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Abstract

Introduction—Alzheimer’s disease (AD) is characterized by the accumulation and extensive
deposition of amyloid beta in the parenchyma of the brain. This accumulation of amyloid is
associated with perturbations in synaptic function, impairments in energy metabolism and
induction of a chronic inflammatory response, which acts to promote neuronal loss and cognitive
impairment.

Areas Covered—Currently, there are no drugs that target the underlying mechanisms of
Alzheimer’s disease. Here, we propose that a class of nuclear receptors are novel and promising
new therapeutic targets for Alzheimer’s disease. This review summarizes the literature on nuclear
receptors and their effects on AD-related pathophysiology.

Expert opinion—Nuclear receptors are attractive targets for the treatment of AD due to their
ability to facilitate degradation of AB, affect microglial activation and suppress the inflammatory
milieu of the brain. LXR agonists have proven difficult to move into clinical trials since long-term
treatment results in hepatic steatosis. It is our view that PPARYy activation remains a promising
avenue for the treatment for AD, however, the poor BBB permeability of the currently available
agonists and the negative outcome of the phase 11 clinical trials are likely to diminish interest in
pursuing this target.
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1.0 Introduction

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly. This disease was
first discovered by Dr. Alois Alzheimer in 1907, and is characterized by the deposition of
extracellular amyloid plaques and intraneuronal neurofibrillary tangles. According to the
World Health Organization there are currently 18 million people affected with AD
worldwide and it is estimated that this number will double by the year 2050 [1]. The annual
cost of treating AD in the United States is now $170 billion. AD is reaching epidemic
proportions and treatments aimed at prevention or treating this disorder are urgently needed.

Alzheimer’s disease is a chronic neurodegenerative disease characterized by the progressive
deposition of the amyloid beta (Ap) in the parenchyma of the brain. A substantial body of
literature supports the centrality AB homeostasis in disease progression. The AB peptide is
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generated by the sequential cleavage of the amyloid precursor protein (APP) by the beta and
gamma secretases, resulting in the generation of peptides 40 or 42 amino acids in length [2] .
These peptides are spontaneously deposited into both diffuse and dense-core plaques,
principally in the cortex and hippocampus. Genetically inherited forms of AD arise from
mutations in APP that are clustered in the vicinity of the beta and gamma secretase sites or
within the gamma secretase itself, favoring AP generation [3]. Importantly, it was recently
reported that sporadic, late onset AD is associated with an impaired ability to clear Ap from
the brain [4]. Thus, enhanced removal of Ap from the diseased brain may alleviate
symptoms associated with the disease. It has been postulated that soluble or small
oligomeric forms of Ap have deleterious effects in the brain, inducing impaired synaptic
function and promoting neuronal degeneration [5].

The development of dense-core amyloid plaques is associated with a robust immune
response mediated by microglial cells. Microglia are the principal immune effectors of the
central nervous system and are derived embryonically from a myeloid lineage [6]. While
this cell type was first discovered over a century ago, the complexity of microglial actions in
inflammatory diseases of the CNS is just recently beginning to be understood in detail. In
the AD brain, microglia are found to be intimately associated with amyloid plaques and
display an “activated” morphology [7-9]. The plaque-associated microglia secrete a variety
of cytotoxic species including the inflammatory cytokines , interferon gamma (INFy), tumor
necrosis factor alpha (TNFa), interleukin 1B (IL-1p) and interleukin 6 (IL-6) and
chemokines, most prominently CCL2 [10-12]. It is hypothesized that this inflammatory
milieu contributes to a toxic environment in the brain and promotes the subsequent neuronal
loss associated with AD.

2.0 Nuclear Receptors

Nuclear receptors (NRs) are ligand-activated transcription factors which provide a critical
and direct linkage between the environment and the genome (Figure 1). In the past decade,
drugs targeting the nuclear receptors Peroxisome proliferator-activated receptor y (PPARYy)
and Liver X receptor (LXR) have shown to ameliorate pathogenesis in animal models of
AD. These type Il NRs form obligate heterodimers with the Retinoid X receptors (RXRs) to
form a functional transcription factor. While the role of these receptors has been well
characterized in the periphery, their actions in the brain have only recently been
investigated. Recently , they have been shown to promote the degradation of the AB peptides
in the brain by activating genes responsible for reverse cholesterol transport [13]. Activation
of these receptors has been shown to suppress microglial-mediated inflammatory responses
both in vitro and in vivo [11, 14]. Recent findings now suggest these receptors may play a
key role in microglial activation by acting in concert to dampen the inflammatory response
and promote tissue repair [15]. Agonists of RXRs are postulated to have similar effects on
AD through their association and activation of both PPARy and LXR signaling pathways.
While other nuclear receptors have also been shown to have effects on AD, the focus of this
review will be on PPARs, LXRs and RXRs and their beneficial effects on the
pathophysiology of AD.

3.0 Gene Activation by Nuclear Receptors

Nuclear receptors are ligand-activated transcription factors that play diverse roles in a
variety of signaling pathways involved in development and metabolism. All members of the
nuclear receptor superfamily are structurally conserved and act to directly regulate gene
expression through their association with sequence-specific elements within the promoter
regions of their target genes. Type Il nuclear receptors are comprised of three main domains,
the amino (N)-terminal activation domain known as the activation function 1 domain (AF1),
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which is necessary for coactivator recruitment, the carboxy (C)-terminal ligand-binding
domain (LBD) and the DNA-binding domain (DBD). The DBD is highly conserved,
mediates binding to specific response elements (LXREs or PPRES) on the promoters of
specific target genes [16].

Type Il NRs, including the PPARs and LXRs, form obligate heterodimers with RXR. These
heterodimers are retained in the nucleus regardless of their ligand binding status [17]. In the
absence of ligand the coreceptor complex is constitutively associated with a nuclear
corepressor complex consisting of nuclear receptor co-repressor (NCoR) or the silencing
mediator of retinoic acid thyroid hormone (SMRT) and histone deactylases (Figure 1). Upon
ligand binding a conformational change results in the release of the corepressor complex and
the recruitment of a coactivator complex, comprised of CBP, p300 or others. The coactivator
complex has intrinsic histone acetyltransferase activity allowing chromatin decondensation,
thus promoting transcription of target genes (Figure 1).

RXRs have been classified as “promiscuous” due to their ability to form heterodimers with a
variety of other type Il NRs. RXR binding partners have been further characterized as either
permissive or non-permissive binding partners. Permissive binding partners, such as LXRs
and PPARs, can be activated by ligands specific to either receptor in the heterodimer (Figure
2). Heterodimers formed between RXR and non-permissive binding partners, such as the
thyroid hormone receptor, can only be activated by ligands specific to the non-permissive
binding partner [18].

3.1 Peroxisome proliferator-activated receptors (PPARS)

PPARs have been shown to play essential roles in energy metabolism, adipocyte
differentiation, insulin sensitization and tumor suppression. Their endogenouse ligands are
dietary lipids and their metabolites [19]. They act as dominant regulators of lipid
metabolism through their ability to transactivate genes encoding enzymes of lipid
metabolism, providing a key linkage between the diet and the genome. This family is
comprised of three isoforms, PPARa (NR1C1), PPARy (NR1C3) and PPARB/5 (NR1C2).
PPARa is known to regulate lipid oxidation but is not highly expressed in the brain [20].
PPARYy is involved in lipid storage, insulin sensitivity and energy metabolism and has been
shown to promote adipocyte differentiation [21]. PPARP/S is the most abundant isoform and
plays a role in fatty acid oxidation [22]. Thiazolidinedione (TZD) agonists of PPARYy, such
as pioglitazone (Actos™) and rosiglitazone (Avandia™) are FDA approved for the
treatment of type Il diabetes [23]. PPARy has been most widely studied in the CNS and the
effects of its agonists in the brain have been well documented [24]. All PPAR species have
been shown to exert robust anti-inflammatory actions [25].

3.2 Liver X Receptors (LXRS)

LXR receptors are activated by oxysterols, most prominently hydroxylated forms of
cholesterol, and play a critical role in the control of whole body cholesterol homeostasis, as
well as exerting potent anti-inflammatory actions [26]. Two isoforms of LXR have been
identified, LXRa (NR1H3) and LXRB (NR1H2). LXR} is ubiquitously expressed while
LXRa is abundantly expressed in macrophages [27]. Due to their ability to regulate
cholesterol metabolism, LXR agonists have emerged as possible therapeutic targets for
atherosclerosis. However, their therapeutic utility is compromised owing to their induction
of hepatic steatosis. LXRs have also been shown to play an important role in the CNS.
LXRp knockout mice display adult onset motor degeneration that is accompanied by axonal
dystrophy, astrogliosis, and lipid accumulation [28]. Animals lacking both LXRa and p have
a variety of abnormalities in the brain including the accumulation of lipid droplets, loss of

Expert Opin Ther Targets. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mandrekar-Colucci and Landreth Page 4

neurons, astrocytic proliferation, closure of the ventricles and abnormalities in vasculature
[29].

3.3 Retinoid X Receptors (RXRSs)

RXRs play a central role in nuclear receptor biology due to their heterodimerization with
many other type Il nuclear receptor family members, including LXRs and PPARs (Figure 2).
As a result they play a critical role in nuclear receptor-mediated gene expression [30, 31].
There are three RXR isotypes, RXRa (NR2B1), RXRp (NR2B2) and RXRy (NR2B3).
RXRa is most abundantly expressed in myeloid cells [32]. Ligands for RXRs include 9-cis
retinoic acid, all-trans retinoic acid (ATRA), endogenous fatty acids and synthetic agonists,
termed rexinoids [33, 34]. Currently, the rexinoid bexarotene (Targretin™) is prescribed for
treatment of cutaneous T-cell lymphoma and displays a favorable side-effect profile.
Recently, RXRy activation was shown to play a role in oligodendrocyte differentiation and
to enhance remyelination [35].

4.0 Apolipoprotein E and Alzheimer’s Disease

The ApoE gene is the principal genetic risk factor for sporadic forms of AD. Humans
express one of three ApoE alleles; ApoE2, ApoE3 and ApoE4, these isoforms differ only by
two amino acids. The ApoE4 allele is most important genetic risk factor for AD, while the
ApoE?2 allele is thought to be protective. Forty percent of people afflicted with AD possess
at least one copy of the ApoE4 allele which increases the risk for AD by 3-4 fold.
Possession of two copies of the ApoE4 allele increases the risk factor for AD by 12-fold.
The isoform-specific actions of ApoE on amyloid deposition have been demonstrated in
APP mice expressing the human ApoE isoforms. Mice expressing the ApoE4 isoform
exhibited higher levels of AB deposition in comparison to ApoE3 or ApoE2 expressing
animals [36]. Interestingly, APP-expressing transgenic mice lacking murine apoe failed to
develop compact, but not diffuse, plaques suggesting a role for this protein in the deposition
of AP in the brain. It is of interest to note, however, that while no compact plaques were
observed in the absence of ApoE, the total levels of AB within the brains of these animals
was significantly elevated [37], arguing for a role in AP clearance.

APpOE acts to scaffold the formation of high density lipoproteins (HDL) that function to
transport cholesterol and lipids throughout the body and in the brain. In the brain, ApoE is
primarily synthesized and secreted by astrocytes although it is expressed at lower levels by
microglia. The lipidation of ApoE is carried out primarily by the actions of the ATP-binding
cassette transportor Al (ABCAL) in the brain, which transfers phospholipids and cholesterol
to ApoE, forming HDL particles. The size of the HDL particle is proportionate to its lipid
content. The lipidation of ApoE governs its functions including its conformation,
interactions with membrane receptors and its interaction with Ap [38, 39]. ApoE4 is
associated with smaller, poorly lipidated HDL particles [13]. Numerous studies have shown
that both PPARy and LXRs induce the expression of ApoE and ABCAL and it is through
the expression of these proteins that they exert their effects on amyloid pathology.

5.0 Nuclear Receptors and Amyloid Clearance in Mouse Models of AD

Genetic studies have long suggested a relationship between dyslipidemia, high cholesterol
levels and AD risk. Genes associated with cholesterol regulation such as APOE, ABCA1,
LXRp, ACAT and LRP1 have also been shown to share a linkage with AD [40, 41]. While
genes of cholesterol metabolism, and most prominently the APOE4 allele, are known to play
a crucial role in AD pathogenesis, the exact mechanisms through which they confer
susceptibility to AD is just recently being understood. Jiang et al. were the first to
demonstrate lipdated ApoE species act to promote AP proteolysis, providing a mechanistic
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linkage between the major genetic risk factor for AD and the normal clearance of Ap from
the brain. They were able to show that the lipidation of ApoE enhanced the degradation of
soluble species of AP by neprilysin in the endolytic compartments of microglia as well as
extra-cellularly through the actions of the insulin-degrading enzyme (IDE) [13]. Both
ABCAL and ApoE are important mediators of A clearance since microglia lacking apoe or
abcal lost the capacity to degrade soluble AB. Importantly, this study utilized the LXR
agonist, GW3965, to activate the LXRs and induce the expression of both ApoE and
ABCAL. Significantly, a four month treatment of Tg2576 mice with GW3965 reduced
plaque deposition by over 50% and improved contextual memory in these animals [13].
Importantly, the ability for microglial cells to degrade A was ApoE isoform-dependent
[13]. Indeed, macrophages expressing the ApoE2 allele were the most efficient at degrading
Ap, followed by ApoE3, then ApoE4; microglia lacking ApoE were the least efficient at
degrading AP [13, 42]. LXR activation increased the ApoE particle size of all human ApoE
isoforms, suggesting that activation of this pathways may enhance Ap clearance regardless
of the ApoE allele expressed [13]. Studies conducted by other laboratories have also shown
LXR activation has beneficial effects on amyloid deposition and memory retention in mouse
models of AD [43-45]. LXR activation was also shown to suppress amyloid deposition and
improve behavior in APP23 mice induced by a high fat diet [46]. Consistent with this
hypothesis, it was shown by Zelcer et al. that genetic inactivation of LXRa or LXRp
decreased levels of both ApoE and ABCAL1 protein levels in APP/PS1 mice exacerbated
plaque pathology[47]. A different result was reported by Vanmierlo et al., who found that
LXR agonist treatment resulted in restoration of memory, but did not find a change in
plaque burden [48]. Conversely, Terwel et al. found the LXR agonist treatment had modest
effects on spatial learning, but robustly reduced plaque and AP levels [49].

The importance of ABCAL function in AB clearance was confirmed in three independent
studies where the abcal gene was inactivated in four different APP-expressing transgenic
mouse models. The loss of abcal resulted in not only the reduction of ApoE levels, but also
a paradoxical increase in AP deposition in the brain parenchyma of these animals owing to
enhanced deposition of poorly lipidated ApoE in the brain [50-52]. Conversely,
overexpression of ABCAL in a mouse model of AD, was shown to decrease both soluble
and fibrillar pools of Ap in 12 month old mice and reduce plaque burden [53].

The vital role of ABCA1 in LXR-mediated amyloid clearance was demonstrated in a recent
study by Donkin et al. In this study, AD transgenic mice that expressed or lacked abcal
were treated with the LXR agonist GW3965. APP/PS1 mice treated with high or low doses
of GW3965 showed elevated brain levels of ABCA1 and ApoE, decreased amyloid burden
and significant improvement in memory. However, APP/PS1 mice lacking abcal displayed
little change in brain ApoE levels, no reduction in amyloid load or behavioral
improvements. These studies, taken together, suggest that LXRs are excellent therapeutic
targets for AD and that both ABCA1 and ApoE are necessary for the beneficial effects of
LXR agonists [54].

PPARYy was recognized as a therapeutic target for AD about a decade ago, owing not only to
its actions on inflammation, but also its effects on insulin sensitization and energy
metabolism [24, 55, 56]. Similar to LXRs, PPARy activation can also induce the expression
of both ABCA1 and ApoE. Additionally, PPARy can also induce the expression of LXRa
creating a metabolically linked cycle. This critical feedback loop was first described by
Chawla et al. in macrophages and is critical for PPARy mediated degradation of AB [57].

The synthetic thiazolidinedione (TZD) PPARY agonists, are widely prescribed for the
treatment of type Il diabetes mellitus, and have also been shown to be efficacious in a
number of CNS disease models [21]. Currently, two TZD agonists, Actos™ (pioglitazone)
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and Avandia™ (rosiglitazone), are FDA approved for the treatment of diabetes. However,
the use of these drugs for CNS-targeted disease treatments is compromised due to their poor
blood brain barrier (BBB) penetrance. The permeability of pioglitazone across the BBB is
poor, and rosiglitazone is even less permeable and subject to P-glycoprotein-mediated efflux
from the brain [58]. However, a number of studies employing AD mouse models have been
carried out and have demonstrated the utility of these synthetic agonists in AD disease
pathogenesis.

In a study carried out by Yan et al., 12 month old Tg2576 animals were treated orally with
20 mg/kg/day of pioglitazone for 4 months. These animals did not exhibit a change in
plaque pathology, however, showed a trend towards a decrease in soluble APy, levels [59].
Treatment of 16 month old J20 animals with 20 mg/kg/day of pioglitazone yielded no
effects on Ap burden or AD associated behavioral deficits in this model [60]. When a higher
dose of pioglitazone (7 days/40mg/kg/day) was employed in 10 month old transgenic mice
overexpressing the APP V7171 mutation, a 20-25% decrease in plaque burden was observed
with significant reduction in AB4o levels within the brains of these animals [61]. This was
the first study that provided conclusive evidence for the utility of PPARy agonists in an
animal model of AD.

Pederson and colleagues examined the effects of rosiglitazone and found that activation of
PPARy ameliorated behavioral deficits in the Tg2576 AD mouse model. However, these
animals displayed no changes in plaque pathology, but had reduced brain A4, levels. Since
the BBB permeability of rosiglitazone is poor, the authors postulated that its effects were
due to the peripheral actions of this drug and concluded the improvements in behavior were
a result of suppression of plasma glucocorticoid levels [62]. A more recent study carried out
by Toledo et al. observed the effects of long term rosiglitazone treatments in APP/PS1
animals. These animals were treated with a low dose of rosiglitazone (3mg/kg/day) for 12
weeks and evaluated for plague deposition and behavior. These animals displayed an
approximate 50% decrease in amyloid deposition, a decrease in Af oligomers, preservation
of pre- and post-synaptic proteins and the attenuation of cognitive deficits in the Morris
water maze. The authors argue that the effects of rosiglitazone were due to the activation of
the wnt signaling cascade which they show by an increase in B-catenin expression and a
decrease in GSK-3 levels [63]. In a study by Escribano et al., 9 month old J20 animals
were treated with 5mg/kg/day of rosiglitazone for a period of 4 months [64]. After four
weeks of treatment, the animals showed significant improvements in the object recognition
task. After four months of treatment, the 13 month old J20 animals showed a 50% reduction
in levels of AB4g and AB4,. The authors also showed a decrease in levels of Ap*56. While
the authors did not detect an increase in ApoE levels in the treated animals they did observe
a modest increase in ABCAL levels and argue that the enhanced Ap clearance could be
attributed to an increase in lipidation of ApoE by ABCAL [64]. Another study reported a
reversal of associative learning and memory deficits in 9 month old Tg2576 animals after 1
month of rosiglitazone treatments (30mg/kg/day). However, this effect was not observed in
5 or 13 month old Tg2576 animals [65].

Recent studies in our laboratories have indicated that PPARy activation leads to an increase
in both ApoE and ABCAL1 levels in astrocytes and microglial cells. Inhibition of PPARy
action by a receptor antagonist blocked all effects of pioglitazone on A degradation in
vitro. Both ApoE and LXRs are necessary for the actions of this nuclear receptor, because
cells lacking ApoE or wildtype cells treated with an LXR antagonist lose their ability to
degrade AP in response to pioglitazone. Furthermore, the treatment of APP/PS1 mouse
model of AD with pioglitazone (80/mg/kg/day) for 9 days lowered plaque burden by
approximately 50% and reversed behavioral deficits in contextual fear conditioning assay.
Significantly, the levels of ABCA1 and ApoE were elevated in the brains of these animals
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[66]. While it is unclear what the dominant mode of action for PPARy activation is in
ameliorating AD pathologies, it is now evident that ABCA1 and ApoE play critical roles on
AP homeostasis and this pathway is positively regulated by PPARYy’s actions on LXRs
(Table 1).

Importantly, PPARYy activation by pioglitazone has also been shown to rescue
cerebrovascular function in an aged AD mouse model. A study conducted on 14 month old
APP V7171 animals treated with 20mg/kg/day of pioglitazone for 6-8 weeks showed that
PPARYy activation rescued deficits in neurometabolic coupling and cholinergic denervation.
These authors observed no effects of pioglitazone on plaque load in these animals, but this
could be attributed to the low drug dose utilized in this study [60].

Owing to the promising effects on AD mouse models, a small clinical trial was conducted to
determine the efficacy of pioglitazone in patients exhibiting signs of mild to moderate AD.
In this study, pioglitazone treatment was shown to improve memory and cognition in these
patients [67, 68]. Recently, the effect of rosiglitazone in treating AD was examined in larger
clinical trials. A phase Il clinical trial, where patients treated with rosiglitazone for 6
months, showed improvements in attention and memory retention, but only in patients that
did not have an ApoE4 allele. However, much larger phase 11 trials failed to show any
efficacy in mild to moderate AD patients [69, 70]. It is important to note, that rosiglitazone
is known to have very poor BBB permeability and was administered at approximately ten
percent the dosage known to be efficacious in rodent models of AD. Additionally,
rosiglitazone is a substrate for p-glycoprotein, promoting its efflux from the brain into
peripheral circulation [58]. Thus, due to the design of these trials it is unclear whether
existing PPARYy agonists will be beneficial in treatment of AD.

PPARG activation has also been shown to promote reverse cholesterol transport. The PPARS
agonist, GW501516, induced expression of ABCAL and apolipoprotein Al, a peripheral
lipid transporter, in macrophages [71]. In a study reported by Kalinin et al., treatment of
5xFAD mice with the PPARGS agonist, GW742, resulted in decreased plaque burden and an
increase in the expression of two A proteases, neprilysin and IDE [72]. PPARS activation
has also been shown to have robust anti-inflammatory actions [73]. These studies suggest
that PPARS activation may reduce amyloid burden in a similar manner to both LXR and
PPARSs.

RXR activation by numerous ligands has shown to increase levels of both ApoE and
ABCAL in vitro [74-76]. Due to its central role in nuclear receptor signaling and its
interactions with both PPAR and LXR, it is hypothesized that RXR activation would
simultaneously activate both LXR and PPAR signaling pathways, making it an excellent
candidate for AD therapeutics (Figure 2). A study by Ding et al., described the effects of all-
trans retinoic acid (ATRA) in a mouse model of AD. ATRA not only activates RXR but also
activates the Retinoic Acid Receptor (RAR). Treatment of 5 month old APP/PS1 mice for 8
weeks with ATRA (20mg/kg/day) resulted in significant decreases in Ap deposition and tau
phosphorylation in these mice. Additionally, it attenuated memory deficits seen in the
Morris water maze [77]. However, the ability of ATRA to activate both receptors does not
allow for any conclusions to be drawn about its mechanism of action.

Bexarotene is a highly specific RXR agonist and is currently FDA approved with a
favorable side-effect profile. Studies in our laboratory have shown that treatment of APP/
PS1 animals with bexarotene for only 3 days results in a dramatic induction of ApoE and
ABCAL and the rapid reversal of AD-associated pathological hallmarks including, reduction
in amyloid deposition and deficits in behavior as well as neural networks. More recently, a
naturally occurring RXR agonist, honokiol, has been identified. This agonist is capable of
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activating RXR/LXR heterodimers and has been shown to induce the expression of ABCA1
and ApoE and should be tested in AD models [75, 78].

6.0 Nuclear Receptors and Inflammation

The appearance of amyloid deposition in the AD brain coincides with a dramatic phenotypic
activation of microglial cells in the surrounding area. These cells are stably associated with
the plaque and extend their processes deep within the plaque core. Microglial cells are able
to detect AP through a multi-component cell surface receptor complex composed of CD36 (a
B class scavenger receptor), the a1p6 integrin, the integrin associated protein, CD47, and the
scavenger receptor A [79]. More recently, Toll Like Receptor 2 (TLR2), 4 (TLR4) and 6
(TLR®6) and their coreceptors CD14 and CD36 have been shown to participate in this
complex [80]. Activation of this cell surface receptor complex initiates intracellular
signaling cascades that lead to NFkB-mediated proinflammatory gene transcription. This
results in the production of pro-inflammatory cytokines, chemokines and the production of
reactive nitrogen and oxygen species. In vitro, fibrillar Af stimulation stimulates
phagocytosis, however, in vivo this effect is not observed and the plaque-associated
microglial cells are described to be phagocytically inactive [81].

The deposition of fibrillar Af in the AD brain results in the recruitment of microglia to the
plaques owing to their expression of CCL2, which acts to attract microglia [82]. CCL2 is a
cytokine that is secreted by microglia and astrocytes, its expression is increased by cells
surrounding amyloid deposits in the AD brain. Its receptor, CCR2, is also expressed my
microglia and it is thought that that the upregulation of CCL2 in the vicinity of plaques
results in the recruitment of microglia from adjacent regions to these deposits [83, 84]. The
number of microglial cells surrounding a plaque is proportional to the dimensions of the
deposits. This seems to be an ideal situation since microglia are competent phagocytes and
are found in abundance surrounding amyloid deposits in the AD brain. It would be assumed
that they would clear the deposits and maintain brain A homeostasis. However, this is not
the case, the deposition of plaques and the recruitment of microglia to these deposits does
not result in their removal, but leads to the sustained activation of microglia and chronic
production of inflammatory agents. While in normal circumstances inflammation plays a
beneficial role in pathogen removal, in AD, the persistence of inflammation is detrimental to
the surrounding tissue [14].

There is an extensive literature documenting the effects of chronic inflammation in AD
pathogenesis. It is postulated to exacerbate the primary disease process, facilitating the
deposition of Ap, neuronal loss and contributing to cognitive deficits [11, 14]. Notably,
studies aimed at suppressing the inflammatory response in AD have been shown to have a
beneficial effect on disease progression. Animal models lacking the TNF type 1 receptor or
the INFy receptor type 1 exhibit a significant decrease in microglial activation, Ap
deposition as well as reversal of Ap associated cognitive deficits [85, 86]. Epidemiological
studies have also reported that chronic use of nonsteroidal anti-inflammatory drugs
(NSAIDs) is associated with a dramatic reduction in the incidence of AD [87]. Activation of
LXR, PPAR and RXR have all been shown to exert robust anti-inflammatory actions [15,
88-90]. Indeed, treatment of AD mouse models with LXR or PPAR agonists has resulted in
the suppression of microglial activation [44, 45, 47, 59, 63]. The anti-inflammatory effects
of these receptors are due, in part, to their functional inactivation of the NFxB promoters. A
number of different mechanisms have been proposed to explain how nuclear receptors
repress inflammatory genes, including cross-coupling, coactivator squelching and
corepressor interference [91-93]. The most compelling of these mechanisms, corepressor
interference, was first described by Glass and colleagues in 2005. Normally, inflammatory
genes are repressed through the association of the co-repressors NCoR and SMRT acting on
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kBRE elements. They were able to show that ligand dependent SUMOylation of PPARy
directs the nuclear receptor to NFxB positioned on the promoters of inflammatory genes,
thereby stabilizing co-repressor complexes and inhibiting inflammatory gene expression
[92]. Both PPARs and LXRs have been shown to become SUMOylated after ligand binding
[16] (Figure 1). The ability of RXRs to be SUMOylated is still unknown. Owing to their
ability to broadly inhibit inflammatory gene expression and promote AP degradation, LXRs,
PPARSs, and perhaps RXRs, serve as an attractive therapeutic target for AD.

7.0 Nuclear Receptors and Macrophage and Microglial Activation Status

While comprising only 5% of the glial population in the cortex, microglia are the principal
contributors of the chronic inflammation seen in the AD brain. One of the enigmas in AD
pathogenesis is the inability of microglial cells to clear amyolid deposits even though they
are found associated with these structures and are competent phagocytes. Genetic studies
have revealed that the deposition of Ap in the brain parenchyma is the initiating factor in
disease pathogenesis. In sporadic forms of AD, there is a disruption of A homeostasis,
leading to the progressive accumulation and deposition of these peptides in the brain. This
can occur via two mechanism, enhanced production or decreased clearance of AB. A recent
study conducted by Bateman et al. has demonstrated that in human cases of AD, AB is
generated at comparable levels between AD patients and control subjects, however,
clearance of the peptide is impaired in AD patients [94]. Indeed, in AD patients Ap
clearance rates are reduced by approximately 30%, accounting for the accumulation of AB in
the diseased brain [4]. Several studies have shown that microglia are unable to digest
fibrillar deposits of Ap [95-97]. However, immunotherapy with anti-Ap antibodies
demonstrated that these cells retain the capacity to phagocytically take up and remove
amyloid deposits when appropriately stimulated [98]. It is therefore thought that one
mechanism to alleviate AD related pathophysiology is to stimulate microglial cells to re-
engage their phagocytic machinery and enhance amyloid clearance.

It has recently been appreciated that microglial cells can exhibit a variety of activation states
and this finding may explain sustained microglial activation and the effects they exert in the
AD brain. Originally, it was thought that microglia represented a homogenous population of
cells in the brain and exhibited two phenotypic polarities; a resting, quiescent state or an
activated, pro-inflammatory state. However, recently their biology has been re-evaluated,
due in part to the ability to image these cells in vivo with 2-photon microscopy. It has been
shown that microglial cells are quite active in their “resting” state and survey the whole
brain every few hours by extending and retracting their processes [99]. It has also been
recognized that they represent a phenotypically diverse group of cells that vary in their
response to different local and environmental cues, as evidenced by their differential
expression of phenotypic markers and secretion of distinct array of chemokines and
cytokines. A new classification system has been suggested to more easily identify and
categorize the different macrophage/microglial activation states. The “classical” pro-
inflammatory activated macrophage/microglia are now referred to as being in an M1 state,
while the “alternative”, anti-inflammatory activation states are referred to as M2 [100]. It is
important to note that M1 and M2 activation states are reflective of a continuum of
phenotypic states of these cells and their peripheral counterparts, the macrophage, and this
nomenclature does not capture the complexity of their phenotypic diversity.

The M1 activation state is associated with the secretion of the typical Thl pro-inflammatory
cytokines, which are found in abundance in the AD brain. While classical activation is a host
defense mechanism, it is necessary to down-regulate this response and initiate tissue repair
to attain homeostasis in the CNS after pathogen infections or injury. The M2 state, termed
“alternative activation” is characterized by the production of Th2 anti-inflammatory
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cytokines including IL-10, TGF-B, IL-4 and IL-13. It is generally associated with the
suppression of Thl pro-inflammatory cytokines and the expression of genes that play a role
in tissue repair such as, YM1, FIZZ1, Arginase 1 (Argl), and the mannose receptor [101].
The M2 state itself has been further subdivided into M2a, M2b and M2c phenotypes. IL-4
and IL-13 polarize macrophages to an M2a anti-inflammatory state, M2b macrophages are a
mix between M1 and M2 states because they express high levels of pro-inflammatory
cytokines as well as high levels of the anti-inflammatory cytokine IL-10. The M2c
macrophages are thought to be in an “acquired deactivation” state induced by IL-10, TGF-B,
glucocorticoids or contact with apoptotic cells, and are associated with a suppression of the
innate immune response. The M2c state is also associated with an increased phagocytic
capacity. Although macrophage activation states have been extensively characterized in the
periphery it is unknown to what extent microglia can acquire these various states in the
brain. A study by Colton et al. demonstrated that AD brains as well as mouse models show a
switch in microglial activation status in response to disease progression. In this study it was
shown that samples from human AD brains as well as two aged mouse models of AD
showed increased mRNA levels of the M2 markers, Argl and Ym1, when compared to age
matched controls [101]. It is thought that the environment of the AD brain alters the
microglial response to fibrillar forms of Af and a question of importance now is how
microglial polarization not only affects the inflammatory milieu of the brain but how it
affects AP clearance.

Importantly, in vitro studies have shown that M2 polarization of microglia using M-CSF or
IL-4 promote AB phagocytosis [102, 103]. Systemic administration of M-CSF also cleared
amyloid deposition in a mouse model of AD, although how this is linked to the acquisition
of a M2 status in microglia is unclear [104]. Activation of LXRs, PPARs and RXRs results
in the polarization of microglia to M2 states due to their suppression of NF«kB gene
induction, but also through transactivation of genes that induce the M2 states. Recently, it
has been shown that activation of PPARy promotes the acquisition of an M2 phenotype in
peripheral macrophages. Activation of PPARy or PPARS has been shown to induce Argl
and IL-4 expression [105, 106]. Indeed, Odegaard et al. discovered a putative PPRE in the
distal enhancer of the Argl gene [107]. Studies have shown disruption of PPARy or PPARS
in myeloid cells results in impaired maturation of alternative macrophage activation
[107-109]. PPARS and LXRs have been shown to also play a role in M2c polarization, since
ligand activation of these receptors promotes phagocytosis of apoptotic cell bodies [110,
111]. Similarly, stimulation of microglia with the LXR agonist, GW3965, acts
simultaneously to suppress inflammation and promote fibrillar Ap stimulated phagocytosis
[47].

Conclusions

There in now an extensive body of evidence demonstrating the efficacy of nuclear receptors
agonists in ameliorating AD-related pathology in animal models. Targeting the family of
receptors described in this review has shown to ameliorate plaque burden, reverse memory
related deficits and reduce inflammation in animal models, all critical components of AD
disease pathogenesis. Thus, we believe that nuclear receptors represent new and promising
therapeutic targets for AD treatment.

Expert Opinion

Currently, there are no approved drugs available that target the underlying causes of
Alzheimer’s disease. Nuclear receptors are attractive targets for the treatment of AD due to
their ability to facilitate degradation of AB, affect microglial activation and suppress the
inflammatory milieu of the brain. LXR agonists have proven difficult to move into clinical
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trials since long-term treatment results in hepatic steatosis. It is our view that PPARy
activation remains a promising avenue for the treatment for AD, however, the poor BBB
permeability of the currently available agonists and the negative outcome of the phase 11
clinical trials are likely to diminish interest in pursuing this target.

It is our opinion that RXR agonists are the most promising agents for AD treatment.
Bexarotene, currently an FDA-approved drug, has an excellent side-effect profile allowing
for its rapid translation into clinical trials. This drug not only targets both LXR and PPAR
pathways but also has been shown to readily pass through the BBB making it an ideal
candidate for AD treatment.
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In the absence of ligand, type Il nuclear receptors heterodimerize with RXR and bind
response elements located on the promoters of target genes in association with a corepressor
complex actively repressing the expression of target genes (A). In the presence of ligands,
the receptor heterodimer undergoes a conformational change, resulting in the exchange of
the corepressor complex for a coactivatior complex and allowing for gene transcription (B).
Upon ligand binding, PPARYy becomes sumoylated and recruited to the NFkB-corepressor
complex. This interaction secures the corepressor complex on the kBRE promoter elements,
preventing its stimulus-induced dismissal and maintains the NFxB inflammatory genes in a

repressed state (C).
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Figure 2.

Activation of nuclear receptors PPARy and LXR induce the expression of genes necessary
for insulin sensitization and lipid metabolism. Interestingly, activation of PPARy induces
LXRa and LXRa induces expression of PPARY, driving a positive-feedback loop (A). RXR
activation induces the activation of their permissive heterodimer binding partners, resulting
the expression of both PPARy and LXRa target genes (B).
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