrial ROS levels. The 17β-estradiol increased
mitochondrial aconitase activity in HBMECs, indicating a reduction in ROS levels [71]. Furthermore,
with the use of MitoSOX Red for direct measurement of mitochondrial superoxide, it was shown
that mitochondrial superoxide production was significantly decreased by 17β-estradiol, but not by
17α-estradiol. This 17β-estradiol effect was blocked by the estrogen receptor antagonist, ICI 182,780.
Selective estrogen receptor agonists also demonstrated that the decrease in mitochondrial superoxide
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was mediated by ERα, but not ERβ [71]. Raloxifene and 4-hydroxy-tamoxifen differentially affected
mitochondrial superoxide production, with raloxifene acting as an estrogen receptor agonist and
4-hydroxy-tamoxifen acting as an estrogen receptor antagonist. Thus, estrogen receptors in endothelial
cells also appear to present an estrogenic target that can serve to treat brain injury and brain disease
with raloxifene.

3.6. Summary of Interactions of Raloxifene with Neural Cells

It appears that raloxifene can modulate cell specific functions of the various cell types in the
brain. These cell types interact in intricate ways after brain injury and brain disease. Figure 2 presents
various interactions between neurons, astrocytes, and microglia. This may explain why a compound,
such as raloxifene, which apparently can modulate cell specific activities of all of these different cell
types, may display quite effective overall ameliorating effects after brain injury and brain disease.
For example, these cell activities have been found to include modulating neurotransmitter effects,
cell death, plasticity, regulation of gap junctions, modulation of calcium homeostasis, myelination,
oxidative stress, inflammatory responses, etc.
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as they can occur due to brain injury and brain disease. The effects of raloxifene and other selective
estrogen receptor modulators (SERMs) on these cell types and their interactions in relation to brain
injury and disease are discussed in Section 3: Brain Cell Types and the Effects of Raloxifene.

4. Intracellular Mechanisms (Nongenomic and Genomic) Modulated by Raloxifene

In the introduction, it was mentioned that SERMs can exert their actions via genomic functional
pathways (by way of the cell nuclear estrogen receptors ERα and ERβ), including modulation of gene
transcription. In addition, SERMs can also modulate intracellular mechanisms via various nongenomic
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pathways [15]. Moreover, in another relatively early study, it was suggested that both nongenomic
and genomic pathways could be conducive for the possible protective effects of estrogen against
neurodegeneration and cerebral ischemia. Genomic pathways, via the activation of cell nuclear steroid
receptors, and nongenomic pathways, for example, via modulation of a plasma membrane steroid
receptor, and/or a neurotransmitter, and/or by direct antioxidative action [72]. Moreover, the cell
studies presented above implied that functional pathways affected by SERMs, such as raloxifene,
can include modulation of various nongenomic functions, as well as via cell nuclear gene expression
via estrogen receptor ERα and ERβ.

In this Section 4, it is explored, in more detail, for raloxifene, in association with its neuroprotective
effects, whether the effects of this and other SERMs, indeed, include mitochondrial functions,
in particular related to oxidative stress (i.e., nongenomic), as well as cell nuclear functions, i.e.,
modulation of cell nuclear gene expression (i.e., genomic). One study regarding activities of estradiol,
as well as raloxifene, strongly suggested interactions between cell nuclear and mitochondrial functional
pathways [73]. In this context, it was discussed that targeting estrogen receptors in endothelial cells may
present a venue to treat brain injury and brain disease [73]. These can be cell nuclear estrogen receptors
(ERα and ERβ), i.e., genomic as well as plasma membrane estrogen receptors (G protein-coupled
estrogen receptor 1; GPER1, also named GPR30), i.e., nongenomic. This notion is schematized in
Figure 3 toward the end of Section 4. Observations of gender-related differences in migraines also
point to nongenomic and genomic functions of sex hormones [74].

4.1. Mitochondria (Including Oxidative Stress)

It has been shown that estradiol and raloxifene can affect the levels of nitric oxide (NO) and
antioxidant enzymes in the brain cortex of ovariectomized female rats [72]. First of all, ovariectomy
caused a decrease in total nitrite–nitrate levels. However, estrogen and raloxifene treatment induced
higher NO levels than seen in the placebo group. Estradiol and raloxifene treatment had no statistically
significant effect on superoxide dismutase (SOD) activity. Thus, activation of steroid receptors
appeared to be a likely pathway for protection by raloxifene against depletion of NO, but in this study
of Oge et al. [72] there was no effect on ROS generation.

Further investigations, regarding the effects of estradiol and raloxifene on antioxidant enzyme
(SOD) and catalase (CAT)] activities as well as malondialdehyde (MDA) levels in brain and liver
of ovariectomized female rats were done [75]. Ovariectomy lead to an increase in CAT activities in
liver tissue samples and an increase in malondialdehyde (MDA) levels in brain of ovariectomized
rat. Raloxifene treatment was able to reverse MDA levels in brain to normal levels. Based on these
data, it can be concluded that raloxifene exerts anti-oxidative effects in brain [75]. Thus, raloxifene
was suggested for treatment and/or prevention of diseases that can result from oxidative stress in
postmenopausal women. Moreover, comparing the study of [75] with the study of [72], we can see that
slightly differing paradigms can give differences in the results. However, taken together, it appeared,
at that point in time that raloxifene moderately affected oxidative stress.

Konyalioglu et al. [76] further intensified the investigations on the effects of raloxifene on
antioxidant enzymes such as SOD, CAT, and glutathione peroxidase (GPx), on thioredoxin reductases
(TrxR), and the levels of glutathione (GSH) and MDA in the heart, liver, and brain cortex of
ovariectomized female rats. Significant increases in SOD, GPX, CAT activity, and MDA levels
in brain, heart, and liver tissues could be induced by ovariectomy [76]. Such increases of SOD activity
in the heart, GPX activity in the brain, and CAT activity in the liver could be counteracted by raloxifene
treatment. The same raloxifene treatment of ovariectomized rats also significantly reduced MDA
levels in the brain and heart (otherwise increased by ovariectomy), while raloxifene treatment was
observed to significantly increase the levels of GSH in brain and heart tissues (otherwise decreased
by ovariectomy) [76]. In conclusion, these results indicated that raloxifene may be effective against
oxidative stress in brain and heart.
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One later study strongly suggested interactions between cell nuclear and mitochondrial
functional pathways regarding activities of estradiol as well as raloxifene [73]. In some detail,
as discussed by Razmara et al. [73], it was known for cerebral blood vessels that 17β-estradiol
profoundly affects mitochondrial energy production and suppresses mitochondrial oxidative stress.
In cultured human brain microvascular endothelial cells (HBMECs), 17β-Estradiol treatment for
24 hours increased expression of mitochondrial cytochrome c protein and mRNA [73]. Reducing
estrogen receptor expression by applying silencing RNA demonstrated the involvement of ERα,
while ERβ did not appear to be involved. Aconitase is an enzyme with an iron-sulfur center that is
inactivated by mitochondrial superoxide. Moreover, 17β-Estradiol increased mitochondrial aconitase
activity in HBMECs, indicating a reduction in ROS [73]. By applying MitoSOX Red for direct
measurement of mitochondrial superoxide, it was shown that 17β-estradiol, but not 17α-estradiol,
significantly decreased mitochondrial superoxide production. This effect was blocked by the estrogen
receptor antagonist, ICI 182,780. The SERMs, raloxifene and 4-hydroxy-tamoxifen, differentially affected
mitochondrial superoxide production, i.e., raloxifene acts as an agonist decreasing mitochondrial
superoxide production, while 4-hydroxy-tamoxifen acts as an estrogen receptor antagonist increasing
mitochondrial superoxide. Thus, targeting estrogen receptors in endothelial cells may present part
of the venue for treatment of brain injury and brain disease by raloxifene [73]. Using selective ER
agonists also showed that the decrease in mitochondrial superoxide was mediated by ERα, and not
by ERβ [73]. The authors presented the concluding remark: “Mitochondrial protective effects of
estrogen in cerebral endothelium may contribute to sex differences in the occurrence of stroke and
other age-related neurodegenerative diseases” [73]. Thus, from these studies it is clear that close
interactions between cell nuclear and mitochondrial activities regarding of estradiol take place [73].
It was postulated previously that simultaneous modulation of cell nuclear and mitochondrial activity
may present a characteristic of efficacious curative agents for neurodegeneration [28,29]. This review
indicates that this appears to be also true for the SERMs, raloxifene, and 4-hydroxy-tamoxifen.

Moreover, in another study, it was observed that estradiol, raloxifene, and tamoxifen
administrations were beneficial on mitochondrial oxidative stress, inflammation, and poly (ADP-ribose)
polymerase (PARP) levels in the serum and brain of ovariectomized rats by modulating antioxidant
systems, DNA damage, and cytokine production [77]. Oxidative stress and mitochondrial dysfunction
are major participants in various neurological disorders, where neuronal cells are severely affected by
a decreased glucose supply to the brain [57]. Moreover, in astrocytic cell culture, glucose-deprivation
resulted in nuclei fragmentation. It was found that 1 µM of raloxifene attenuated this nuclei
fragmentation together with an increase in cell viability [57]. Furthermore, raloxifene may have
direct effects on mitochondria, as suggested by its reduction of oxidative stress and preservation of
mitochondrial function in glucose-deprived astrocytic cells [57].

Cell nuclear estrogen receptors have been the subject of estrogenic research for many years,
together with estrogen receptor in the plasma membrane, as well as non-receptor effects of SERMs,
thus, both genomic and nongenomic effects of SERMs are implicit in mainstream estrogenic research
e.g., [73,74,78,79]. In the scheme of Figure 3, toward the end of Section 4, genomic and nongenomic
effects of SERMs in relation to brain injury and brain disease are summarily outlined. While Section 4.1
focused on mitochondria and oxidative stress affected by SERMs, the next section, Section 4.2,
pays attention to cell nuclear gene expression.

4.2. Cell Nuclear Gene Expression

Focusing more on cell nuclear gene expression modulated by raloxifene, several studies have
shown that estrogens and SERMs, including raloxifene, can modulate gene expression of various
proteins. For a review, see Carroll [80]. The following studies discussed here also show this to be true
for the brain and brain cells. For example, in the hippocampus, estrogen regulates gene transcription
underlying synaptic plasticity, neuronal development, neurophysiological functions, neuroprotection,
memory consolidation, and behavior. This occurs, probably, via estrogen binding to ERα and
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ERβ [81]. In a study to characterize the estrogen receptor agonist/antagonist profile of raloxifene in the
hippocampus and other brain regions of rats, its effect on the activity of choline acetyltransferase (ChAT)
was examined in 6-month-old ovariectomized Sprague–Dawley rats [82]. ChAT activity decreased
by approximately 20–50% in the hippocampus of ovariectomized rats compared to sham-operated
control rats. Raloxifene and estradiol benzoate reversed the ovariectomy-induced decrease in ChAT
activity in the hippocampus. This demonstrated the estrogen-like beneficial properties of raloxifene on
hippocampal ChAT activity.

Glutamate is the most important excitatory neurotransmitter in the CNS. Essential for brain
function and brain damage, interactions between raloxifene and the glutamatergic system appear
to involve modulation of expression of several proteins essential for various brain functions [48].
Raloxifene increased the expression of these proteins as well as neuronal survival [48]. In this
study [48], glutamate dose-dependently regulates calcium oscillations, while raloxifene protected
neurons from destruction by glutamate, and at the same time halted the decrease in expression of the
memory-associated proteins.

Furthermore, comparable to the effects of estradiol on the expression of the
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid AMPA (and NMDA types of glutamate
receptors in the brain, regional agonist estrogenic activity of raloxifene and tamoxifen was observed [83].
Briefly, ovarian steroid withdrawal by ovariectomy decreased NMDA receptor specific binding in the
hippocampus, compared to intact rat values. Estradiol treatment counteracted this NMDA decrease
in the hippocampus. Estradiol treatment also decreased AMPA binding in frontal cortex, striatum,
and nucleus accumbens. Raloxifene and tamoxifen showed similar estrogenic activity regarding
modulation of NMDA and AMPA receptors in the brain [83].

In the hippocampus of ovariectomized rats, the effects of the excitotoxin kainic acid and the
SERM raloxifene on the level of apurinic/apyrimidinic endonuclease/redox factor-1 (APE/Ref-1) mRNA
were measured with real-time polymerase chain reaction [84]. APE1/Ref-1 is a multifunctional
protein that can be secreted from cells. In addition to its anti-inflammatory activity and modulation
of redox status, APE1/Ref-1 is part of the DNA base repair pathway, affects several types of
transcriptional factors, and thereby is essential for genomic stability [85]. The results showed
that the levels of APE/Ref-1 mRNA increased significantly in the hippocampus of rats that were
challenged with kainic acid and treated with raloxifene, compared to kainic acid challenged
rats that were not treated with kainic acid. It is known that 17β-estradiol deficiency stimulates
mitochondrial functions for promoting apoptosis and increasing ROS production [86]. The treatments
with 17β-estradiol, raloxifene, and tamoxifen enhanced IL-4 levels in plasma and decreased
Western blot measurements for brain poly (ADP-ribose) polymerase (PARP) in ovariectomized
rats, while proapoptotic procaspase 3 and 9 activities were increased by these treatments [86]. PARP is
involved in DNA repair, genomic stability, and programmed cell death [87]. SERMs, such as raloxifene
and bazedoxifene, evoked caspase-3-independent neuroprotection in neocortical neurons and increased
protein levels of ERα (66 and 46 kDa isoforms) and peroxisome proliferator-activated receptor gamma
(PPAR-γ). In addition, bazedoxifene enhanced expression of ERα-regulated aromatase (Cyp19a1)
mRNA [88]. Aromatase is a cytochrome P450 monooxygenase that catalyzes the conversion of C19
androgens, androst-4-ene-3,17-dione (androstenedione), and testosterone to the C18 estrogens, estrone,
and estradiol, respectively. Thus, raloxifene provides protection against the adverse effects of kainic
acid, which includes modulation of expression of transcriptional factors, and proteins that are part of
ROS generation, inflammatory pathways, and cell death [88].

Estrogen and SERMs can also modulate expression of serotonin receptors, transporters,
and enzymes. It was shown that serotonin neurons of macaques express ERβ [89]. Estrogen treatment
of female macaques via silastic implant altered gene expression for tryptophan hydroxylase (TPH),
the serotonin reuptake transporter (SERT) and the 5HT1A autoreceptor [89]. Moreover, the SERMs,
raloxifene and arzoxifene, acted in ways similar to natural estrogen on TPH and SERT mRNA expression
in serotonin neurons [89]. In the monkey dorsal raphe, estrogen replacement and application of
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raloxifene also modulated TPH-1 mRNA; SERT mRNA and monoamine oxidase (MAO)-A mRNA.
Thus, estrogen and raloxifene appear to increase serotonin production and transport to various
extents. This, in combination with changes in expression of degradative enzymes, presents a complex
of gene transcription, post-transcriptional processing, and substrate feedback mechanisms [90].
Sumner et al. [91] provided evidence that estradiol induction of the 5-HT(2A)R and the SERT in the
brain is mediated by nuclear estrogen receptors. The SERM raloxifene completely blocked estradiol
stimulation of 5-HT(2A)R and SERT expression in the brains of acutely ovariectomized rats [91].
In particular, in the mid-frontal cortex, raloxifene alone increased the density of SERT sites, while in
the posterior olfactory tubercle it decreased the density of 5-HT(2A)R.

Regarding the neurotransmitter dopamine, in ovariectomized rats 17β-estradiol and raloxifene
modulated D2 and D3 specific binding in the basal ganglia [92]. This obviously may have implications
for various dopamine related disorders, ranging from Parkinson’s disease to schizophrenia.
Another neurotransmitter closely associated with basal ganglia disorders is enkephalin. The following
study investigated the effect of hormonal withdrawal and replacement therapy on preproenkephalin (PPE)
expression in the striatum and nucleus accumbens [93]. In this study, ovariectomized Sprague–Dawley
rats were treated for 2 weeks with estradiol, specific ligands for ERα and ERβ (PPT and DPN
respectively), and with the SERMs, raloxifene and tamoxifen. In the nucleus accumbens and striatum,
PPE mRNA levels were decreased by ovariectomy, an effect that was counteracted by estradiol. PPT,
DPN, tamoxifen, and raloxifene reproduced the estradiol effect in the accumbens [93]. The same effect
was obtained with SERMs and the agonists for ERα and ERβ [93].

Effects of raloxifene were studied in the Mouse Motor Neuron-Like Hybrid Cell Line (NSC-34)
model of amyotrophic lateral sclerosis (ALS) that stably expresses the 25-kDa C-terminal fragment
of transactive response DNA binding protein 43 kDa (TDP-43) (i.e., TDP-25 cells). These TDP-25
cells express G protein-coupled receptor 30 (GPR30; also named GPER) as well as ERα and ERβ [94].
Located in the plasma membrane, GPR30 is a seven-transmembrane-domain receptor that mediates
non-genomic estrogen related signaling [95]. Being a receptor, responding to estrogen and SERMs,
GPR30 affects functional pathways serving to modulate cell growth, migration and programmed cell
death in a variety of tissues. In the study of Zhou et al. [94] the expression of ERα and GPR30 were
both increased by 17β-estradiol as well as raloxifene. Furthermore, 17β-estradiol as well as raloxifene
enhanced TDP-25 cell viability. All of these effects of 17β-estradiol and raloxifene were completely
abolished by the ERα/β antagonist (ICI 182,780) as well as the GPR30 antagonist (G15) [94]. P62,
caspase-9, and Bax levels were significantly decreased in TDP-25 cells treated with 17β-estradiol or
raloxifene, and levels of the lipid modified form of microtubule-associated protein 1A/1B-light chain
3 (LC3-II) were elevated in 17β-estradiol-treated cells, but reduced in raloxifene-treated cells. All of
these changes were abolished by treatment with ICI 182,780 or G15 [94]. These data suggest that
both raloxifene and 17β-estradiol enhance autophagy and suppress apoptosis to limit motor neuron
death by binding to ERα/β and/or GPR30 in TDP-25 cells. The results in this ALS model indicate
that the raloxifene provides its neuroprotective effects via genomic pathways as well as nongenomic
pathways [94].

It is known that raloxifene not only binds to estrogen receptors, but also to CB-2 cannabinoid
receptors, for examples, see [1,96]. Like the well-established CB-2 inverse agonists (AM630, JTE907),
the CB-2 inverse agonist raloxifene acutely increased cortical c-Jun NH2-terminal kinase (JNK) levels
in mice [96]. In more detail, AM630 acutely increased JNK in cortex (+61–148%); JTE907 and raloxifene
also acutely increased cortical JNK (+31–57%). Repeated (i.e., chronic) treatments with raloxifene,
such as with AM630 and JTE907, also brought a reversal to the acute effects even resulting in decreases
in cortical JNK (AM630: −36%; JTE907: −25%; raloxifene: −11%). Thus, acute and chronic treatments
with CB-2 inverse agonists (such as raloxifene) regulate cell death markers in opposite directions in the
brain [96].

Thus, both sections together: 4.1 mitochondria (including oxidative stress) and 4.2 cell nuclear
gene expression, show that raloxifene and other SERMs affect both mitochondrial activity and oxidative
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stress as well as gene expression, i.e., nongenomic and genomic functional pathways/mechanism.
Figure 3 briefly summarizes that SERMs, including raloxifene, display these properties of modulation
of both genomic and nongenomic functional pathways. This may be a general property of agents
efficacious in treatment of brain disease and brain injury: namely, simultaneous effects on genomic and
nongenomic functions, including cell nuclear gene expression and mitochondrial function. Effects on
cell nuclear gene expression and mitochondrial function were also observed for other agents efficacious
in treatments for neurodegeneration in animal models and cell culture, as reviewed, for example,
for TSPO ligands and fucoidan [28,29]. These two sections presented here show that it is very
informative to study simultaneous activities of mitochondria and cell nuclei. In particular, from our
point of view, such research will lead toward novel treatments of neurodegeneration, as related to brain
disease and brain injury. On a more general base, the various genomic and non-genomic functional
pathways, and mechanisms under estrogen control, appear to make estrogens and SERMs potential
broad-spectrum agents for treatment of brain injury and brain disease [6].
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Figure 3. A generalized scheme of pathways, whereby SERMs, including raloxifene, may provide
neuroprotection and curation in response to brain disease and brain injury. This is excerpted
from the notion that SERMs, including raloxifene, appear to simultaneously affect genomic and
nongenomic functions, i.e., cell nuclear function via the estrogenic receptors ERα and ERβ, modulating
gene expression (genomic), while the various nongenomic functions include, but are not restricted
to, interaction with the cell plasma membrane estrogen receptor (GPER), mitochondrial functions,
cell metabolism, programmed cell death, as well as various others (e.g., [73,74,78,79]).

5. Brain Diseases, Brain Injuries, and Underlying Functions in Response to Raloxifene

5.1. Alzheimer’s disease, Dementia

Alzheimer’s disease is the most common cause of dementia, accounting for 60–80% of the
cases, and is in dire need of therapy. Dementia is defined by memory loss and other cognitive
impairments serious enough to interfere with daily life [97]. Alzheimer’s disease, discussed in this
section (Section 5.1. Alzheimer’s disease, Dementia) includes cell and tissue loss throughout the brain.
This neurodegeneration presents itself as shrinkage of the brain as a whole. In other brain disorders,
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such as Parkinson’s disease, ALS, MS, Stroke, and TBI, which also have been assayed for treatment with
raloxifene and other SERMs (as discussed in Sections 5.2–5.4) the shrinkage, i.e., neurodegeneration,
typically is restricted to localized brain areas and specific cell types. In Figure 4, the relevance of
raloxifene for these brain diseases and brain injury is outlined schematically.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 24 of 30 
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In 2002, 42 studies were reviewed to address the question whether estrogen replacement therapy
(ERT) would be beneficial for memory and cognition performance in nondemented postmenopausal
women [98]. An appreciable number of nonsignificant findings was acknowledged, importantly
however, the number of significant findings favoring ERT users considerably outnumbered the rare
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findings of better performance in controls [98]. Experimental, short-term studies demonstrated a
consistent beneficial effect on verbal memory of estrogen replacement therapy. Moreover, long-term
observational studies suggested a long-lasting beneficial effect of continued estrogen replacement
therapy on cognitive functioning. However, these long-term studies have to be interpreted with
caution as they lacked random assignment [98]. Studies on the effects of ERT showed an association
with a decreased risk for development of dementia, but no significant effects of ERT were seen with
patients already diagnosed with Alzheimer’s disease [98].

A later study, a randomized, placebo-controlled trial, examined whether long-term application of
raloxifene affected the risk for Alzheimer’s disease in postmenopausal women with osteoporosis [39].
The women who were the subjects of this part of the study received raloxifene (60 or 120 mg/day)
and the effects of these treatments on development of mild cognitive impairment and dementia were
evaluated [39]. These women received baseline and annual clinical and cognitive evaluations [39].
In particular, as described in this study by Yaffe et al. [39], after 3 years, among the 5386 women
enrolled at participating sites, those who had clinical symptoms of dementia or scored in the lowest
10th percentile on cognitive screening were evaluated by a blinded dementia specialist and had brain
scans and laboratory tests to evaluate dementia etiology. Dementia was diagnosed by a blinded
adjudication committee. Of the 5386 women of the trial, 5153 (95.7%) were classified as cognitively
normal, 181 (3.4%) had mild cognitive impairment, and 52 (1.0%) had dementia, 36 with Alzheimer’s
disease. Compared to those taking placebo, women receiving 120 mg/day of raloxifene had a 33%
lower risk of mild cognitive impairment (relative risk, 0.67; 95% confidence interval [CI], 0.46–0.98),
and also lower risk of Alzheimer’s disease, the latter which, however, was non-significant (relative risk
= 0.52, 95% CI = 0.22–1.21) [39]. Looking at these numbers, as reduction of risk for Alzheimer’s disease
presents a larger number than the reduction of risk for mild cognitive impairment (48% vs. 33%),
it appears that the effect of raloxifene on progressing to diagnosis of Alzheimer’s disease shows a
relatively large variability. This is in accord with the earlier studies reviewed by Zec and Trivedi [98].
Moreover, 60 mg/day of raloxifene had no significant effects. Thus, raloxifene at a dose of 120 mg/day
resulted in reduced risk of cognitive impairment in postmenopausal women [39]. Regarding later
verbal memory studies, similar findings were reported. Raloxifene improved verbal memory of late
postmenopausal women in a randomized, double-blind placebo-controlled trial [41]. Briefly, the women
receiving raloxifene performed better than the women receiving placebo in the “words A + B test”
(p = 0.025) and in the “words A test” (p = 0.023). These findings were solidified by a later review of
the various trial studies done until 2013 [5]. Importantly, these finding are not without implications.
Notably, patients with mild cognitive impairment convert from this diagnosis to a diagnosis of
Alzheimer’s disease at an average rate of 15% per year [99]. With simple arithmetic, this implies that,
from any time point of choice, within seven years, all patients with mild cognitive impairment will
have progressed to full blown Alzheimer’s disease. Because it was shown for a considerable number
of postmenopausal women that raloxifene may present protective effects regarding progress toward
diagnosis of Alzheimer’s disease, as discussed, foreknowledge, which patients would show the positive
outcome, would help to apply raloxifene prophylactically [100]. This is the more important, as raloxifene
did not reliably treat Alzheimer’s disease itself, as found with subjects treated with raloxifene for
osteoporosis. Moreover, a pilot study directed at Alzheimer’s disease per se in postmenopausal
women did not show curative effects [101]. Applying a successful agent prophylactically to arrest the
development progressing toward Alzheimer’s disease may also reduce the burden and distress of
Alzheimer patient caretakers. The idea of applying raloxifene prophylactically is reminiscent of the
prophylactic treatment with raloxifene to prevent the invasive type of breast cancer in women at high
risk for invasive breast cancer [102]. It is also essential to make sure that effects of treatment will be
ameliorating and not detrimental. Interestingly, it was also shown with invasive breast cancer that
raloxifene slightly enhanced survival rate, i.e., was not detrimental in this respect [102].

For this purpose of prophylactic treatment to prevent occurrence of Alzheimer’s disease, of course
it is important to be able to tell which patients, or even healthy persons, are at risk for Alzheimer’s
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disease. Interestingly, a study on glycosylated hemoglobin (HbA1C), a marker of glucose control,
supported the hypothesis that glucose dysregulation is a predictor for cognitive impairment [40].
For this study, 1983 postmenopausal women (mean age, 67.2 years) with osteoporosis were assayed
over a 4 year period. Further studies like these may indicate ways to determine for which persons
raloxifene may present an efficacious treatment. First of all, of course, persons with mild cognitive
impairment should get extra attention. Indeed, it is then important to know what are the defining
characteristic of persons with mild cognitive impairment that may predict the further development
toward Alzheimer’s disease.

Moreover, molecular biological mechanisms whereby raloxifene might counteract development
toward Alzheimer’s disease were explored. For example, the mechanisms were studied whereby
desmosterol [3-β-hydroxysterol delta-24-reductase (DHCR24)], also named SELective Alzheimer’s
Disease INdicator-1 (seladin-1), may be involved in the potential role of SERMs in their effects in
Alzheimer’s disease [103]. Seladin-1/DHCR24 shows anti-apoptotic activity and catalyzes the synthesis
of cholesterol from desmosterol. In particular, in neuroblastoma cells, the amount of membrane
cholesterol was increased by Seladin-1 overexpression. In addition, Seladin-1 overexpression induced
resistance against β-amyloid aggregates. In agreement, a specific DHCR24 inhibitor increased cell
vulnerability [103]. Interestingly, 17β-estradiol, raloxifene, and tamoxifen significantly increased the
expression of seladin-1 and the amount of cell cholesterol. This probably associates with their effects in
human fetal neuroepithelial cells (FNC) where they protect against oxidative stress and β-amyloid
toxicity [103]. Corroborating these findings, upon seladin-1 silencing in FNC cells, the protective effects
of SERMs are abolished [104]. Thus, seladin-1 may be a mediator for the neuroprotective properties of
SERMs and cholesterol’s function in maintaining brain homeostasis.

Interestingly, raloxifene also appears to be able to inhibit Aβ42 aggregation directly and to
destabilize preformed Aβ42 fibrils by directly interacting with the N-terminus and middle domains
of Aβ42 peptides [105]. Thus, raloxifene can directly reduce toxicity of Aβ42 in HT22 neuronal
cells. Furthermore, in this way, raloxifene can also prevent expressions of tumor necrosis factor-α
and transforming growth factor-β that are normally induced by Aβ42 peptides [105]. Thereby, also,
microglia-mediated, indirect toxicity of Aβ42 to HT22 neuronal cells can be alleviated. This says that,
apart from effects via receptors (genomic and non-genomic) and modulation/regulation of various
molecular biological mechanisms (e.g., related to metabolism, oxidative stress, and others) raloxifene
can present itself as a direct, substrate affecting agent.

As mentioned, raloxifene may delay the onset of mild cognitive impairment in elderly women,
and, as a consequence, may prevent or delay the development toward and the onset of Alzheimer’s
disease. Thus, it was considered that functional magnetic resonance imaging (fMRI) may reveal effects
of raloxifene on brain activation patterns during a memory task in postmenopausal women [106].
In this study, treatment with raloxifene resulted in reduced activation in the left parahippocampal and
lingual gyri, and increased activation in the right superior frontal gyrus in this paradigm [106].

As raloxifene presented the hopeful finding that it may delay the onset of mild cognitive
impairment in elderly women, it was also realized that is was mandatory to investigate potential
beneficial effects of raloxifene treatment on mental performance in males [107]. For this purpose,
functional magnetic resonance imaging (fMRI) was applied to measure brain activity in elderly
males. This showed that brain activation associated with encoding of new information (faces) into
memory was enhanced by raloxifene treatment. In more detail, raloxifene treatment enhanced
brain activation in the left posterior parahippocampal area (Z = 3.9) and right inferior prefrontal
cortex (Z = 3.5) [107]. Furthermore, while the placebo group showed a small but significant decrease
in accuracy scores (p = 0.02), recognition accuracy scores remained stable in the raloxifene group.
In conclusion, these findings of raloxifene’s positive effects on memory in men and women associated
with raloxifene’s effects on brain activity [106,107]. It was argued that the validity of these predictions
could be tested in large-scale clinical trials [107].
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With recent advancements in imaging techniques, pharmacology, and molecular biology,
the potential exploitation of these and other signaling pathways for clinical use is becoming possible.
This would allow to further test the efficacy of raloxifene and other agents to slow or stop the
development toward Alzheimer’s disease, and other neurodegenerative diseases [28,29,97].

To briefly mention something relatively new, it is becoming appreciated that infection (bacterial,
viral, yeast) may play a role in the development of Alzheimer’s disease, and it has been proposed
that TSPO ligands and fucoidan may counteract such infections [28,29,34,108,109]. Very interestingly,
also this year, the SERMs raloxifene hydrochloride and quinestrol were among 15 compounds that
were found to effectively inhibit Zika virus (ZIKV), Dengue virus (DENV), and West Nile Virus (WNV)
(Kunjin strain) infection at low micromolar concentrations with minimal cytotoxicity in Huh-7.5
hepatoma cells and HTR-8 placental trophoblast cells [110]. Furthermore, these 15 compounds appear
to inhibit viral RNA replication in a manner that is independent of their known effects on estrogen
receptor signaling (ERα and ERβ) [110]. This may indicate that their effects are via one or more
SERM associated nongenomic pathways. Taken together, raloxifene hydrochloride, quinestrol, and
structurally related analogues warrant further investigation as potential therapeutics for treatment of
virus infections, including related to brain diseases, such as the slow development toward Alzheimer’s
disease. Again, it has to be realized and appreciated that SERMs, including raloxifene, rather prevent
development of Alzheimer’s disease when applied relatively early during the development of mild
cognitive impairments, but do not provide a cure for diagnosed Alzheimer’s disease once it has
developed from mild cognitive impairment. Thus, speculating, raloxifene may stop an infection
leading to Alzheimer’s disease in an early stage, but cannot overcome a full-blown infection and its
aftermath damage. The study of Eyre et al. [110] also suggests that raloxifene does not combat all types
of viruses. This may explain why raloxifene effects on development of Alzheimer’s disease may show
the large variability that is seen [41,98,101]. In addition, to emphasize apparent anti-viral, as well as
anti-bacterial properties of raloxifene, it has been found that it can also be used in treatment against
malaria [111].

Possibly, a viral, bacterial, or yeast load in the brain may predictive for development of Alzheimer’s
disease. If that is indeed the case, then by having a compound ready like raloxifene, fucoidan, or TSPO
ligand, which separately or together may act against such an infection [28,29], hopefully Alzheimer’s
disease can be stopped before it develops (just like invasive breast cancer can be prevented by
raloxifene).

To recapitulate here, a major finding appears to be that raloxifene can counteract mild cognitive
impairment, as pointed out in Figure 4. Disappointingly, clinical trials of postmenopausal women
treated with raloxifene for osteoporosis, did not shown an effect on concomitant Alzheimer’s disease
presenting itself in a number of these patients. Moreover, a pilot study directed at Alzheimer’s
disease, per se, did not show curative effects [101]. Nonetheless, the findings regarding mild cognitive
impairment are not without relevance, not only already in and by itself, but also because, in a relevant
number of cases, diagnosis of mild cognitive impairment precedes diagnosis of Alzheimer’s disease.
Thus, if (and when) it can be predicted which patients with mild cognitive impairment disease will, at a
later stage, be diagnosed with Alzheimer’s disease, it will be prudent to prophylactically treat these
patients. This review suggests raloxifene for such a treatment, but of course, also, other agents with
similar properties may be just as effective, or even better. This would, hopefully, also reduce caretaker
burden and caretaker distress. Finally, the various studies in this section also are in agreement with
the general notion that raloxifene affects cell nuclear function of gene expression as well as various
other mitochondrial and non-mitochondrial functions from metabolism to programmed cell death and
even modulation of cholesterol production and degradation of Aβ1-42, i.e., genomic and nongenomic
pathways and mechanisms (see Figure 3).
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5.2. Parkinson’s Disease

In contrast to Alzheimer’s disease and raloxifene, which entail various human studies, so far for
Parkinson’s disease studies only animal models (rodents) have been applied to determine effects of
raloxifene and other SERMs. Perhaps this is so because rodent models for Parkinson’s disease are
relatively robust. Regarding humans, epidemiology documented that the prevalence of Parkinson’s
disease is higher in males than in females. This suggested that estrogens may be involved, maybe even
beneficial. This then was studied in animal models for Parkinson’s disease, for example, by dopamine
depletion in striatum in C57Bl/6 mice induced by 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP).
In the study in question here, this was done by giving four systemic (intraperitoneal; i.p.) injections of
MPTP, 15 mg/kg i.p. at 2 h intervals [104]. Interestingly, 17β-estradiol, progesterone, and raloxifene,
can prevent this MPTP induced dopamine depletion, whereas 17α-estradiol had no effect. Mechanisms
how this may occur were assayed [104]. Integrity of dopamine neurons was probed by dopamine
transporter (DAT) labeling {labeled by [(125)I]RTI-121 specific binding}. For treatments, 17α-estradiol,
17β-estradiol, or progesterone, were injected daily for 5 days prior to the MPTP injections and then
these estrogenic injections were continued for 5 days after the MPTP injections. In the striatum,
the MPTP injections resulted in a decrease of DAT-specific binding (50% of control). In the substantia
nigra, these MPTP injections reduced DAT mRNA levels (20% of control). The 17β-estradiol (2 µg/day),
progesterone (2 µg/day), and raloxifene (5 mg/kg/day) prevented these MPTP induced decreases in
the striatum, but 17α-estradiol (2 µg/day) or the lower dose of raloxifene (1 mg/kg/day) did not [104].
In the substantia nigra, none of these mentioned treatments completely reversed the decrease of
DAT mRNA levels. Nonetheless, 17β-estradiol, as well as progesterone and raloxifene treatment,
provided protection against this MPTP neurotoxicity [104]. Thus, the early dopamine nerve cell damage
modeled in this paradigm was responsive to hormone treatment. Many other studies also showed that
the neuroprotective mechanisms of estrogens include antioxidant effects and upregulation of Bcl-2,
brain-derived neurotrophic factor (BDNF), and glial cell-derived neurotrophic factor (GDNF) [112].
In addition to transcription regulation by cell nuclear estrogen receptors, upregulation of Bcl-2 or GDNF
is mediated by nonnuclear estrogen receptor [112]. This also indicates that genomic–nongenomic
interactions take place.

In another experimental study, 17β-estradiol also inhibited MPTP-induced dopamine depletion
by applying a dosing regimen of 17β-estradiol that mimics physiological levels of this steroid [113].
However, high doses of 17β-estradiol failed to inhibit toxicity, as did 17α-estradiol. Disappointingly,
however, in this paradigm raloxifene was ineffective against MPTP toxicity [113]. Thus, it was
pointed out that exploration of new compounds with different pharmacological and/or physiochemical
properties maybe warranted [113].

Fortunately, however, studies by others showed prevention of MPTP-induced striatal dopamine
depletion in mice by 17β-estradiol, progesterone, and by raloxifene (for example, [114]). To get better
insights into the neuroprotective effects of raloxifene in MPTP-treated male mice, its mediation via G
protein-coupled estrogen receptor 1 (GPER1) was studied. GPER1, in contrast to the cell nuclear ERα
and ERβ estrogen receptors, is located at the plasma membrane. To study the influence of GPER1,
its antagonist G15 was used [115]. Striatal concentrations of dopamine, 3,4-dihydroxyphenylacetic
acid, homovanillic acid to dopamine ratio as well as dopamine transporter and vesicular monoamine
transporter 2, after MPTP, showed that raloxifene neuroprotection of dopaminergic neurons was
blocked by G15. Mechanisms of protection by raloxifene were found to include striatal Akt signaling.
(Activation of Akt signaling promotes cell survival, cell growth, cell proliferation, cell migration,
and angiogenesis.) Furthermore, the protection by raloxifene was accompanied by increased Bcl-2 and
brain-derived neurotrophic factor (BDNF) levels; these effects were also abolished by co-administration
with G15. This study indicates that to achieve protection of dopaminergic neurons in MPTP treated
mice, raloxifene acts by way of GPER1 to mediate Akt activation, and to increase Bcl-2, and BDNF
levels, thereby maintaining plasma androgen levels.
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Finally, in another model for Parkinson’s disease, nigral dopaminergic cell death in Wistar rats
was induced by striatal injections of 6-hydroxydopamine (6-OHDA). In this model, 17β-estradiol
and the SERMs, raloxifene and tamoxifen, as well as a selective estrogen receptor REα agonist,
propyl-pyrazole-triol (PPT) and a selective estrogen receptor REβ agonist, diarylpropionitrile (DPN),
were assessed for their effects on behavioral and biochemical alterations. Not only did striatal
injection of 6-OHDA induce significant behavioral alterations reminiscent of Parkinson’s disease,
these effects were accompanied by significant decreases in striatal dopamine, homovanillic acid (HVA),
and 3,4-dihydroxyphenyl acetic (DOPAC) concentrations [116]. Furthermore, 6-OHDA-induced nigral
acid dopaminergic cell death that was accompanied by oxidative stress, presented as a significant
decrease in striatal glutathione peroxidase (GPx) activity, as well as apoptosis in the substantia nigra,
the latter as indicated by a significant increase in nigral caspase-3 activity [116]. Treatment with
17β-estradiol, raloxifene, and PPT, but not with tamoxifen or DPN, provided significant ameliorations
of the behavioral and biochemical effects induced by 6-OHDA [116]. Thus, it appears that specific
SERMs, including raloxifene, may be very effective for treatment in the 6-OHDA induced rat model for
Parkinson’s disease, reminiscent of the MPTP mouse model for Parkinson’s disease.

In addition to the effects on depletion of dopamine by the MPTP and 6-OHDA models for
Parkinson’s disease, and the beneficial effects of SERMs, including raloxifene, inhibition of dopamine
activity by cocaine was also explored. Estrogenic effects included restoration of dopamine activity
otherwise inhibited by cocaine. We focus here, quickly, on the effects of raloxifene. Pretreatment with
this estrogen receptor antagonist raloxifene or the selective ERα antagonist Y134 largely counteracted
cocaine-inhibition of dopamine neuron firing [117].

In short, raloxifene appears to have beneficial effects in respect to dopamine depletion and
reduction of dopamine activity in the MPTP and 6-OHDA models for Parkinson’s disease, as pointed
out in Figure 4.

5.3. Traumatic Brain Injury (TBI)

In addition to the search for beneficial effects of raloxifene treatment on Alzheimer’s disease
and Parkinson’s disease, over the years, raloxifene also received attention in relation to brain injury.
In this search for effective treatments in experimental models for TBI, hormonal differences between
males and females also appeared to be a crucial component. In one study, bilateral cortical contusion
injury (bCCI) or sham procedure was applied to male rats to examine functional recovery effected
by raloxifene treatment [118]. Injections of raloxifene (3.0 mg/kg, i.p.) or vehicle (1.0 mL/kg, i.p.)
were given 15 min, 24, 48, 72, and 96 h after bCCI or sham procedure. Sensorimotor tests (bilateral
tactile removal and locomotor placing tests) and cognitive tests (reference and working memory
in the Morris water maze) were applied to see the effects of raloxifene-treatment in comparison to
vehicle-treatment. Raloxifene significantly reduced the initial magnitudes of the deficits and accelerated
recovery [118]. Interestingly, even though within this timeframe of 96 h, raloxifene treatment did
not present a significant reduction in the lesion size of the TBI, nevertheless, raloxifene treatment
apparently improved functional outcome following bCCI.

In another paradigm, fifteen days after ovariectomy or sham surgery, rats received a stab
wound injury to the brain together with treatments applying estradiol, raloxifene, or tamoxifen [50].
Reactive astrocytes after such stab wounds were more numerous in aged rats than in young rats.
Nonetheless, in both age groups, the estrogenic compounds reduced reactive astrogliosis [50].
Raloxifene and tamoxifen also reduced microglia activation after stab wound brain injury [16].
These data suggest that early regulation of microglia activation, in addition to regulation of astrogliosis,
provide a functional pathways by which SERMs may exert neuroprotective effects in the setting of
a brain trauma [16,50]. These studies also indicate simultaneous effects on astrocytes and microglia
regarding neurodegeneration and neuroprotection as outlined in Figure 2.

Various visual deficits after TBI are common and thus can be used for assays. For example high
pressure closed-head air blast yields deficits in visual acuity and contrast sensitivity, reductions in
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the A-wave and B-wave of the scotopic electroretinogram (ERG), light aversion, and increased pupil
constriction to light [1]. Raloxifene (at 5–10 mg/kg) delivered daily for two weeks after closed-head air
blast TBI mitigates or eliminates mentioned visual abnormalities (the higher dose typically being more
effective). As mentioned, this functional rescue by raloxifene was associated with reductions in the
activation of inflammatory M1 microglia and enhancing activation of anti-inflammatory M2 microglia,
as well as with reduced damage and neuropathology of the retina, optic nerve, and oculomotor
nucleus [1].

Interestingly, for these beneficial raloxifene effects, interactions with the cannabinoid type-2
receptor (CB-2) were essential [1]. In other experiments, treatment with the CB-2 inverse agonist
SMM-189 for 2 weeks after closed-head blast TBI greatly attenuated the visual deficits and retinal
pathology otherwise produced in mice, including reduction of the deleterious role of microglia in the
injury process after this trauma [23–26,119]. Thus, in general, the CB-2 receptor provides a robust
pathway for healing of brain injury. A practical advantage of raloxifene over SMM-189 in this respect
is that SMM-189 as yet lacks FDA approval, while raloxifene has been approved and applied, as well
as studied in human disorders for more than two decades (as this review bears witness, not only
clinical trials, but also including numerous animal experiments during this time period). Moreover,
important for potential clinical application, including clinical trial, raloxifene treatment was shown to
be still effective even when delayed until 48 h after TBI [1]. This would mean that definitely sufficient
time is available to bring victims/patients to the clinic, for diagnosis, and for clinical trial to obtain
informed consent. And of course, hopefully, eventually also for actual treatment with raloxifene of TBI
patients. Summarizing, the various studies show that raloxifene is beneficial for treatment of brain
injury. Moreover, this is also true for other brain disorders presented in this review. Thus, these results,
plus raloxifene’s regular use in humans for other health problems, provide a safe and sound basis for
clinical trial, maybe even phase-2 efficacy testing targeting treatment of TBI by raloxifene in humans [1].
In addition, the body of research on TBI treated with raloxifene also shows that raloxifene ameliorates
the pathologies of neurons, including axons, and of astrocytes and microglia, which all are typical for
neurodegeneration (Figure 2), presenting raloxifene as a broadband curative drug for TBI. The latter
may mean that raloxifene should also be effective for treatment of other brain disorders.

5.4. Cerebral Ischemia

To recapitulate, important for their effectiveness of treatments of brain disease and brain injury,
SERMs promote neurorepair, as well as neuroprotection together with anti-neuroinflammatory effects,
and ameliorate behavioral impairments, as discussed above, for various brain injuries and diseases,
including the effects on the various types of brain cells. Now, regarding cerebral ischemia, in a detailed
study it was investigated whether acute regulation of neurogenesis and spine remodeling could
be part of amelioration of damage due to cerebral ischemia [46]. Toward this end, ovariectomized
adult female rats received injections of raloxifene, or implants of pellets containing tamoxifen or
17β-estradiol (estrogen). Then, one week later, transient middle-cerebral artery occlusion (MCAO)
was applied to induce cerebral ischemia. To label dividing cells in brain, the rats received injections
with bromodeoxyuridine (BrdU) [46]. Neurogenesis and spine density were analyzed at day-1 and
day-5 post MCAO. First of all, in intact rats, treatments with SERMs and estrogen resulted in a robust
induction of neurogenesis in the ipsilateral subventricular zone (SVZ). Moreover, following ischemia
treated with estrogen and raloxifene, neurogenesis in the ipsilateral SVZ was significantly higher than
in placebo-treated rats [46]. Tamoxifen did not have this regenerating effect. Nonetheless, both SERMs,
as well as estrogen, significantly attenuated spine density loss in the cortex at day-5 post ischemia. Thus,
SERMs can induce significant repair processes in ischemic brain. Obviously, these results and those of
the preceding sections should have a major effect on our thinking regarding the completeness whereby
SERMs can counteract brain disease and brain injury, meaning, raloxifene may serve—not only to
protect from neural damage—but also serve to repair brain damage.
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6. Summary and Conclusions

At this day and time, a field of five pharmaceutical entities—fucoidan (a brown seaweed product),
raloxifene (an SERM), SMM-189 (a CB-2 receptor ligand), pifithrin (a P53 modulator), and ligands
(for TSPO) present comparable beneficial effects regarding healing from neurodegeneration, namely,
restoration of structure and function by more than 90%, according to the standards of the studies
in question (this could be seen in treatments of TBI) [1,26,28,29,119]. This is discussed in Section 2.
Raloxifene in the context of other advances in treatments of neurodegeneration. Raloxifene, however,
presents some advantages over the other compounds. In particular, already for two decades it has
been used in medical practice for various chronic ailments in humans. In clinical trials, it also showed
favorable effects regarding mild cognitive impairments in humans. Anecdotal evidence suggests that
a substantial number of cases of Alzheimer’s disease may be prevented (indicated in the schematic
diagram of Figure 4), and occasionally, even ameliorated. At whole CNS levels, raloxifene showed
preventive effects regarding Alzheimer’s disease, i.e., mild cognitive impairments could be attenuated
and, thus, progress toward full-blown Alzheimer’s dementia arrested.

Potentially more than with Alzheimer’s disease, raloxifene was quite effective in animal models of
Parkinson’s disease (see scheme of Figure 4). In other animal models, it was indicated that raloxifene
had curative effects regarding stroke and TBI, including regeneration of neurons (Figure 4). Importantly,
as found with TBI, as late as 48 h after application of brain damage initiation, raloxifene appears to be
able to achieve full brain repair, including restoration of normal behavior [1]. Regarding cell types,
raloxifene protects neurons from cell death, prevents glial activation, ameliorates myelin damage,
and maintains health of endothelial cells. Furthermore, in cell culture studies, raloxifene showed
healing effects regarding multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS).

Regarding mechanisms, raloxifene is able to favorably modulate the adverse biological signals
typical of brain disease and brain injury. These signals that can be modulated by raloxifene relate to
neuronal activity, neurotransmitters, and their receptors, plasticity, inflammation, oxidative stress,
nitric oxide, calcium homeostasis, behavioral impairments, cell death, etc. (Figure 4). These effects of
raloxifene can be attained, on the one hand, by way of changes in gene expression of the relevant proteins,
for example via its binding to the cell nuclear estrogen receptors ERα and ERβ, i.e., genomic pathways,
and, on the other hand, by acting on the nongenomic pathway presented by the GPER plasma membrane
estrogen receptor, and modulating its effects, receptors other than estrogen receptors (as reported for
the CB-2 receptor), as well as direct interference with various other nongenomic pathways, for example,
degrading Abeta, reducing oxidative stress, supporting homeostasis of glucose metabolism, modulating
Ca++ balance, attenuating adverse mitochondrial activity, including prevention of programmed cell
death, and modulation of intracellular cholesterol levels (Figure 3). Thus, raloxifene not only appears
efficacious, but its two decade long use is also reflected by a wide spectrum of parameters that have
been assayed to substantiate raloxifene’s effectiveness for treatments of brain damage due to injury and
disease. The range of this spectrum of parameters is from molecular biological mechanism, cell viability,
tissue regeneration, and behavioral assays to clinical trials. This not only provides for understanding
mechanisms in association with neurodegeneration regarding raloxifene, but this may also be relevant
for other promising agents, and potentially give directions for further drug development of other novel
compounds to treat brain damage due to injury and disease.

In this review, attention was also given to the relatively new insights that Alzheimer’s disease
can be caused by infections, bacterial as well as viral, and the most recent findings that raloxifene
can counteract at least some bacterial and viral infections (see Figure 4). It was suggested that,
foreknowledge, in which patients would show positive outcomes, would help to apply raloxifene
prophylactically [100] (or prophylactic application of other antiviral and antibacterial agents, for that
matter). It may be that, if one knows which infection a person has, and how the person performs on a
cognitive test, one may be able to predict whether the person in the future would receive a diagnosis
for Alzheimer’s disease if not treated prophylactically. As raloxifene may provide such a prophylactic
treatment, this review pays attention to the molecular biological pathways that may be utilized by
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raloxifene to attenuate neurodegeneration underlying chronic progressing of brain damage due to brain
injury and brain disease. Compounds, in addition to raloxifene, that may be potentially efficacious
regarding treatment of brain damage caused by disease and injury, on the one hand, may work partly
via different functional pathways, but on the second hand, may also share functional pathways (for
example see, [18–29]). Thus, while each compound may have the capacity to be sufficient by itself,
they may also complement each other’s effects.

In short, the potential of SERMs, including raloxifene, as well as other compounds, present
hopeful developments for treatments of brain injury and brain disease. Thus, further studies of the
beneficial effects of raloxifene regarding brain damage are warranted. A relatively simple clinical trial
would be the application of raloxifene as treatment for TBI. In consideration for future human studies
of raloxifene, to gain further insights regarding effects on neurodegeneration, cognitive impairment,
and dementia, dosage of 120 mg/kg of raloxifene (or higher, as up to 600 mg/kg) appear to be optimal.
Since the SERM raloxifene presents itself as a robust anti-neurodegeneration drug, for various brain
injuries and brain diseases (Figure 4), it could be taken as a template standard for the design and testing
of relative effectiveness of other novel anti-neurodegeneration medication. This approach may give
guidance to what should be paid attention to when designing, developing, and testing compounds for
characteristics important for attenuation of brain damage due to disease or injury.
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