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1 | INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative disorder, manifested
by memory deficits, profound behavioural and cognitive impairment,

and characteristic brain pathology—senile plaques, containing

| Kyong Nyon Nam

| Radosveta Koldamova @ | lliya Lefterov

After 15 years of research into Alzheimer's disease (AD) therapeutics, including
billions of US dollars provided by federal agencies, pharmaceutical companies, and
private foundations, there are still no meaningful therapies that can delay the onset
or slow the progression of AD. An understanding of the proteolytic processing of
amyloid precursor protein (APP) and the hypothesis that pathogenic mechanisms in
familial and sporadic forms of AD are very similar led to the assumption that pharma-
cological inhibition of secretases or immunological approaches to clear amyloid depo-
sitions in the brain would have been the core to drug discovery strategies and
successful therapies. However, there are other understudied approaches including
targeting genes, gene networks, and metabolic pathways outside the proteolytic pro-
cessing of APP. The advancement of newly developed sequencing technologies and
mass spectrometry, as well as the availability of animal models expressing human apo-
lipoprotein E isoforms, has been critical in rationalizing additional AD therapeutics.
The purpose of this review is to present one of those approaches, based on the role
of ligand-activated nuclear liver X and retinoid X receptors in the brain. This thera-
peutic approach was initially proposed utilizing in vitro models 15 years ago and
has since been examined in numerous studies using AD-like mouse models.
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amyloid B (AB) and intracellular neurofibrillary tangles, composed of
hyperphosphorylated Tau. A third of older adults who are clinically
asymptomatic may possess pathophysiological features of AD,
including structural changes in the brain up to 20 years prior to

observable symptoms. An estimated 5.7 million Americans are

Abbreviations: AD, Alzheimer's disease; APOE, apolipoprotein E; APP, amyloid precursor protein; AB, amyloid ; BBB, blood-brain barrier; CAs, cholestenoic acids; LOAD, late-onset Alzheimer's
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diagnosed with AD and this number is expected to triple by 2050
(Alzheimer's_Association, 2018).

There are two forms of AD: the first is familial, autosomal domi-
nant disease, caused by rare mutations of the gene driving the expres-
sion of amyloid precursor protein (APP), or genes coding for presenilin
1 (PS1) or presenilin 2. Presenilins are part of the y-secretase complex
responsible for normal and physiological cleavage of APP in its trans-
membrane region. The amyloidogenic pathway of APP proteolytic pro-
cessing results in secretion of AR peptides. The cases with familial
autosomal dominant form of AD are only less than 3-5% of all AD
cases, and almost 30 years after the cloning of APP, we have a fairly
good understanding of why and how the disease develops and pro-
gresses. Our understanding, however, about the pathogenic mecha-
nisms of the second form of AD, which is sporadic and late in onset
(LOAD), is still limited. While specific gene mutations for LOAD have
not been identified, so far the inheritance of €4 allele of apolipoprotein
E (APOE) is the strongest genetic risk factor for LOAD (Corder et al.,
1993). However, the molecular and cellular mechanisms behind the
risk conferred by APOEe4 and APOE4 protein remain elusive. The risk
is dose-dependent such that one copy of APOE4 confers 2-3 times
the risk for LOAD, while two copies of APOE4 confer 12 times the risk
for LOAD, lowers the age of onset, and is associated with a much
more aggressive course of pathology (see also Kanekiyo, Xu, & Bu,
2014). It is important to underline that the cognitive deficits and
pathology of the familial and LOAD at autopsy are indistinguishable.

The main function of APOE, primarily secreted by astrocytes in the
CNS, is the transport of brain cholesterol and phospholipids. Based on
a number of studies, it has been established that the lipidation status
of APOE significantly impacts amyloid deposition (DeMattos et al.,
2004; Fagan et al., 2004; Fryer et al., 2003; Hirsch-Reinshagen et al.,
2004; Hirsch-Reinshagen et al., 2005; lJiang et al., 2008; Wahrle
et al., 2004; Wahrle et al., 2005; Wellington et al., 2002). The
lipidation of APOE is a complex biochemical process at the cell surface
membrane and a prerequisite for its normal function in the brain.
In AD, two contrasting roles for APOE were proposed that depend
on its lipidation status: (a) a role as a pathological chaperone affecting
AB aggregation (LaDu et al., 1994; LaDu et al., 1995) and (b) a role in
AB clearance through the blood-brain barrier (BBB) and AB degrada-
tion by astrocytes and microglia (Koistinaho et al., 2004; Wyss-Coray
et al., 2003). For both processes, it is thought that internalization of
APOE-AB complexes is mediated through receptor binding—a process
that poorly recognizes non-lipidated APOE (Ruiz et al., 2005). In sup-
port of this hypothesis, studies have shown that AB binding to lipid-
poor APOE facilitates AB aggregation, while binding to lipidated APOE
has an inhibitory effect (LaDu et al., 1994; LaDu et al., 1995). Utilizing
multiple sample preparations and model systems, Verghese et al.
(2013) found that only a small percentage of soluble AB directly inter-
acts with APOE. The physiological relevance of this small population
of APOE-AB complexes is not known or how in the long term this
could impact the overall progression of amyloid pathology. Impor-
tantly, they still observed that APOE isoforms and lipidation states
influence the clearance of AB by astrocytes, in a mouse model

assessed by in vivo microdialysis. They propose this modulation of

AB clearance by APOE is through their interactions with cellular recep-
tors, such as LDL receptor-related protein 1, transporters, or mem-
brane surfaces. Further work is needed to determine the extent of
these interactions and possible mechanisms by which APOE modu-
lates AB clearance that can then be therapeutically targeted.

The well-understood proteolytic processing of APP, the impor-
tance of B- and y-secretases in this process (Selkoe, 2001), and the
similarities in amyloid deposition and Tau pathology between familial
AD and LOAD led to the assumption that the inhibition of APP pro-
cessing and clearance of A species and plaques in the brain of LOAD
patients would have been the core of drug discovery strategies and
successful therapies (Michaelson, 2014). This assumption has yet to
produce any meaningful therapies and, at this time, there are no ther-
apies that delay the age of onset or diminish the progression of AD.
There must be other AD therapeutic approaches, including the
targeting of genes, gene networks, and metabolic pathways outside
APP proteolytic processing—that at the time were understudied and,
thus, initially regarded not worth pursuing. The advancement of newly
developed sequencing technologies and mass spectrometry, as well as
the availability of animal models expressing human APOE isoforms,
has been critical in rationalizing additional directions in AD therapeu-
tics. The purpose of this review is to present one of those approaches,
based on a better understanding of the role of ligand-activated nuclear
liver X and retinoid X receptors (LXR/RXR) in the brain. This therapeu-
tic approach was suggested and demonstrated in vivo more than
10 years ago (Koldamova et al., 2005) and has been supported by

numerous in vitro and in vivo studies.

2 | NUCLEAR RECEPTORS

Members of the nuclear receptor (NR) superfamily are ligand-activated
transcription factors characterized by the unique property of directly
binding to DNA response elements. They control the expression of
specific genes, thereby regulating multiple developmental, homeo-
static, and metabolic processes (Evans & Mangelsdorf, 2014; Olivares,
Moreno-Ramos, & Haider, 2015; Whitney et al., 2002). The NR super-
family are represented by 48 members in human, 49 in mouse, and
more than 270 genes in Caenorhabditis elegans. The NR superfamily
share a common structural organization, with most containing six
domains: two regulatory transactivation domains—one at the N-
terminus, AF-1, and another at the C-terminus, AF-2, separated by a
DNA-binding domain, a domain involved in dimerization, and a
ligand-binding domain. The C-terminal region downstream from the
AF-2, called F-domain, is highly variable and exists only in some of
the receptor subfamilies (Figure 1). A unified nomenclature of the
NR was proposed and accepted in 1999 and is based on the phyloge-
netic tree connecting 65 of the known NR genes (Nuclear Receptors
Nomenclature Committee, 1999). The nomenclature separates the
NR into subfamilies, groups, and numbered genes within each of the
groups and allows the incorporation of any number of new members
of the corresponding subfamily (Benoit et al., 2006; Gustafsson,

2016; Olivares et al., 2015). Clustering of mammalian NRs into four
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FIGURE 1 Molecular structure and ligand activation of nuclear receptors. (a) Nuclear receptors share a common structural organization with six
domains (A through F): two regulatory transactivation domains, one at the N-terminus, AF-1, and another—AF-2, at the C-terminus. AF-1 and AF-2
are separated by DNA-binding domain, a hinge—domain involved in dimerization, and a ligand-binding domain; the C-terminal, F-region
downstream from AF-2, is highly variable and exists only in some of the receptor subfamilies. (b) LXR/RXR heterodimers in the absence of a ligand
are tightly bound to a corepressor complex and a response element, usually upstream of the target gene. Ligand binding results in conformational
change of the heterodimer, dissociation of the corepressor complex, recruitment of co-activators, chromatin remodelling, and transcriptional

activation

major classes is still widely accepted and is based on the dimerization
status and DNA-binding properties of each receptor using its trivial
name. Thus, the NR superfamily can be divided into subtypes: type |
NRs, also called steroid receptors, which bind as homodimers to a pal-
indromic DNA response element sequence of two half sites. Steroid
hormone ligand binding to type | NRs causes the dissociation of heat
shock proteins, homodimerization, cytosolic translocation into the
nucleus, and binding to hormone response elements within the pro-
moter of a target gene. In contrast, type Il nonsteroidal NRs, including
PPARaq, B, and y; RXRa, B, and ; retinoic acid receptor (RARa, B, and
Y); and LXRa and B, bind as RXR heterodimers to RXR direct repeats.
They are retained in the nucleus regardless of the ligand-binding sta-
tus and in the absence of ligands are tightly bound to a corepressor
complex (NCoR or SMRT and HDACS). Ligand binding to type Il NRs
results in a functional transcription factor, dissociation of the core-
pressor proteins, chromatin remodelling, and transcriptional activation
(Robinson-Rechavi, Garcia, & Laudet, 2003). Furthermore, it was pos-
tulated that ligand binding to PPARs and LXRs induces an allosteric
change in the receptor that results in SUMOylation response. This
SUMOylated PPAR or LXR monomer stabilizes repressive nuclear
complexes on the promoters of inflammatory genes (reviewed in Glass
& Saijo, 2010). Although there is evidence in in vitro macrophages that
supports this model (Ghisletti et al., 2009), the requirement for recep-
tor SUMOylation for the repressive actions of PPARs and LXRs on
inflammation needs validation in animal models. This could be an
important pathway to further explore given the chronic inflammatory
state observed in the brains of AD patients. Class Il receptors bind
as homodimers to direct repeats. An important member of this class
are RXRs. Class IV receptors bind as monomers to a single response
element sequence half site and their ligands are still unknown
(Mangelsdorf et al., 1995; Mangelsdorf & Evans, 1995; Olivares

et al., 2015). Despite the fact that most NRs show widespread expres-
sion in the brain, including high expression of members of the PPAR,
RXR, and LXR, we are only beginning to understand their roles in
development, behaviour, neurological and psychiatric disorders, and
neurodegenerative disease (Gofflot et al., 2007).

3 | LIVER X RECEPTORS

3.1 | LXRin the brain—Role in development and lipid
homeostasis

LXRs—LXRa and LXRB—are key transcriptional regulators of choles-
terol metabolism, lipogenesis, and inflammation, acting as sterol
sensors protecting cells from cholesterol burden by stimulating the
first step of reverse cholesterol transport—cholesterol efflux and
lipidation of apolipoproteins at the cell surface (Baranowski, 2008).
The two LXR isoforms show unique expression patterns: the highest
expression of LXRa is detected in the liver, kidney, lung, and adipose
tissue, while LXRB is ubiquitously expressed, and in the brain and spi-
nal cord, its expression is 3-5 times higher than the expression of
LXRa (Bookout et al., 2006; Gofflot et al., 2007). LXRs form permissive
heterodimers with RXR, so that they may be activated by either
LXR or RXR ligands, and simultaneous binding of both agonists usually
elicits a stronger response (Figure 1). Their endogenous agonists
include multiple oxidized cholesterol derivatives, oxysterols—24(S)-

24(S), 25-
Cytochrome P450
enzyme—cholesterol 24-hydroxylase (CYP46A1)—is the enzyme

hydroxycholesterol, 22(R)-hydroxycholesterol

epoxycholesterol, and 27-hydroxycholesterol.
responsible for the generation of the most abundant endogenous ago-
nist in the brain (McMillin & DeMorrow, 2016; Mertens, Kalsbeek,
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Soeters, & Eggink, 2017; Russell, 2003). An important group of endog-
enous LXR ligands in the brain are cholestenoic acids (CAs), derived as
intermediates in the brain cholesterol metabolism. The biosynthetic
enzymes that generate CAs in the mammalian CNS—CYP39A1,
CYP27A1, CYP7B1, and HSD3B7—are expressed in the brain
(McMillin & DeMorrow, 2016; Mertens et al., 2017; Ogundare et al.,
2010; Russell, 2003; Theofilopoulos et al., 2014). Deficiencies of
CYP7B1 and CYP27A1, characterized by mutations, result in heredi-
tary neurological diseases—hereditary spastic paresis type 5 and
cerebrotendinous xanthomatosis, which are clinically well defined in
human patients (Arnoldi et al., 2012; Bjorkhem, 2013). CAs generated
in the liver and intestine circulate in peripheral blood and penetrate
the BBB, but since their levels in the brain are very low, a bile acid
synthesis pathway in the brain has been proposed (McMillin &
DeMorrow, 2016).

LXRs have many essential roles in brain development and homeo-
stasis. LXRB knockout mice display adult onset motor neuron degener-
ation with impaired motor coordination. This phenotype was
associated with axonal dystrophy, astrogliosis, and intracellular accu-
mulation of lipids (Andersson, Gustafsson, Warner, & Gustafsson,
2005). Animals lacking both LXRa and B have a variety of abnormali-
ties in the brain including closing of the lateral ventricles, which are
lined with cells containing lipid droplets, enlarged vasculature, loss of
neurons, astrogliosis, and myelin disorganization (Wang et al., 2002).
The brain is the most cholesterol-rich organ, with cholesterol vital for
brain development and normal adult function. Cholesterol synthesis
and metabolism in the brain is largely separated from that of peripheral
tissue by the BBB, which is impermeable to lipoproteins, preventing
blood cholesterol from reaching the brain parenchyma. During devel-
opment, astrocytes and neurons produce abundant amounts of choles-
terol; however, as the brain matures, neurons down-regulate many of
the genes important for cholesterol synthesis, leaving adult neurons
reliant on cholesterol synthesized mainly by astrocytes to maintain
membrane plasticity and cellular function (Baranowski, 2008). The
neurons still have an important role in cholesterol homeostasis by
metabolizing cholesterol to 24(S)-hydroxycholesterol. This metabolite
is freely released from neurons and can cross the BBB allowing for
removal of excess cholesterol from the brain.

In the brain, cholesterol is transported between astrocytes and
neurons or oligodendrocytes as a component of HDL-like particles
with APOE secreted mostly by astrocytes as the major apolipoprotein
component in the CNS in a process similar to reverse cholesterol
transport: the difference is that cholesterol transported by HDL-like
particles does not reach the liver. Lipoproteins produced and released
by astrocytes are discoidal in shape, and along with APOE, they con-
tain phospholipids and cholesterol but lack the core lipids (cholesterol
esters or triglycerides), which are present in peripheral HDL. Choles-
terol and phospholipids transport in the brain depends on ABCA1, a
member of the ATP-binding cassette family of transporters, which
facilitates the efflux of cellular cholesterol and phospholipids through
the cell membrane onto extracellular lipid-poor APOE to form pre-
HDL-like particles (Lee & Parks, 2005; Van Eck, Pennings, Hoekstra,
Out, & Van Berkel, 2005). The initial lipidation of APOE continues until

formation of mature HDL-like particles at the cell membrane—a pro-
cess facilitated by ABCA1 and ABCG1. LXRs directly regulate the tran-
scription of ABCA1, ABCG1, and the entire APOE gene cluster, thus
the overall expression of APOE and its lipidation state. A better under-
standing of brain lipid metabolism has led to the assumption that the
pharmacological activation of NRs—LXR/RXR—in the brain using non-

steroidal synthetic ligands may have therapeutic application.

3.2 | AD-associated therapeutic effects of
ligand-activated LXRs

Seminal articles first demonstrated that LXR activation decreased the
amyloidogenic processing of APP and AR secretion (Burns et al.,
2006; Koldamova et al., 2005; Lefterov et al., 2007; Riddell et al.,
2007; Sun, Yao, Kim, & Tall, 2003). These studies demonstrated that
LXR activation increased Abcal expression and importantly reduced
AB secretion (Sun et al.,, 2003). This was validated in a mouse AD
model, where a short treatment with LXR agonist, T0901317, in 3-
month old predepositing APP23 mice significant increased APOE
and ABCAL1 levels along with a related reduction in the levels of brain
soluble AB4o and of AB4, (Koldamova et al., 2005). Similarly, Burns
et al. (2006) demonstrated a reduction in AB levels both in vitro and
in vivo follow treatment with T0901317, which was dependent on
intact ABCA1 function. Later studies utilizing chronic LXR agonist,
GW3965 or T0901317, treatment showed significantly reduced levels
of insoluble AB (Jiang et al., 2008; Lefterov et al., 2007). The role of
LXRs in amyloid deposition was validated by experiments utilizing
LXRa and LXRP knockout mice. Zelcer et al. (2007) demonstrated that
endogenous LXR signalling impacts the development of AD-related
pathology. Lastly, it was shown that T0901317 treatment decreased
hippocampal A4, levels in Tg2576 transgenic mice and importantly
reversed the contextual memory deficit observed in these mice
(Riddell et al., 2007).

3.2.1 | AP clearance, APOE, and ABCA1

The modulation of APP processing, AR production and clearance, and
reversal of memory deficits by LXR ligands has inspired a whole
research direction exploring the potential of LXR agonists to diminish
AD pathogenesis. This has resulted in a number of articles exploring
the potential of LXR agonists to improve cognitive performance,
increase the clearance of AB, and diminish senile plaque levels. In
the past 10 years, we and others using a number of different in vivo
models and behavioural paradigms have validated the initial findings
that LXR agonists are able to reverse the cognitive impairments in
AD model mice (Carter et al., 2017; Donkin et al., 2010; Fitz et al.,
2010; Fitz et al., 2014; Vanmierlo et al., 2011; Wesson et al., 2011).
The ability of LXR agonists to reverse cognitive deficits in a mouse
AD model appears to be reliant on intact ABCA1 (Carter et al., 2017;
Donkin et al., 2010; Fitz et al, 2010; Sandoval-Hernandez et al.,
2016). Donkin et al. (2010) presented that an 8-week treatment of a
high GW3965 dose during the early stages of amyloid deposition

could diminish the levels of senile plaques in an APP/PS1 mouse
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model, which was dependent on functioning Abcal. It is hypothesized
that LXR agonists improve memory in AD rodent models through
increasing the levels and lipidation states of APOE that consequently
increases AR clearance across the BBB. For example, employing micro-
dialysis of freely moving mice, we have shown that a short 15-day
treatment with a LXR ligand significantly reduced AR levels in the
interstitial fluid of predepositing APP23 mice (Fitz et al., 2014), sug-
gesting increased clearance of soluble forms of AB. In APP23 mice,
7 weeks of T0901317 significantly reduced the Thioflavin S-positive
plaque area in the brain (Terwel et al., 2011). Cognitive performance
was restored; however, the levels of plaques were unchanged follow-
ing TO901317 treatment in APP/PS1 mice that express human APOE3
or APOE4 and are haplodeficient in Abcal (Carter et al., 2017). Again
suggesting the importance of Abcal in the mechanism of action of
LXR agonists. Interestingly, there was a significant reduction in soluble
oligomeric AB levels in APOE4 expressing mice following this
T0901317 treatment. Similarly, Vanmierlo et al. (2011) observed a
reversal of hippocampal-dependent memory deficits but no change
in plague load following T0901317 treatment in APPSLxPS1 mice.
Furthermore, we have shown that the AD phenotype was exacerbated
in APP23 mice fed a high-fat/high-cholesterol diet for 4 months.
Again, T0901317 treatment reversed the memory deficits and this
was correlated with a reduction in amyloid plaque load, insoluble
AB, and soluble AB oligomers (Fitz et al., 2014). We hypothesize that
clearance of soluble AR is an important response to the increased
levels and lipidation of APOE. Fully lipidated APOE could also
impact AB metabolism by decreasing AB aggregation, maintaining
AB in a soluble state, and facilitating its clearance across the BBB

or by glial cells.

3.2.2 | Other mechanisms

In addition to increasing AR clearance via BBB, LXR agonists could
stimulate its enzymatic degradation, and its phagocytosis by microglia
(Jiang et al., 2008; Zelcer et al., 2007). Interestingly, primary microglia
exposed to medium from APOE knockout astrocytes treated with
T0901317 did not impact microglial phagocytosis of AR (Terwel
et al., 2011). Furthermore, PGF,,, a major metabolite of arachidonic
acid involved in the regulation of chronic and acute inflammation,
was shown to effectively antagonize the activation of LXR by
T0901317, reducing AB clearance by microglia (Zhuang et al., 2013).
This suggests that the increased APOE levels and lipidation following
treatment with T0901317 can impact the AB phagocytic capacity of
microglia and clearance rate of Ap. Likewise, in APP23 mice with sub-
stantial plaque deposition and presence of plaque associated microg-
lia, long-term treatment (7 weeks) with T0901317 strongly
decreased the burden of AB (insoluble AB and plaques), accompanied
by a significant increase in the levels of brain ABCA1 and APOE
(Terwel et al., 2011). However, the cellular accumulation of AR in
pericytes was unchanged following LXR activation (Saint-Pol et al.,
2012), suggesting cell specific changes following LXR agonist treat-

ment, possibly due to receptor expression.
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LXR agonist treatments have other positive effects on the brain,
which could modulate the overall AD pathology. In agreement with
previous findings, chronic T0901317 treatment decreased AP
levels and reversed memory loss. This effect was accompanied by a
decrease in the number of GFAP-positive, activated astrocytes and
an increase in the number of cholinergic neurons in the medial septum
of APP-expressing mice (Cui et al., 2012). In a primary neuronal culture,
pretreatment with GW3965 was shown to prevent the significant olig-
omeric AB-induced reduction in the density of mature dendritic spines,
synaptic contact number, and expression of pre- (VGlutl, SYT1) and
post-synaptic (SHANK2, NMDA) protein markers (Baez-Becerra,
Filipello, Sandoval-Hernandez, Arboleda, & Arboleda, 2018). Twenty-
four-month-old 3xTg-AD mice treated for 6 days with GW3965 dem-
onstrated improvements in Morris water maze performance and this
was accompanied by decreased DNA methylation associated mainly
with neurogenesis-associated genes (HMGB3 and RBBP7) and
synapse-related genes (SYP, SYN1, and DLG3; Sandoval-Hernandez,
Hernandez, et al., 2016). We identified an enrichment of genes associ-
ated with GO categories “Microtubule Based Process” and “Synapse
Organization and Biosynthesis” in the brain of APP/PS1 mice express-
ing APOE4 and Abcal haplodeficient treated with T0901317. Mem-
bers of the B-protocadherin family, which are essential in
establishing functional synapses, were also up-regulated in these
APOE4 mice (Carter et al., 2017). These studies illustrate the ability
of LXR agonism to impact synaptic function and integrity and fur-
thermore alleviate the accelerated synaptopathy observed in AD
and characteristic of APOE4 expression. There is accumulating evi-
dence indicating that synaptic dysfunctions are among the earliest
pathogenic events that are correlated with learning and memory
losses in AD; the impact of LXR on synaptopathy is a critical direc-
tion for future research. We postulate that the increased lipidation
of APOE can affect the phenotype through an increased supply of
cholesterol and phospholipids to neurons—“trophic effect.”

An LXR agonist also exhibited significant beneficial effects on the
disruption of the brain neurovascular unit in a mouse AD model. In very
old (24 months) 3xTg-AD mice, short-term GW3965 treatment was
able to significantly decrease astrogliosis and partially restore the
hippocampal microvascular morphology by decreasing tortuosity and
increasing its length (Sandoval-Hernandez, Restrepo, Cardona-Gomez,
& Arboleda, 2016). This restoration in the microvasculature could
have a significant impact on neuronal function and hippocampal-
dependent learning and memory, which is greatly impacted by AD

pathology.

4 | RETINOID X RECEPTORS

4.1 | RXR expression in the brain and ligand
activation

The mechanism of action of RXR agonists is quite complex given the
ability of RXR to both homodimerize and heterodimerize with all Class
Il nonsteroidal NRs, including LXR (Mangelsdorf et al, 1995;
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Mangelsdorf & Evans, 1995). Since the detailed molecular mechanisms
of NR activation are out of the scope of this review, the reader is
directed to several fundamental publications (Bookout et al., 2006;
Evans & Mangelsdorf, 2014; Mangelsdorf et al., 1995; Olivares et al.,
2015; Robinson-Rechavi et al., 2003). In the brain, RXRs partner mainly
with LXRs, PPARs, and RARs. Three different isoforms of RXR encoded
by separate genes have been identified: RXRa, RXRB, and RXRy, with at
least one of these isoforms expressed in every cell of the body. There
are two endogenous ligands that can activate RXR at very low concen-
trations: 9-cis-retinoic acid (RA) and 9-cis-13,14-dihydroretinoic acid
(Ruhl et al., 2015). A number of genes have been suggested as respon-
sive to ligand-activated RAR/RXR including cytokines (Mey, 2001)
and cytokine receptors (Mey, 2006). It has also been shown that RXR
agonists can increase APOE production and lipidation by modulating
the expression of ABCA1 (Zhao et al., 2014). In addition, RXR/PPAR
heterodimers are important in lipid metabolism, cellular proliferation,

and inflammatory responses (Villapol, 2018).

4.2 | RXR activation—Therapeutic effect in mouse
AD model

The potential of ligand-activated RXR as AD therapies is supported by
(a) transcriptional regulation of ABCA1, ABCG1, and APOE gene and

1. Learning
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protein expression and the overall control of APOE lipidation status
(Zhao et al., 2014); (b) the importance of RXR homodimers in RA-
mediated signalling, neuronal plasticity, and memory (Ruhl et al.,
2015); and (c) the anti-inflammatory properties of PPAR/RXR activat-
ing drugs and anti-inflammatory effects of LXR/RXR in vitro and
in vivo (Villapol, 2018). Cramer et al. first reported that a short 3-day
treatment with bexarotene, a selective RXR agonist approved by the
FDA for treatment of cutaneous T cell lymphoma, enhanced the clear-
ance of soluble AB within hours as assessed by in vivo microdialysis
and correlated to increased APOE levels in predepositing APP/PS1
mice. A 7-day treatment with bexarotene reduced the area of
Thioflavin S-positive plaques by over 50% and reversed cognition,
social, and olfactory deficits in middle age and old APP/PS1
mice (Cramer et al., 2012). The original report was followed by four
publications, which tried to replicate the positive results of bexarotene
on AD pathology observed in the original article (Fitz, Cronican,
Lefterov, & Koldamova, 2013; Price et al., 2013; Tesseur et al.,
2013; Veeraraghavalu et al., 2013). We wanted to test the efficacy
of bexarotene in relationship to human APOE3 and APOE4 and
found that 15 days of bexarotene treatment in APP/PS1 mice
expressing human APOE3 or APOE4 reversed the memory impair-
ments to the levels of their non-APP controls. We also observed
significantly decreased levels of interstitial fluid AR assessed by

in vivo microdialysis and cortical A11 positive oligomers (Figure 2).
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FIGURE 2 Therapeutic potential of bexarotene to ameliorate pathological phenotype of Alzheimer's disease mouse model. (1) Treatment with
bexarotene (7 days) was shown to reverse cognitive decline, social, and olfactory deficits in APP/PS1 mice as well as short-term memory
deficits exhibited by APOE4 expressing mice (modified from Fitz et al., 2013). (2) Bexarotene application decreases the formation of toxic AR
species in brain parenchyma, which have been associated with diminished cognitive performance (Fitz et al., 2013). (3) Using in vivo microdialysis
groups have shown that bexarotene significantly decreases the amount of soluble AB in the interstitial fluid, suggesting an increased clearance rate
of AB. This has been highlighted as one of the possible beneficial effects of bexarotene treatment on AD pathogenesis (Fitz et al., 2013). (4) The
increased clearance rate of AB could be due to accelerated microglial phagocytosis of AB following treatment with bexarotene in culture (Hilyte-
labelled AB is phagocytosed after bexarotene treatment; Lefterov et al., 2015)
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We were unable, however, to confirm bexarotene's effect on amyloid
plaques (Fitz et al., 2013). Likewise, Veeraraghavalu et al. demon-
strated the ability of bexarotene to reduce soluble AB4 levels in the
same APP/PS1 mouse model, but treatment had no impact on plaque
burden in three mouse strains that exhibit AB pathology (APP/PS1,
5xFAD, and APPPS1-21). Price et al. and Tesseur et al. demonstrated
RXR target enhancement but no change in amyloid burden following
a similar bexarotene treatment as that used by Cramer, in mouse
(APP/PS1) and beagle models respectively (Price et al., 2013; Tesseur
et al., 2013). It was noted that the Price, Tesseur, and Veeraraghavalu
studies used different formulations of bexarotene, which potentially
alter its pharmacokinetics and bioavailability. Landreth stressed that
the therapeutic potential of bexarotene was its ability to clear soluble
AB and improve cognitive performance (Landreth et al., 2013). In
agreement, other studies have shown that RXR agonists are able to
increase AR clearance across the BBB (Bachmeier, Beaulieu-
Abdelahad, Crawford, Mullan, & Paris, 2013) and diminish the levels
of interstitial AR (Ulrich et al., 2013) with both processes reliant on
APOE expression or levels. In mice expressing endogenous APP and
human APOE4, bexarotene treatment reversed APOE4-driven
accumulation of AB4, and hyperphosphorylated Tau in hippocampal
neurons and APOE4-induced decrease in presynaptic markers
(VGIuT1). In addition, and importantly, bexarotene alleviated lipidation
deficiency of APOE4 and cognitive impairments in these APOE4
expressing mice (Boehm-Cagan & Michaelson, 2014). From the studies
discussed above, it appears that the effects of bexarotene require
functional ABCA1. Using APP/PS1 mice with global deletion of Abcal,
Corona et al. demonstrated that bexarotene treatment did not dimin-
ish the levels of soluble AB and had no effect on cognitive impairments
(Corona, Kodoma, Casali, & Landreth, 2016). In the same study, how-
ever, the effect of bexarotene on the microglial inflammatory profiles
(IL1-B, IL-6, TNFa, TGFB, CCL2, and ATF3) was retained, confirming
that not all of its effects are mediated through Abcal transcriptional
up-regulation. Tai et al. demonstrated that bexarotene increased the
level of APOE4 lipoprotein association/lipidation and APOE4/AB
complex levels, which decreased oligomeric AB levels and improved
synaptic viability in 5xFAD mice with APOE4 targeted replacement
(Tai et al., 2014). They postulate that RXR agonists could address a
loss of function associated with APOE4 that is exacerbated by AB.
However, they did observe hepatomegaly even after a short-term
treatment, a potentially negative systemic side effect also observed
following LXR agonist treatments. It should also be noted that an
increased level of APOE in response to short-term bexarotene treat-
ment does not always translate to cognitive improvement, as other
groups have shown using different rodent models (Balducci et al.,
2015; LaClair et al., 2013; O'Hare et al., 2016).

Recently, a bexarotene derivative, OAB-14, was shown to signifi-
cantly alleviate cognitive deficits in APP/PS1 mice and rapidly clear sol-
uble A and amyloid plaques by promoting microglia phagocytosis.
OAB-14 significantly increased the expression of ABCA1l and the
lipidation of APOE while attenuating synaptic degeneration, neuronal
loss, and neuroinflammation in APP/PS1 mice (Yuan et al., 2019). The

potential mechanisms of action are also considered to be due to the
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ability of bexarotene to directly impact amyloid pathology: (a) altering
its clearance across the BBB (Kuntz et al., 2015), (b) bexarotene can
weakly bind to AB preventing self-assembly (Huy et al., 2017), or (c)
bexarotene binds APP inhibiting the intramembrane cleavage by y-
secretase to release AB (Kamp et al., 2018). The strongest support of
the assumption that the synthetic RXR ligand, bexarotene, has a thera-
peutic effect in AD-like animal models, however, is the increased levels
and ABCA1-mediated lipidation of APOE following treatment.

4.2.1 | Other mechanisms

RXR agonists also have the potential to modulate other AD-associated
pathologies resulting in a positive outcome following treatment. We
observed in vitro the ability of bexarotene to increase the proliferation
of neural progenitors and neuronal differentiation and stimulated
neurite outgrowth. This effect was validated in a mouse model, dem-
onstrating that following bexarotene treatment, both APOE3 and
APOE4 mice had an increased number of neural progenitors in the
dentate gyrus. Furthermore, bexarotene significantly improved the
compromised dendritic structure in the hippocampus of APOE4 mice
(Mounier et al., 2015). RNA-Seq data showed an enrichment of Gene
Ontology categories related to neuronal differentiation, neurite
growth, and neuritogenesis in APOE4 mice treated with bexarotene.
Interestingly, RNA-Seq data demonstrated that bexarotene treatment
affected Notch1 signalling known to be important in cell fate decisions
in uncommitted proliferating cells and differentiation of immature
neurons. Additional genes associated with changes in the Notchl
pathway following bexarotene treatment include DIk1, nerve growth
factor receptor, and EGF receptor (Mounier et al., 2015). Most stud-
ies have demonstrated that adult neurogenesis, particularly in the
dentate gyrus, improves behavioural deficits in rodents (reviewed in
Lepousez, Nissant, & Lledo, 2015). In this regard, it is important to
emphasize that bexarotene treatment attenuated neuronal loss in
the subiculum and cortex in 5xFAD mice, which correlated with sig-
nificant increases in the levels of post-synaptic marker PSD95 and
the presynaptic marker synaptophysin (Mariani et al., 2017).
Tachibana et al. presented the ability of bexarotene to restore the
levels of post-synaptic proteins (PSD95, GluR1, and NR1) which were
observed to be diminished with age and important in synaptic plastic-
ity (Tachibana et al., 2016). RXR agonists were also shown to have
therapeutic potential in reversing the age-associated decreases in
myelin debris removal and remyelination (Natrajan et al., 2015). These
studies demonstrate the ability of bexarotene-activated RXRs to pro-
mote neuronal function, which could significantly improve cognitive
deficits. It will be important for further research to determine the
mechanisms of neuroprotection of bexarotene given the number of
pathways that have been reported to be altered in response to

ligand-mediated RXR activation.

4.2.2 | Expression of immune receptors and
phagocytosis

A recent study showed that administration of agonists for LXR or RXR,

GW3965 and bexarotene, increases the expression of the phagocytic
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receptors such as Axl, MerTK, and Trem2 in plaque-associated macro-
phages with reduced plague burden in mouse model of AD (Savage
et al., 2015). TREM2 is an innate immune receptor expressed on mye-
loid cells including microglia and modulates microglial function—migra-
tion, survival as well as AB clearance (Zhao et al., 2018; Zheng et al.,
2017). In an earlier study using RNA-seq, we demonstrated that
bexarotene treatment of APP/PS1 mice increased the expression of
the genes involved in phagocytosis including Trem2, Tyrobp, and Apoe
(Nam et al., 2016). Subsequent studies showed that an interaction of
TREM2 with APOE facilitates AB clearance by microglia (Yeh, Wang,
Tom, Gonzalez, & Sheng, 2016), while an AD-associated R47H variant
of TREM2 has an impaired APOE-binding affinity (Atagi et al., 2015).
Finally, genome-wide changes in histone modifications and
transcriptomic profiles in the brain of APP transgenic mice support
the idea that ligand activation of LXR/RXR modulates the expression
of genes involved in immune and inflammatory pathways and is tightly
linked to the expression and function of phagocytic receptors in

microglia (Nam et al., 2016).

5 | FUTURE DIRECTIONS

Studies since 2003 highlight the therapeutic potential of LXR agonists
to ameliorate pathological hallmarks of AD—cognitive deficits and AB
deposition. Targeting early pathological changes with an LXR agonist
and delaying AD onset even modestly will clearly have a major public
health and economic impact. While many studies have shown the
therapeutic potential of LXR agonists in AD, their move into clinical
trials have been limited due to their documented off target effects.
RXR and LXR synthetic agonists have been coupled with an undesir-
able increase in serum and hepatic triglyceride levels, probably
through LXRa-dependent pathways in the liver, leading to hepatic
steatosis (Grefhorst et al., 2002; Tai et al., 2014). There is an increased
need for developing second generation LXR and RXR agonists, which
would affect AD pathogenesis without the negative peripheral side
effects (reviewed in Komati et al., 2017). This could be achieved
through development of highly selective LXRB agonists or improved
permeability across the BBB. An example of this potential is a recently
developed LXRp selective agonist, which increased levels of ABCA1
and soluble APOE with diminished levels of soluble AB. Mice treated
with this LXRB selective agonist failed to exhibit the increased
liver fat content observed with nonselective LXR agonist (Stachel
et al,, 2016).

5.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Cidlowski
et al., 2017; Alexander, Fabbro et al., 2017; Alexander, Kelly et al.,
2017).
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