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Abstract

Demyelination results from the pathological loss of myelin and is a hallmark of many
neurodegenerative diseases. Despite the prevalence of demyelinating diseases, there are no disease
modifying therapies that prevent the loss of myelin or promote remyelination. This review aims

to summarize studies in the field that highlight the importance of nuclear hormone receptors in

the promotion and maintenance of myelination and the relevance of nuclear hormone receptors as
potential therapeutic targets for demyelinating diseases. These nuclear hormone receptors include
the estrogen receptor, progesterone receptor, androgen receptor, vitamin D receptor, thyroid
hormone receptor, peroxisome proliferator-activated receptor, liver X receptor, and retinoid X
receptor. Pre-clinical studies in well-established animal models of demyelination have shown a
prominent role of these nuclear hormone receptors in myelination through their promotion of
oligodendrocyte maturation and development. The activation of the nuclear hormone receptors

by their ligands also promotes the synthesis of myelin proteins and lipids in mouse models

of demyelination. There are limited clinical studies that focus on how the activation of these
nuclear hormone receptors could alleviate demyelination in patients with diseases such as Multiple
sclerosis (MS). However, the completed clinical trials have reported improved clinical outcome in
MS patients treated with the ligands of some of these nuclear hormone receptors. Together, the
positive results from both clinical and pre-clinical studies point to nuclear hormone receptors as
promising therapeutic targets to counter demyelination.
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Introduction

Nuclear hormone receptors are uniquely activated by hormones and hormone-like ligands

to carry out various functions in nucleus such as transcriptional regulation [1, 2]. These

receptors include the estrogen receptor, progesterone receptor, androgen receptor, vitamin
D receptor, thyroid hormone receptor, peroxisome proliferator-activated receptor, liver X
receptor, and retinoid X receptor, which share similar structures and have functions in
metabolism, reproduction, and development [2]. Recent studies have also implicated these
receptors in demyelinating diseases. In this review, we will highlight the current findings
on the roles of nuclear hormone receptors in lipid metabolism, myelin maintenance, and
oligodendrocyte-specific functions as well as their clinical relevance to demyelinating
diseases.

Estrogen Receptor

The estrogen receptor (ER) is a member of the nuclear receptor superfamily that is activated
by estrogens, including estrone, estradiol, and estriol [3]. The ER was discovered in 1958
and was the first receptor known to be modulated by hormones [4, 5]. The ER subtypes,
ERa and ERp, are encoded by several genes, including £SRI and ESR2[3]. The ESR1
gene, located on chromosome 6, encodes three isoforms of ERa., while the £SR2gene,
located on chromosome 14, encodes five isoforms of ERp [6]. ERs have the capacity to alter
signaling pathways in transcriptional regulation—dependent and —independent manners [7].
The transcriptional activity of ERs is most commonly activated by their binding to estrogen.
The most common estrogen that binds to ERs and activates their transcriptional activity is
17B-estradiol. Once such estrogens bind to ERs, the activated ER complex translocate to the
nucleus, where it binds to estrogen response elements [3, 7]. On the other hand, the main
mediator of ER non-transcriptional activity was found to be G protein-coupled estrogen
receptor (GPER1), a membrane estrogen receptor [3, 7-9]. Occasionally, non-transcriptional
activity can also be mediated by the nuclear ERs [3, 7]. This non-transcriptional activity of
ERs often results in cAMP regulation and protein-kinase activation of signaling cascades
that can indirectly change the expression of estrogen target genes [3, 7]. Both types of ER
signaling pathways modulate biological processes that include the development of breast
tissue and sexual organs, reproduction, bone density, cholesterol mobilization, control of
inflammation, and brain function [3, 7].

In the brain, ERs play a critical role by regulating cognition, body temperature, and
sexual behavior through neuronal modulation[10]. ER expression in the brain is well
documented in neurons, astrocytes, oligodendrocytes,[11-13]. [14, 15]. More specifically,
ERP promotes neurogenesis and modulates neuroendocrine regulation of stress response,
inflammation, anxiety, and depression behaviors[16, 17]. The ventral spinal cord is
characterized by the absence of neuronal cell bodies, having only fibers and glial cells,
opening questions about [18]. Supporting this notion is the role of ERs in oligodendrocyte
differentiation, myelination, and remyelination. The estradiol-ER axis was found to
activate the pAkt/mTOR pathway in oligodendrocytes, a pathway known[19]. These
findings are supported by studies in which the ERp agonist chloroindazole increased the
proliferation of oligodendrocyte precursor cells (OPCs) and the remyelination of axons of
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the neocortex and spinal cord in experimental autoimmune encephalomyelitis (EAE),[20,
21]. Chloroindazole treatment also improved clinical disease and motor performance in EAE
and cuprizone (CPZ)-induced demyelinating mouse models while upregulating cholesterol-
synthesis pathways in oligodendrocytes[20]. In addition, the estradiol-ER axis promotes
myelination in peripheral fibers and remyelination by enhancing the immunomodulatory
properties and pleiotropic efficacy of adipose-derived mesenchymal stem cells[22]. In
contrast to the positive roles of estrogen-ERs in remyelination and myelin maintenance,
Theoharides et al. reported that 17p-estradiol negatively impacted myelin by inducing mast
cell secretion[23]. After mast cells were exposed to estradiol, myelin basic protein (MBP)
displayed structural irregular similar those present in initial demyelination in[23]. This
phenotype was more pronounced in Lewis rats, which are susceptible to the development of
EAE, [23]. In general, there is strong evidence supporting the roles of ERs in remyelination
and neuroprotection, making this receptor a potential targetable route for demyelinating
diseases.

Estrogen receptor involvement in MS has been explored at the clinical level through
treatments using multiple estrogens to target ERB. A clinical trial in 2002 administered
estriol, a naturally occurring estrogen during pregnancy, to MS patients [24]. The estriol
doses significantly ameliorated the clinical symptoms and reduced relapse in patients
with primary progressive MS [24-26]. A phase 2 randomized clinical trial of women
with relapsing-remitting MS reported a reduction in MS relapse over a 2-year period of
estriol treatment [26]. The study also reported an acceptable risk-benefit ratio of estriol
administration in many healthy women [26]. This result highlights the safety profile of
estriol compared to some of the current anti-inflammatory disease-modifying therapies
commercially available for MS [26]. In conclusion, estrogen replacement therapy is a
potential treatment for demyelinating and neurodegenerative diseases.

While ER agonist administration has been established to alleviate demyelinating deficits,
their use for patient treatment, unfortunately, comes with challenges. Side effects of ER
agonist treatment include the feminization of male patients and potential carcinogenicity due
to increased activity of the ERa receptor [27, 28]. However, compared with previous ER
ligands, chloroindazole permits a lower incidence of these side effects [20, 29-31].

Overall, the ER and its respective ligands have important roles in maintaining bodily
processes, including the development of the reproductive system [3, 7]. Studies over the
years have also indicated the ER to have regulatory roles in the brain, specifically in
oligodendrocyte differentiation and myelin maintenance, making it an attractive target for
treating demyelinating diseases [25, 32-36]. Estrogen treatment in demyelinating mouse
models and clinical trials of MS patients have demonstrated ameliorative effects. Although
treatment does produce adverse effects, the investigations previously mentioned consolidate
the notion of ERs as a potential effective treatment for MS.

Progesterone Receptor

The progesterone receptor (PR) is another nuclear steroid hormone receptor expressed
primarily in female reproductive tissues and the central nervous system (CNS). PRs
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have two isoforms, PR-A and PR-B, located on chromosome 11922 [37]. In response to
progesterone binding, PRs regulate multiple gene networks involved in the development of
female sexual phenotypes [38-40]. The primary ligand for PR, progesterone, is a lipophilic
molecule that can cross the blood-brain barrier or be directly synthesized in the brain,

where it can be further metabolized into active neurosteroids [41-43]. Neural progesterone is
known to be synthesized in glia, oligodendrocytes, astrocytes, and neurons [44-50].

The progesterone-PR axis regulates the proliferation of neural progenitor cells [51-

53], sexual differentiation, and CNS tumor development [54-61]. PR activation also

has neuroprotective and anti-inflammatory roles in the CNS [62-64]. In addition, the
progesterone-PR axis enhances developmental myelination through the regulation of OPC
proliferation and maturation, and through increased MBP expression in the cerebellum [62—
65]. Furthermore, PRs act in a cell-autonomous manner in oligodendrocytes to promote
remyelination. This phenomenon was demonstrated in several studies where activation

of PRs improved remyelination in multiple demyelinating models by increasing myelin
protein upregulation, oligodendrocyte differentiation, and proliferation [66—69]. PRs also
promote remyelination by increasing astrocyte proliferation and inducing the polarization
of microglia from a pro-inflammatory to anti-inflammatory state [68]. Altogether, the
progesterone-PR axis plays a critical role in myelination by promoting both de novo
myelination and remyelination through its regulation of various brain cell types. However,
more research is needed to further elucidate the PR mechanism of action in myelination.

Independent from the progesterone-PR axis, progesterone itself has been observed

to have a role in the remyelination process. Progesterone restores mRNA levels of
neurosteroidogenic proteins and enzymes in the EAE mouse model which may reinforce
the effects of exogenous progesterone [70]. In addition, progesterone derivatives, such as
allopregnanolone, seem to be a promising form of treatment for demyelination. Noorbakhsh
et al. reported the protective effect of allopregnanolone treatment in an EAE model via
attenuating neuroinflammation, decreasing axonal injury, and restoring myelin basic protein
expression [71].

Although progesterone displays promising pre-clinical results for treating demyelination,
there is only one clinical trial in which the hormone is investigated as a treatment for MS
[72, 73]. In this clinical trial, MS female patients were administered progestin, a synthetic
progesterone analog, in combination with estriol at pregnancy levels after the post-partum
period [73]. In the study, the patients who were given the combinatory treatment had less
cortical gray matter atrophy than the patients in the placebo group. However, two main
limitations of this clinical trial were that the autonomous function of progesterone could
not be addressed and only a small number of patients participated, leaving the results
inconclusive. Therefore, there is a need to further understand the impact of this hormone
receptor at a clinical level. Overall, PR is an attractive target to further explore as a potential
treatment for MS.
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Androgen Receptor

The androgen receptor (AR) is also part of the nuclear hormone receptor superfamily.

The AR has two isoforms, ARa and AR, and one splice variant, AR-V7, encoded by

a single-copy gene located on chromosome Xq11.2-q12 [74, 75]. Androgens, including
testosterone, are the activating ligands for AR [75]. Once activated, the AR heterodimerizes
and translocates to the nucleus, where it acts as a transcription factor that regulates essential
genes involved in the development and maintenance of male sexual phenotypes and the
development of the nervous system [76—78]. When inactive, ARs are sequestered in the
cytoplasm by multiple chaperones [79]. Furthermore, ARs are expressed in brain cell types
including neurons, astrocytes, oligodendrocytes, and microglia, where they exert protective
functions [80-82]. In a recent study of the testosterone-AR impact on remyelination,

after demyelination of the CNS it was observed that the male gonad, testosterone, and

ARs promoted astrocyte recruitment and myelin regeneration by oligodendrocytes [83].
Furthermore, testosterone treatment ameliorated demyelination in multiple demyelinating
mouse models through the generation of OPCs and mature oligodendrocytes to increase the
formation of new myelin in the brain [83, 84].

To date, only one clinical trial has been completed to assess the effect of testosterone
treatment on MS patients [85, 86]. The clinical trial results showed that deficiency in
testosterone serum levels is present in one-third of male MS patients and correlates with
increased MS disability. Testosterone treatment of male MS patients significantly slowed
gray matter atrophy during 1 year of treatment compared to pretreatment [87]. Currently, a
one-armed clinical trial using testosterone treatment for MS is ongoing and is expected to
be completed by August 2022 [88]. That trial aims to determine the effects of testosterone
treatment on cognitive function, quality of life, and neuronal damage in male MS patients
with low testosterone [88].

While both clinical and pre-clinical studies support the use of androgens to treat
demyelinating diseases, androgen therapy has faced multiple obstacles. Androgen therapy
has undesired side effects that include cardiovascular risk in some patients and
masculinization in female patients [89, 90]. The limited understanding of the biological
mechanism of this therapy has also caused a debate on whether it is a safe treatment route
for MS. Moreover, there are sparse androgen clinical trials owing to limited funding and low
enrollment in initial clinical trials, which has caused the withdrawal of three clinical trials
and the termination of one.

To conclude, recent publications have demonstrated the critical role of the AR during
remyelination in both female and male subjects at the pre-clinical level and have

suggested that the testosterone-AR axis modulates various stages of myelin maintenance
and homeostasis. However, targeting the testosterone-AR axis as a potential treatment for
demyelinating diseases faces multiple limitations. At a pre-clinical level, there is still a

need to elucidate the mechanism of how androgens impact demyelination and promote
remyelination. A cell-specific mouse model is absent, limiting understanding of the AR’s
cell-autonomous role in demyelinating mouse models [80-82]. In addition to the pre-clinical
limitations, at a clinical level, androgen therapy lacks complete clinical trials and lacks
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conclusive results of its efficacy for MS patients. Therefore, there is a clear need for more
research on the potential of using AR as a therapeutic target for demyelinating diseases.

Vitamin D Receptor

The vitamin D receptor (VDR) is a chromatin-associated nuclear receptor that interacts with
the active form of vitamin D and has a crucial role in actions of vitamin D [91]. Vitamin D
is transformed into its active form, 1,25(OH), D3, in a sequential process by the enzymes
vitamin D3-25-OHase and 25-OHD3-1a-OHase [92]. The gene that encodes the VDR is
located on chromosome 12 [91]. Once activated by its ligand, the VDR heterodimerizes
with the retinoid X receptor (RXR) to regulate the transcription of numerous genes that
contain the vitamin D response element [93]. The target genes of the VDR are involved

in cellular processes such as calcium homeostasis, cell proliferation, differentiation, and
immune responses [94-96].

VDR is highly expressed in various organs such as the gut organs and kidney, but it is also
expressed in the brain [97, 98]. Specifically, VDR expression is found in both neurons and
glial cells, where it plays an essential role in oligodendrocyte differentiation and myelination
[98, 99]. To support its function in myelination, Sakai et al. reported that the loss of

the VDR in mice leads to reduced myelination in the peripheral nervous system (PNS)
[100]. Additionally, vitamin D administration to Schwann cells, the myelinating cells of
the PNS, was found to increase MBP expression [100]. Similar trends were found in the
CNS, where activation of the VDR resulted in increased neural stem cell proliferation and
oligodendrocyte differentiation [101]. On the other hand, the inhibition of VDR signaling
leads to decreased MBP expression in oligodendrocytes, impaired OPC differentiation, and
reduced myelination and remyelination [102-104]. Taken together, the current findings in
the field support the active role of VDR in both PNS and CNS myelination.

In addition to promoting myelination by increasing oligodendrocyte differentiation, the
VDR is also involved in remyelination. In rodent models of demyelination, VDR activation
increased myelin proteins, reduced demyelination, and promoted axon growth and neural
stem cell differentiation and migration to promote remyelination [105-107]. However, the
VDR also acts independently of oligodendrocytes to promote remyelination by reducing
microglia activation and macrophage infiltration [107, 108]. Overall, the VDR performs
non-cell-autonomous functions to enhance remyelination.

In support of its important functions in myelination and remyelination, the VDR has

been reported to be dysregulated in neurological diseases. For example, a deficiency in
vitamin D is linked to both demyelinating diseases and cognitive decline [109, 110].

The VDR’s involvement in these diseases is also evidenced by its enriched binding in

the promoter regions of genes involved in autoimmunity and MS [111]. Additionally,
specific polymorphisms in the VDR gene and other vitamin D metabolism genes have
been associated with increased MS risk [109, 110, 112]. Recently, epidemiological studies
have demonstrated that vitamin D deficiency increased the risk for developing MS [113,
114]. In contrast, high levels of vitamin D were associated with lower risk of developing
motor disability over the course of 10 years [113-117]. Vitamin D also plays a key role in
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cognitive function, as lower serum vitamin D levels were associated with poorer cognitive
performance and increased risk for cognitive impairment [118-121]. Together, these findings
highlight the active role the VDR pathway plays in the development of cognitive dysfunction
and demyelinating diseases.

Given the myriad studies that have demonstrated the protective effects of vitamin D
against MS, many researchers have encouraged its use to treat MS [122]. However, using
vitamin D to target VDR has several challenges [96]. First, a high dose of vitamin D can
lead to hypercalcemia [123]. Second, the VDR is known to have ligand-independent and
non-genomic functions and carries out unclear epigenetic modification and regulation of
other DNA-bound transcription factors [124-127]. Therefore, a thorough understanding of
the function of both the VDR, and vitamin D will allow more precise development of
therapeutics to treat demyelinating diseases.

Thyroid Hormone Receptors

Thyroid hormones (THSs) are produced by the thyroid gland and are important regulatory
hormones that have critical roles in physiology and development [128]. Thyroid hormone
receptors (TRs) are ligand-activated transcription factors belonging to the superfamily of
nuclear hormone receptors. The major THs 3,5,3"-triiodo-L-thyronine (T3) and L-thyroxine
(T4) can bind to TRs and activate transcription. TRs can bind to thyroid hormone response
elements as monomers, homodimers, or heterodimers with RXRs, the latter being the most
common form of this binding [129].

TRs are encoded by two genes: TRa by 7HRA and TRB by 7HRB [130]. Each gene
alternatively splices itself and generates several isoforms: TRa-1, TRa-2, and TRa-3
from the TRa gene and TRB-1, TRB-2, and TRB-3 from the TRP gene [131]. These
isoforms differ in binding affinity, tissue expression levels, and temporal expression
throughout and after development. TRa.-1, a spliced isoform of TRa., comprises about
80% of all TR expression in the adult vertebrate brain and is actively involved in

both oligodendrocyte differentiation and myelination. Its loss was observed to delay
oligodendrocyte differentiation in the optic nerve in rats [132, 133]. On the other hand,
although developing OPCs in rodents do not express TR, enhancing its expression
can result in accelerated differentiation [132, 134]. Interestingly, as OPCs continue

to differentiate towards myelinating oligodendrocytes, TRa expression decreases and
TR expression is relied on to support permanent oligodendrocyte maturation [135,
136]. Overall, TRs have established involvement in oligodendrocyte differentiation and
maturation; however, THs may have a more important role in the context of oligodendrocyte
maintenance.

Loss of THs has been shown to have more detrimental consequences in neuronal
development and myelination compared to the TRs themselves. For example, loss of the

TH T3 induces a hypothyroid condition affecting neuronal differentiation and myelination
[137-140]. Cytoplasmic MBP mRNA concentration was described to be modulated by T3
and T4 during early myelination [141]. In addition, low to absent THSs resulted in a reduction
and delayed aggregation of myelin-associated glycoprotein mRNA expression in the cerebral
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cortex [142, 143]. Several studies have also demonstrated that TH administration aids in
restoring MBP expression and remyelinating oligodendrocytes in EAE and CPZ-treated
demyelinating models [144, 145].

In a study of the role of TH in demyelinating diseases such as MS, THs were supplemented
during the remission period of a CPZ mouse model, which improved remyelination and led
to recovery of rodent body weight and physical behaviors [146]. Treatment with THSs after
CPZ-induced impairment resulted in enhanced differentiation and proliferation of OPCs

in the mouse corpus callosum. In most MS patients, remyelination during the remission
period is insufficient, allowing more lesions to accrue and potentiating relapse, progressing
the severity of the disease. These findings detail that TH treatment during remission is a
significant therapeutic strategy for alleviating MS.

While it has been established that TH administration can improve and enhance OPC
differentiation and remyelination in demyelinating models, TH treatment does come

with some challenges. The condition of excess circulating THSs, otherwise known as
hyperthyroidism, can result in osteoporosis, changes in heart and skeletal muscle, increased
heart rate and body temperature, and unwanted changes in mood and mental health [147,
148]. Achieving the benefits of TH treatment without the off-target effects when using
endogenous TH is a challenge; however, new therapeutic strategies such as a hydrogel-based
delivery system for local delivery or the use of thyromimetics, which are selective synthetic
TH analogs, in injured demyelinated sites have demonstrated reduced adverse effects and
enhanced remyelination [149-151].

Overall, THs and TRs play an important role in oligodendrocyte and myelin maintenance.
As TH administration for demyelinating diseases comes with its limitations, more research
is needed to safely target the hormone without adverse effects.

Peroxisome Proliferator-Activated Receptors

Peroxisome proliferator-activated receptors (PPARS) are activated by a diverse group of
substances called the peroxisome proliferators [152]. Peroxisome proliferators were first
discovered to cause extensive proliferation of peroxisomes in rodent hepatocytes [152].
Natural PPAR ligands include fatty acids and 15-deoxy-delta 12,14-prostaglandin J, (15d-
PGJ,) [153-155]. Once activated, PPAR dimerizes with the RXR to regulate the expression
of genes that contain the PPAR response elements [156, 157]. PPARs can also regulate
transcription in a DNA binding—independent manner by interacting with signal transducers
and transcriptional activators [158].

There are three different isoforms of PPARs—PPARa, PPARB/S, and PPARy—which all
play major functions in lipid metabolism [152]. The three isoforms are functionally similar
but expressed by distinct genes on different chromosomes [159-163]; specifically, PPARa,
PPARP/S, and PPARYy are encoded on chromosomes 22, 6, and 3, respectively. In addition,
the PPAR isoforms have differential relative expression throughout the human body and are
involved in various aspects of lipid metabolism, such as fatty acid oxidation and desaturation
and lipid transport and storage [152, 160, 164-171].
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While all PPARs are co-expressed, PPARB/S has the highest expression in the brain

[165]. Specifically, PPARPB/S has high expression in oligodendrocytes, where it regulates
myelination. The role of PPARB/6 in myelination was demonstrated by several studies
where the loss of PPARB/S led to reduced myelination of the corpus callosum [165, 166,
172]. In addition, PPARP/6 activation by agonists induced the expression of oligodendrocyte
differentiation markers, promoted oligodendrocyte survival, and increased oligodendrocyte
elaboration [173-176]. The role of PPARP/S in oligodendrocyte differentiation was further
supported by PPARPB/8’s regulation of myelin-specific genes and its temporal expression
during oligodendrocyte maturation [172, 177]. Additionally, PPARB/6 promotes myelination
through lipid metabolism. Specifically, Zhou et al. and others have shown that the inhibition
or reduced activation of PPARP/6 resulted in decreased expression of myelin lipid enzymes
such as lignocerolyl-CoA synthase and stearoyl-CoA desaturases [171, 178]. Together, these
findings demonstrate that PPARPB/6 positively regulates oligodendrocyte differentiation and
lipid metabolism to promote myelination.

Notably, PPARa has low expression in oligodendrocytes. Therefore, the PPARa isoform

has been the least implicated in oligodendrocyte differentiation and myelination [165,

176]. Conversely, PPAR~y was found to promote oligodendrocyte differentiation through the
regulation of oxidative stress, myelin composition, and even mitochondrial function [179—
186]. Given the co-expression of PPARS, there is crosstalk between these nuclear receptors
in the form of a positive feedback loop, with PPARB/6 being the master regulator [187].
Therefore, PPARs might work synergistically to promote oligodendrocyte differentiation and
myelination.

PPARSs also have protective actions in demyelinating and neurological diseases. Specifically,
mouse models of demyelination have shown positive effects of enhancement of PPAR
activity on disease development and progression. In the EAE demyelination model, studies
found reduced recruitment of PPARPB/S to the PLP promoter region, while the activation of
PPARP/S restored expression of PLP and MOG in the EAE mouse spinal cord, resulting

in reduced demyelination [176, 188, 189]. PPARP/S also controls CNS inflammation, as its
loss led to increased T helper cell expansion and cytokine production as well as more severe
demyelination in the EAE model [190]. In addition, PPARYy loss is known to exacerbate
clinical symptoms in the EAE model, while PPAR~y agonists reduce the incidence and
severity of demyelination through anti-inflammatory mechanisms [191-194]. Given the
appreciable expression of PPARYy in immune cells, similar protective anti-inflammatory
effects are seen in other neurological assaults, such as traumatic brain injury and stroke[178,
186, 195, 196]. Together, these studies support the importance of PPARS in preventing
demyelination through both anti-inflammatory pathways and promotion of the synthesis of
essential myelin proteins.

In summary, PPARs play a pivotal role in the regulation of myelination through the
promotion of oligodendrocyte differentiation, synthesis of myelin lipids and proteins, and
alleviation of inflammation. Despite these compelling findings, the treatment of neurological
diseases through the activation of PPARSs with agonists has been difficult. The commercially
available PPAR agonists have poor solubility across the blood-brain barrier and are actively
effluxed from the brain [197]. There is also a dearth of clinical trials that focus on the
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direct activation of PPARs to reduce demyelinating symptoms. These challenges highlight
the need for more exploration of the development and clinical applications of PPAR-targeted
therapies.

Liver X Receptor

Liver X receptors (LXRs) are transcription factors belonging to the nuclear receptor
superfamily. Natural oxysterols, which are oxidized forms of cholesterol, were identified

as the physiological ligands for LXRs [198-200]. The LXR subfamily consists of two
isoforms, LXRa (NR1H3) and LXRB (NR1H2). LXR retains a classic ligand binding
structure conserved within the nuclear receptor family and forms an obligate heterodimer
with RXRs, which binds to target DNA binding domains that contain LXR-responsive
elements [201-203]. The LXR/RXR complex is also known as the “permissive” heterodimer
since it can be activated by ligands of either receptor [204].

LXRa is expressed in tissues that are heavily involved in lipid metabolism, which include
liver, intestine, adipose tissue, kidney, and adrenal glands, as well as in macrophages,
whereas LXR is expressed ubiquitously, but predominantly in the liver and in the brain
[199, 205]. Moreover, LXRs and their target genes are essential for lipid and cholesterol
homeostasis and transport [206—210]. Cholesterol is vital for myelin composition and
necessary for the structure and functionality of both PNS and CNS [199].

In studies of myelination and remyelination in the cerebellum, LXRs and their respective
ligands exhibit transcriptional control of myelin genes in oligodendrocytes [211]. For
example, double knockout of LXRa and LXRB demonstrated thin myelin sheaths and
decreased myelin gene expression, which contributed to deficits in motor coordination and
spatial learning. Further, activation of LXRs in lysolecithin-induced demyelination promoted
remyelination and maturation of oligodendroglia cells /n vitro. This study proved that LXRs
can also be activators of remyelination. The role of LXRs in myelin regulation was also
investigated across various ages and different regions of the CNS, including the corpus
callosum, cerebellum, optic nerve, and the spinal cord [212]. Activation of LXRs in adult
mice resulted in significantly increased myelin gene expression in the cerebellum only,
whereas double knockout of LXRs resulted in reduced myelin gene expression across

all regions besides the corpus callosum. Dysfunctional LXRs in younger mice showed
reduced mRNA expression of myelin genes in the optic nerve and cerebellum, yet it was,
interestingly, increased in the spinal cord. These results further detail how each isoform is
differentially implicated in myelin expression across ages and CNS regions. Owing to its
activity in myelination, the LXR pathway displays a potential role in demyelinating diseases.

In a progressive EAE mouse model, RNA sequencing of spinal cord identified a significant
downregulation of the LXR/RXR pathway and related genes compared with levels in
healthy, normal mice [213]. Furthermore, Mailleux et al. investigated whether LXRs are
activated in MS lesions. It was discovered that after myelin phagocytosis, macrophages
had increased LXR ligand expression [214]. Local microglia and invading macrophages
demonstrated an increased level of LXRa and the LXR target genes apolipoprotein E
(APOE) and ABCAL in active lesions. The formation of oxysterol 270HC predominantly
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occurs 5 days after myelin uptake and processing. The consistent presence and formation of
oxysterols is argued to be the reason why LXR activation is seen in myelin phagocytosis in
active MS lesions.

A 5-year follow-up study investigated whether expression levels in apolipoproteins

and oxysterols over time relate to progression of MS in patients [215]. Compared to
healthy individuals, MS patients’ apolipoprotein expression was positively associated with
oxysterol levels. Moreover, certain changes in apolipoproteins and oxysterols correlated
with MS progression. Relapsing-remitting MS patients that had increases in the oxysterol
24S-hydroxycholesterol and the apolipoprotein ApoB and reduction in 7-ketocholesterol
unfortunately progressed to secondary progressive MS. This study further establishes
evidence that LXRs and their respective targets play a role in demyelinating diseases.

These discoveries reveal an interesting dynamic between the interaction of LXRs and their
ligands in demyelinating diseases, from stimulating remyelination to possibly regulating MS
pathogenesis, yet LXR’s role in myelination remains to be fully understood.

Retinoid X Receptor

Retinoid X Receptors (RXRs) are ligand-inducible transcription factors from the
superfamily of nuclear receptors. The first natural ligand candidates for RXR were 9-cis-
retinoic acid and polyunsaturated fatty acids, such as oleic acid and arachidonic acid

[216]. RXRs regularly associate with other transcription factors from the nuclear receptor
superfamily, including the PPARs, VDR, LXR, and TR. While heterodimerization partnering
is necessary for high-affinity binding to their target genes, RXRs can act as a homodimer to
activate transcription with similar reporter genes [216-218].

RXRs are encoded by three different genes: RXRa by RXRA (NR2B1), RXRp by RXRB
(NR2B2), and RXRy by RXRG (NR2B3). Expression of RXRs in tissues vary between
these isoforms. RXRa is expressed in the kidney, liver, intestine, and epidermis, RXRf
expression is ubiquitous, and RXRy is expressed in brain and muscle [219]. RXR has a
wide variety of functions in the nervous system, including as a morphogen for neural tube
development and a differentiation factor for CNS neurons [220-222]. RXR and its isoforms
were even found to be transcriptionally upregulated in Schwann cells in the PNS through
both axonal contact and treatment with retinoic acid [222].

Besides its various roles in neural development in the CNS and PNS, RXRs have

been associated with demyelinating diseases through the anti-inflammatory response from
immune cells, and RXR agonist treatment alleviates demyelinating models by immune
modulation; however, the exact role of RXRs in myelination in those diseases is not

well known [223-225]. In studying RXR function, Huang et al. provided new insights

on their pivotal role in myelination. RXR-y expression was observed to be upregulated

in rat cerebellum 2 to 3 weeks after focal demyelination. RXRy knockdown by RNA
interference or treatment with specific antagonists in mice impaired OPC differentiation.
Interestingly, levels of RXR-y transcripts were increased in remyelinating lesions compared
to demyelinating lesions. Moreover, administering the RXR ligand 9-cis-retinoic acid
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improved CNS remyelination in demyelinated cerebellar samples [103, 226]. Another study
depicted similar results with the RXR agonist bexarotene, which promoted myelination and
enhanced the expression of oligodendrocyte developmental markers in the hippocampus and
cortex of older mice [227]. While these investigations have demonstrated RXR activity in
myelination through agonists, further studies would be needed to elucidate RXRs’ exact
function.

RXR agonist treatment has resulted in some challenges due to differences in responses

and adverse effects like hypothyroidism and increased blood triglycerides [228, 229]. As

an example, Kruczek et al. found that activation of RXRs by various agonists in the CPZ-
induced demyelination model did not affect the severity of demyelination and did not protect
oligodendrocytes from CPZ damage [224]. However, consistent with its immune modulation
interaction, 9-cis-retinoic acid reduced microglia activity in demyelination, while all-trans
retinoic acid enhanced the microglia activity. Novel treatment strategies have been used

to stimulate and promote remyelination for MS. Recently, electrotherapy acupuncture,

also known as electroacupuncture, in a rat model of spinal cord demyelination elicited a
significant increase in endogenous OPCs and promoted oligodendrocytes that expressed
RXRy [230]. Moreover, the use of RXR agonists in conjunction with electroacupuncture
treatment led to enhanced OPC differentiation.

Although RXRs play a role in demyelinating diseases immunologically, additional
investigations would need to be conducted to elucidate the extent of RXR function in
demyelinating diseases in relation to myelination.

Sex Differences in Nuclear Hormone Receptors

Nuclear hormone receptors are regulated by steroid hormones, and diseases that implicate
these receptors are also known to have gender disparities; for example, women are more
susceptible to developing MS and Alzheimer’s disease compared to men [87, 231-234].

The gender differences observed between the demyelinating CNS pathologies support pre-
clinical and clinical investigation of the role of the sex hormones and their corresponding
receptors in demyelination. The ER was an early treatment candidate for MS, as the
estrogen-ER axis is upregulated during the last trimester of pregnancy, a period in which
women suffering demyelinating diseases display clinical improvement, including an 80%
reduction in relapse rate, followed by a high rate of relapse once pregnancy is over [235,
236]. In addition, estrogen-ER is known to upregulate immunomodulatory factors with
known neuroprotective effects such as cortisol, progesterone, vitamin D, early pregnancy
factor, and a-fetoprotein [25].

Also widely studied is PR, known to regulate critical molecular and cellular processes of
CNS development, during which the receptor is differentially expressed between sexes
[237]. PR is involved in other neuroprotective-related actions in the brain and spinal

cord injury, inflammation, and demyelination [48, 50, 237, 238]. Along with PR’s role

in brain development, many neurodegenerative disease patients display alteration in levels of
progesterone and its metabolites. When progesterone and PR levels are altered, patients and
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study subjects under neurodegenerative conditions have worse outcomes than their healthy
counterparts [234].

The androgen-AR axis is known to regulate the sexual dimorphism in CNS white matter, as
the density of oligodendrocytes and myelin sheath thickness are greater in males than their
female counterparts [72, 84]. This hormonal axis is also involved in sex disparity expression
in different demyelinating diseases. A key role of the brain AR in the sexual phenotype of
myelin was demonstrated by its conditional deletion, upon which testosterone levels were
significantly lower in women with MS than in controls [81]. In the CPZ model, castrated
male and female mice exhibited more severe demyelination, while female mice pretreated
with the AR ligand dihydrotestosterone showed a less severe demyelinating phenotype [84].

VDR distribution is known to overlap with sex hormone receptors such as estradiol,
progesterone, and ARs [239]. Several studies have shown coregulation of VDR and ER
activities: vitamin D has a stronger transcriptional impact in females, and both vitamin D
and estradiol work synergistically to enhance estradiol synthesis and VDR expression [240—
245]. The VDR also regulates the synthesis of testosterone, as its increased stability resulted
in a positive correlation between testosterone and serum vitamin D levels [246]. PPARs
also have gender-specific functions, as reduced corpus callosum myelination and changes

in brain phospholipid content due to loss of the PPARP isoform were more predominant in
female mice [166, 247].

Thyroid-related medical problems are more common in females than in males. Age-related
thyroid dysfunction is also more common in women compared to men [248]. In an

animal study, male and female mice showed differential behaviors under the conditions

of hyperthyroidism and hypothyroidism [249]. Under hyperthyroidism, females showed
increased locomotor activity, whereas males showed a decline in motor coordination when
compared to their respective controls. Interestingly, under hypothyroidism, male mice had a
higher water intake and higher levels of serum cholesterol compared to female mice. Levels
of T3 and Ty in the brain have also been found to be sex specific. According to a study
comparing male and female finches in early development, female fledglings had increased
T, compared to males and had different expression peak periods [250].

Sex differences in LXR expression were observed at a gestational level. Gestational diabetes
can change the development of offspring; thus, Kruse et al. evaluated whether LXR
expression in the hypothalamus and hippocampus differed between offspring from diabetic
and non-diabetic mothers during the offspring’s early and late development [251]. LXRp
demonstrated an increase in expression in the hypothalamus in adult male offspring of
diabetic mothers. On the other hand, there were no long-term changes observed in LXR
expression in female offspring of diabetic mothers compared to those of non-diabetic
mothers. Additionally, no alterations were observed in the hippocampus between the
non-diabetic and diabetic groups across sexes. It is speculated that energy and glucose
homeostasis would be affected by the increase of LXRP expression found in male diabetic
offspring.
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Finally, differences in RXR expression across sexes have been uncovered in hepatic lipid
processing in the liver and in neutrophil signaling after myocardial infarction [252, 253].
However, sex differences in RXR expression in the PNS and CNS are not known. More
investigations would be needed to understand whether there are RXR disparities between the
sexes in the nervous system.

Conclusion

Overall, nuclear hormone receptors have a prominent role in myelination in addition

to a variety of functions in development, metabolism, and reproduction. As most

of these receptors are activated by hormones, there is a gender disparity in their

functions. Interestingly, myelination itself is impacted by gender, which confers sex-

based susceptibility in demyelinating disorders. In myelination, nuclear hormone receptors
function by activating pathways that promote oligodendrocyte differentiation and increase
the expression of both myelin lipids and myelin proteins (Figure 1). They also promote
myelination through cell non-autonomous pathways by enhancing anti-inflammatory
signals, which attenuates the immune response. Although we discussed the nuclear hormone
receptors individually, they demonstrate functional convergence within myelin regulation via
dimer pairing and pathways. While most of the receptors can form homodimers, some of
them preferentially form heterodimers with RXR to regulate similar genes and pathways in
a context dependent manner. One such pathway that the receptor function converges on is
the regulation of lipid metabolism. Specifically, receptors ERB, PR, AR, VDR, LXRs, and
PPARs were found to regulate the transcription of proteins involved in myelin lipid synthesis
and lipid transport. The convergence of these receptors in multiple pathways highlights
some redundancy in their regulation of myelination. Given their proven role in myelination
from pre-clinical and clinical studies, targeting nuclear hormone receptors is a promising
therapeutic strategy to counter demyelinating diseases.
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Overview of the role of nuclear hormone receptors in regulating myelination. The activation
of nuclear hormone receptors by their respective ligands results in the transcription of genes
involved in lipid metabolism, proliferation and differentiation of oligodendrocyte precursor

cells and maintenance of myelination.
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