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Alzheimer’s disease (AD) is a chronic neurodegenerative disease characterized by abnormal protein accumulation, synaptic
dysfunction, and cognitive impairment. The continuous increase in the incidence of AD with the aged population and mortality
rate indicates the urgent need for establishing novel molecular targets for therapeutic potential. Peroxisome proliferator-
activated receptor gamma (PPAR𝛾) agonists such as rosiglitazone and pioglitazone reduce amyloid and tau pathologies, inhibit
neuroinflammation, and improve memory impairments in several rodent models and in humans with mild-to-moderate AD.
However, these agonists display poor blood brain barrier permeability resulting in inadequate bioavailability in the brain and
thus requiring high dosing with chronic time frames. Furthermore, these dosing levels are associated with several adverse effects
including increased incidence of weight gain, liver abnormalities, and heart failure. Therefore, there is a need for identifying novel
compounds which target PPAR𝛾more selectively in the brain and could provide therapeutic benefits without a high incidence of
adverse effects.This review focuses on how PPAR𝛾 agonists influence various pathologies in AD with emphasis on development of
novel selective PPAR𝛾modulators.

1. Introduction

Alzheimer’s disease (AD) is the sixth leading cause of
mortality in the United States. In 2018, an estimated 5.7
million Americans of all ages are living with Alzheimer's
dementia and this is projected to increase to 14 million
by 2050 [1]. However, there are limited options to prevent
the progression of the disease. Moreover, the continuous
increase in mortality rates due to AD reinforces the critical
need for identifying novel molecular targets with therapeutic
potential. For example, the failure of several recent potential
therapies in clinical trials for improving cognitive deficits in
AD by reducing amyloid beta (A𝛽) levels, suggests a need to
explore alternative approaches for AD treatment that are not
focused upon altering A𝛽 levels.

Pathological correlations between type 2 diabetesmellitus
(DM) and AD provide direct links for the development
of cognitive deficits in both diseases and suggest potential

application of antidiabetic drugs for AD [2, 3]. Type 2 DM
is a disorder of altered glucose regulation and is associated
with cognitive decline [4]. Although there are direct links
between AD and DM in the manifestation of cognitive
impairment, there is an understanding that impaired insulin
signaling directly alters memory in AD. Insulin signaling in
the brain has a significant role inmodulating neuroendocrine
and neurotrophic functions including synaptic plasticity [5,
6]. Therefore, extensive investigation of these correlations
between the two diseases will potentiate the identification of
novel therapeutic targets for the treatment of AD.

Peroxisome proliferator-activated receptors (PPARs), a
subfamily of nuclear receptors, play a crucial role in regulat-
ing insulin sensitivity and may serve as potential therapeu-
tic targets for AD. Recently, pharmacological activation by
a class of PPAR subtype, PPAR𝛾 agonists thiazolidinediones
(TZDs), has been found to improve learning and mem-
ory in transgenic AD animal models [7, 8]. Furthermore,
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meta-analysis studies indicate that pioglitazone treatment
may offer therapeutic benefits in patients with early or
mild-to-moderate AD [9]. Further analysis of these studies
showed a significant reduction in amyloid beta and tau
pathology measured in cerebral blood flow samples from
ADpatients.The anti-inflammatory properties and improved
glucose metabolism by TZDs have helped explain how it
improves cognition in AD patients and transgenic animal
models of DM and AD [10, 11]. However, the molecular
signaling mechanisms mediated by central PPAR𝛾 activation
resulting in improved cognition in AD have not been exten-
sively investigated. Furthermore, the use of these drugs for
cognitive deficits in diabetes and AD is limited due to their
poor bioavailability in the brain and off-target effects [12, 13].
Therefore, there is a critical need to develop PPAR𝛾 targeted
agents that display improved tolerability. To understand the
significance of these chemical and pharmacological stand-
points, the molecular structure and how PPAR𝛾 modulates
different cellular targets need to be more thoroughly evalu-
ated.

Recently, the focus of PPAR𝛾 has intensified, as new
ligands and novel biological roles have emerged for the recep-
tor activity, particularly for its therapeutic potential in neu-
rodegenerative disorders, such as AD. The present review
discusses the beneficial role of PPAR𝛾 ligands on the patholo-
gies of AD and the therapeutic potential of selective PPAR𝛾
modulators as future therapy for AD.

2. Overview of PPARs

2.1. Isoforms and Expression. The PPARs are part of a sub-
family of nuclear receptors that regulate several important
cellular processes by activating or repressing transcription
via their ligand binding domain (LBD) and DNA-binding
domains (DBD) [14].The initial PPAR (PPAR𝛼) was cloned as
a nuclear receptor from amouse-liver genetic (cDNA) library
that was activated by several endogenous and xenobiotic
compounds known as peroxisome proliferators. PPARs are
named for their property of increasing both the number and
activity of liver peroxisomes after administering high dose
of these substances for a chronic time frame in rodents.
Additionally, marked liver abnormalities progressing to liver
carcinomas were noted, indicating that these substances at
high doses strongly induce peroxisome proliferation [15].

The PPARs are mainly divided into PPAR𝛼, PPAR𝛽/𝛿,
and PPAR𝛾. All the PPARs consist of distinct functional
domains including an N-terminal transactivation domain
(AF1), a highly conserved DBD, and a C-terminal ligand
binding domain (LBD) that contains a ligand transactivation
function (AF2). Each subtype displays distinct effects on
the body; for example, PPAR𝛼 regulates whole body energy
homeostasis by reducing lipid levels, regulating glucose
homeostasis, and reducing insulin resistance [16]. PPAR 𝛽/𝛿
regulates lipidmetabolism andmyelination in the brain while
PPAR𝛾 regulates lipid and glucose homeostasis, mitochon-
drial biogenesis, and inflammation [17].

The PPAR𝛾 receptor is unique in that despite being
expressed from the same gene, it has different promoters
and 5-exons. Hence, it consists of three isoforms, namely,

PPAR𝛾-1, PPAR𝛾-2, and PPAR𝛾-3. PPAR𝛾-1 and PPAR𝛾-3
are similar, while PPAR𝛾-2 differs in the ligand-independent
region at the N-terminus. PPAR𝛾-2 has an extra 30 amino
acid residues in the amino end, which provides a potent
transcriptional activity compared to PPAR𝛾-1 [18]. PPAR𝛾-1
is expressed in almost all cells while PPAR𝛾-2 is restricted in
the adipose tissue [19]. In the CNS (central nervous system),
all the three subtypes of PPARs are expressed, with PPAR 𝛽/𝛿
being the most abundant subtype [20, 21]. PPAR𝛼 is involved
in acetylcholine metabolism, excitatory neurotransmission,
and oxidative stress defense [22]. PPAR𝛽/𝛿 is ubiquitously
expressed in all cell types including immature oligodendro-
cytes and promotes differentiation and myelination in the
CNS [23, 24], while PPAR𝛾 is expressed predominantly in
microglia and astrocytes and regulates inflammation in the
CNS [25].

2.2. PPAR Signaling. PPARs regulate the expression of vari-
ous genes through a complex set of mechanisms. The homo
PPAR forms a heterodimer with another class of nuclear
receptors, retinoid X receptors (RXR). During unstimulated
conditions, the heterodimer complex is associated with
corepressors (NCoR and SMRT), which suppress gene tran-
scription [26]. Ligand binding to the hydrophobic pocket of
the PPAR receptor induces conformational changes in the
LBD structure, thereby resulting in its activation. Changes
in the conformation on ligand binding lead to release of
corepressors NCoR/SMRT or Not1, which generally prevents
gene transcription, respectively. Release of corepressor with
full agonist results in the stabilization of the LBD, resulting in
binding of coactivators CBP/P300, p160/SRC-1, and vitamin
D receptor interacting protein (DRIP) or thyroid hormone
receptor associated protein (TRAP) complexes resulting in
the activation of the PPAR molecule. Once activated, the
PPAR/retinoid X receptor heterodimer stimulates peroxi-
some proliferator response elements (PPRE) in the promoter
region of target genes. This scaffold recruits histone acetyl
transferases and the gene transcription machinery (RNA
polymerase complex), which together initiate chromatin
relaxation to permit transcription of target genes [27] as
depicted in Figure 1. Coactivator PGC-1𝛼 gene expression
is particularly important in mediating cognition and has
shown protective effects against AD. In addition, it regulates
mitochondrial biogenesis, oxidative metabolism, fatty acid
oxidation, and gluconeogenesis via PPARs; these effects on
mitochondria, in turn, can improve brain function [28].

Apart from the above-mentioned action of PPARs involv-
ing gene transcription in the nucleus, nongenomic actions
associated with the cytoplasmic PPARs have been observed.
Nongenomic regulation of PPAR𝛾 is mediated by interaction
with cytosolic second messengers, including kinases and
phosphatases [29]. For instance, in response tomitogen stim-
ulation, the MAP/ERK kinase, MAPK kinase (MEK)-1, binds
directly to the AF2 domain of PPAR𝛾, leading to the seques-
tration of PPAR𝛾 in the cytoplasm. Selective inhibition of
thisMEK1/PPAR interactionhas been proposed to offer novel
pharmacological treatments of various cancers, metabolic
disorders, and inflammation [30]. Recent studies indicate
that posttranslational control of PPARs occurs through
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Figure 1:Mechanismof action of PPAR𝛾 agonists. (a) During unstimulated conditions, the heterodimer is associatedwith corepressorswhich
suppress gene transcription. (b) Binding of PPAR𝛾 agonist induces release of corepressor complex, while binding to coactivator complex,
thereby stimulating the response elements of target genes. This scaffold recruits histone acetyl transferase and RNA polymerase leading to
transcription of target genes.
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Figure 2: PPAR𝛾mediated transrepression of NF-𝜅B through SUMOylation modification. Binding of PPAR𝛾 ligand to the AF-2 domain at
Lys-365 position is important in regulation of inflammatory gene expression through transrepression. Additionally, recruitment of NCoR
with inhibition of NCoR proteosomal degradation occurs.

phosphorylation, SUMOylation, ubiquitination, and nitra-
tion [31]. The phosphorylation of PPAR𝛾 occurs at several
sites via different kinases including MAPKs. An N-terminal
serine phosphorylation (Ser82 in PPAR𝛾-1 and Ser112 in
PPAR𝛾-2), mediated by MAPKs, reduces the transcriptional
activity of PPAR𝛾-1 and PPAR𝛾-2 (in cells activated by
serum) [32, 33]. Phosphorylation as a mechanism of action
of PPAR𝛾 agonists has been recently suggested linking its
role to obesity, inflammation, and insulin resistance [34]. For
instance, rosiglitazone was found to inhibit phosphorylation
of PPAR𝛾 at Ser273 by cyclin-dependent kinase 5 (CDK5) in
adipose tissue.This leads to transcription of insulin-response
genes (such as adiponectin and adipsin) thereby mediating
antidiabetic effects. As CDK5 is activated by inflammatory

mediators, targeting CDK5/PPAR𝛾 regulation may offer new
avenues in treating various disorders where inflammation is
a key component. SUMOylation is a posttranslational mod-
ification that regulates the stability, nuclear/cytosolic ratio,
and activity of several transcription factors. Of importance is
the transcriptional repression of inflammatory genes such as
inducible nitric oxide synthase (iNOS) and TNF-𝛼, which are
regulated byNF-kB pathway. Additionally, SUMOylation also
induces recruitment of PPAR corepressors, such as NCoR as
depicted in Figure 2.

The LBD of PPAR𝛾 consisting of the transcriptional AF2
motif associated with helix 12 mediates most of the phar-
macological actions of PPAR𝛾 agonists [47]. The importance
of AF2 motif in regulating PPAR𝛾 targeted genes has been
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extensively studied, thereby allowing us to understand the
mechanism of ligand-induced transcriptional activation by
PPAR𝛾 [48, 49]. AF2 helix is in an equilibrium state between
closed (active) and open (inactive) conformations in the
absence of the ligand [50]. However, binding to a full agonist
leads to AF2 helix getting locked in closed (active) state,
thereby allowing recruitment of coactivators for transcrip-
tional activation [51].Hence, developing novel PPAR𝛾 ligands
that stabilize the AF2 helix in distinct states between closed
and open conformations would offer therapeutic advantage
which is discussed in subsequent sections.

Several studies have reported that the locking ofAF2 helix
in its closed conformation is responsible for the antidiabetic
effects as well as several side effects noted with PPAR𝛾
agonists like TZDs [52–54]. Hence, developing novel PPAR𝛾
ligands that stabilize the AF2 helix in distinct states between
the closed and open conformations will selectively recruit
coactivators for newer therapeutic benefits with reduced side
effects [55–57].

Recently, several natural and synthetic PPAR𝛾 agonists
have been developed to treat various disorders, out of which
the selective PPAR𝛾modulators (SPPAR𝛾Ms) have attracted
considerable attention because of their ability to selectively
target PPAR𝛾 activity states, thereby offering therapeutic
efficacy with minimal side effects [58–61]. Currently, no
SPPAR𝛾Ms have been successfully used in clinical prac-
tice, and mechanistically it remains unclear how to achieve
selective PPAR𝛾 activation. The subsequent sections discuss
the role of PPAR𝛾 in modulating the pathologies of AD
followed by SPPAR𝛾Ms under development for treating
AD.

3. Overview of AD

Pathological changes related to AD occur many years before
clinical symptoms are present. The traditional theory for
the development of AD has been the amyloid beta cascade
hypothesis, which postulates that pathogenic amyloid beta is
the primary cause for development of AD and leads to the
hyperphosphorylation of tau protein. However, it is becom-
ing increasingly clear that a multitude of pathological mech-
anisms are likely at play to promote development of clinical
AD [62]. Therefore, therapeutics with multiple mechanisms
of action against AD pathology may be desirable in treatment
of the disorder. Some early pathological processes which are
increasingly recognized to contribute to AD include neuroin-
flammation [63], mitochondrial dysfunction [64], and dys-
regulated insulin signaling [65]. Amyloid beta accumulation
occurs prior to clinical symptoms and persists throughout
the course of the disease. Occurrence of memory dysfunction
later in the disease is correlated with the severity of synaptic
deficits and severity of tau pathology [66].Therefore, an ideal
AD drug may target multiple facets of the disease including
inflammatory and metabolic components occurring early
in disease, along with reducing pathogenic amyloid beta,
hyperphosphorylated tau, and synaptic dysfunction later in
the disease. In fact, PPAR𝛾 signaling exerts several potential
beneficial mechanisms in early, as well as in late, AD, as
it reduces inflammation, improves metabolic processes, and

may directly reduce levels of pathogenic amyloid beta and
hyperphosphorylated tau. The hallmarks of AD relating to its
pathologies are illustrated in Figure 3.

4. PPAR𝛾 in Alzheimer’s Disease

4.1. Genetic Alterations Relating PPAR𝛾 to AD. Genome-wide
association studies (GWAS) indicate a strong association
between late onset Alzheimer’s disease (LOAD) and over
twenty genomic loci [67, 68]. One of the strongest genetic
risk factors of LOAD is ApoE, and the presence of the ApoE4
allele is associated with an increased accumulation of A𝛽.
Several studies have shown increased ApoE-mRNA levels
in LOAD brains and that cis-genetic variability contributes
to differential ApoE gene expression [69–71]. Furthermore,
chromosome 19q13.32, a gene rich region consisting of
TOMM40, ApoE, and APOC1 genes, is implicated in several
phenotypes including AD. This region exhibits a complex
regulation and is enriched in potential PPAR𝛾 binding sites.
PPAR𝛾 agonists decreased the levels of the TOMM40, ApoE,
andAPOC1-mRNAs,with the greatest effect onApoE-mRNA
through transcriptional regulation [72]. Furthermore, a study
done by Barrera et al. investigated the effect of PPAR𝛾
knockdown on expression of twenty-four late onset AD-
associated genes and demonstrated that PPAR𝛾 regulates the
expression of seven LOAD-associated genes. Upregulation
of six genes (ABCA7, ApoE, CASS4, CELF1, PTK2B, and
ZCWPW1) and downregulation of one gene (DSG2) were
noted and indicate that PPAR𝛾 agonists may represent an
attractive class of drugs for preventing or delaying the onset
of late onset AD [73].

4.2. PPAR𝛾 in Early Stages of AD

4.2.1. PPAR𝛾 andAmyloidBeta. AD is pathologically charac-
terized by deposition of extracellular fibrillar amyloid derived
fromproteolytic cleavage of amyloid precursor protein (APP)
and formation of senile plaques. An imbalance between A𝛽
production and its clearance leads toA𝛽 accumulation, which
further leads to tau hyperphosphorylation and neurodegen-
eration [74]. PPAR𝛾 agonists have also been observed to
reduce A𝛽 levels either by reducing the A𝛽 production or
enhancing its clearance. Several studies have demonstrated
the role of PPAR𝛾 agonists in decreasing A𝛽 accumula-
tion. For instance, pioglitazone-treated APP transgenic mice
showed reduced transcription and expression of 𝛽-secretase
enzyme that processes APP to generate A𝛽 [75]. However,
other studies have shown that APP processing and A𝛽
production are not affected by pioglitazone suggesting that
decrease in A𝛽 levels by PPAR𝛾 agonists may be due to A𝛽
clearance [76].

A𝛽 clearance in the brain is mediated by enzymatic
and nonenzymatic pathways. Some of the key enzymes
include insulin-degrading enzyme (IDE), neprilysin (NEP),
and matrix metalloproteinase (MMP)-9. The nonenzymatic
pathway includes (1) drainage through perivascular base-
ment membranes, (2) phagocytosis by microglia or astro-
cytes, and (3) clearance mediated by receptors such as low-
density lipoprotein receptor-related protein 1 (LRP1) and
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Figure 3: Description of progressive clinical stages and pathologies associated with Alzheimer’s disease (AD) for relevance in developing
therapeutic strategies for mitigating progression of AD.

P-glycoprotein localized predominantly on the abluminal
side of the cerebral endothelium [77, 78].

LRP1 is important in mediating endocytosis of various
proteins such as ApoE and A𝛽.

Low-density lipoprotein (LDL) receptor-related protein
1 (LRP1) is a transmembrane receptor involved in the en-
docytosis of more than 40 structurally different ligands,
including ApoE, and A𝛽 peptide [79, 80]. Levels of LRP1
are found to be decreased in AD patients indicating its
role in mediating A𝛽 metabolism. PPAR𝛾 transcriptionally
regulates LRP1 gene due to the presence of PPRE on the
LRP1 promoter region [81]. A study by Rondon-Ortiz et al.

reported that rosiglitazone transcriptionally activated LRP1
gene in a concentration dependent manner in HepG2 cells
[82]. Similarly, rosiglitazone upregulated LRP1 expression at
both themRNAand protein levels, via PPAR𝛾 activation [83].
In vivo studies utilizing AD models need to be performed to
validate the role of PPAR𝛾 agonists and LRP1 in AD.

Apolipoprotein E (ApoE) is a lipoprotein expressed
predominantly in the brain and is known to enhance A𝛽
degradation and phagocytosis in the microglia and astrocytes
[74]. PPAR𝛾 agonists (rosiglitazone and pioglitazone) have
also been shown to induce A𝛽 degradation by increas-
ing apolipoprotein E (ApoE) concentrations in the brain
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[76]. ApoE can increase the concentration of A𝛽 degrading
enzyme neprilysin and insulin in astrocytes and microglia
facilitating A𝛽 degradation [84]. In a recent study utilizing
APP/Presenilin-1 mouse model [85], activation of PPAR𝛾
enhances the microglial uptake of A𝛽 resulting in reduced
cortical and hippocampal A𝛽 level. This effect is mediated
by scavenger receptor CD36, which is a well-known player
of phagocytosis. This finding can be further confirmed by
observance of reduced microglial response to fibrillar A𝛽
response in CD36 null mice [86]. Additionally, pioglitazone
treatment on APP/PS1 mice increased the levels of ATP-
binding cassette transporter (ABCA1) and ApoE, thereby
decreasing the levels of A𝛽 by 50%. In addition, the expres-
sion and processing levels of APP and of A𝛽-degrading
enzymes were not altered, suggesting that the changes seen
in amyloid deposition were a result of A𝛽 catabolism [87].
Similar results were obtained with rosiglitazone treatment in
a J20 mouse model [88] and with the APP/PS1 mice [89].
These studies suggest that TZDs enhance amyloid clearance
in cell lines of microglia and astrocytes treated with A𝛽
and these effects are related to the activation of the ApoE
pathway. Interestingly, rosiglitazone improved cognition in
mild-to-moderate AD patients that did not carry ApoE4
allele. In contrast, no improvements were noted in cognitive
test in ApoE4 positive patients, indicating that the amyloid
clearance pathway dependent on TZDs also depends on
the expression of functional ApoE4 [36]. The compelling
results from animal models of Alzheimer’s disease underline
the beneficial effects of PPAR𝛾 agonists on attenuating A𝛽
pathologies for future therapies.

4.2.2. PPAR𝛾 and Neuroinflammation. Several failures in AD
clinical trials have encouraged researchers to look at treat-
ment in the presymptomatic phase, where inflammationplays
a vital role in the progression of neurodegeneration. One of
the many potential beneficial effects of PPAR𝛾 is its ability to
downregulate inflammatory gene expression in immune cells
[90, 91]. For example, PPAR𝛾 activation has been shown to
modulate the microglial response to amyloid deposition in
such a way that it increases A𝛽 phagocytosis and decreases
cytokine release [85]. The inflammatory hypothesis of AD
involves activation of glial cells (microglia and astrocytes) by
A𝛽, which produces proinflammatory substances as a driving
factor for neurodegeneration. Interestingly, a large meta-
analysis reported that use of nonsteroidal anti-inflammatory
drugs (NSAIDs), many of which have been shown to
directly activate PPAR𝛾, is associated with a reduced risk
of developing AD [92]. NSAID medications have provided
key evidence that AD progression or initiation is related to
neuroinflammation and that PPAR𝛾 may mediate beneficial
properties of NSAIDs in relation to AD. Commonly used
NSAIDs including ibuprofen, indomethacin, and sulindac
have been demonstrated to activate PPAR𝛾 [93]. Under
physiological conditions, the expression of PPAR𝛾 in the
brain is relatively less. However, its expression as measured
by mRNA levels is elevated in AD patients, suggesting that
PPAR may play a crucial role in modulating the pathology
of AD [94]. Collectively, these findings led to the concept
that PPAR𝛾 could be an important target for mitigating

brain inflammation in AD. More specifically, the activation
of PPAR𝛾 suppressed various transcription factors involved
in inflammation such as nuclear factor-kB (NF-kB), Stat-1,
and transcription factors activator protein-1 [95] which are
important proinflammatory genes as illustrated in Figure 4.

Additionally, PPAR𝛾 also downregulates cyclooxygenase-
2 (COX-2), metalloproteinase-9 (MMP-9), inducible nitric
oxide synthase (iNOS), proinflammatory cytokines, chemok-
ines, and interleukins [96–98]. Thus, a reduction in PPAR𝛾
activationmay contribute to chronic inflammation, and phar-
macological treatment with PPAR𝛾 agonists may diminish
expression of inflammatory genes. Several PPAR𝛾 ligands,
both natural (15d-PGJ2, docosahexaenoic acid) and synthetic
(NSAIDs and TZDs), were shown to inhibit the expression
of interleukin-6 (IL-6), TNF𝛼, and cyclooxygenase-2 (COX-
2) from monocytic and microglial cell cultures stimulated
with A𝛽 [99]. Similarly, the anti-inflammatory effects of
PPAR𝛾 agonists like rosiglitazone and pioglitazone were
noted in several AD mouse models [100, 101]. For exam-
ple, the treatment with pioglitazone reduced astrocytes and
microglial activation in the cortex and hippocampus of the
A/T mouse that expresses high levels of A𝛽 and TGF-𝛽1 [87].
At the same time, injection of rosiglitazone into the brain of
Wistar rats, previously treated with A𝛽 oligomers, prevented
the increase of inflammatory cytokines levels resulting in
an improvement in cognitive decline and prevention of
microglia activation [102]. Interestingly, similar effects were
also observed in the AD transgenic mouse models J20
and APP/PS1 with oral administration of rosiglitazone [88].
Targeting microglia and astrocyte polarization may serve as
therapeutic option. Cyclin-dependent kinase 5 (CDK5) is
involved in activation of microglia and astrocytes and may
serve as a potential therapeutic target for PPAR𝛾 agonist
therapy. This possibility is supported in a report where
pioglitazone treatment, in conditional CDK5 knockout mice,
displayed significant reduction in the activation of microglia
and astrocytes and neuronal loss resulting in improved sur-
vival rates [103]. Mechanistically, CDK5 is a protein kinase,
whose dysregulation contributes to synaptic loss and tau
hyperphosphorylation in the AT8 epitope (present in the AD
brain) after stimulation ofA𝛽 fibrils [104, 105]. Together, these
findings suggest that an anti-inflammatory property by TZDs
involves regulating microglia and astrocytes inflammation
and may involve CDK5.

Recently, PPAR𝛾 has been implicated in macrophage
polarization from M1, the classically activated phenotype, to
M2, the alternatively activated phenotype, in several neu-
rodegenerative diseases. M1 microglia have proinflammatory
and neurotoxic properties through secretion of proinflam-
matory cytokines (interleukin IL-1𝛼, IL-1𝛽, TNF, and NO)
[106, 107]. Alternatively, activated M2 microglia exhibit an
anti-inflammatory phenotype and neurotrophic effect and
degrade toxic aggregates due to anti-inflammatory inter-
leukin production [106, 107]. The importance of PPAR𝛾 in
regulating the M1/M2 phenotypic switch has been confirmed
by Amine Bouhlel et al., who demonstrated that activation of
PPAR𝛾 potentiates the polarization of circulating monocytes
to macrophages of the M2 phenotype [108]. Subsequent
studies reported that an active PPAR𝛾 pathway is a prominent
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Figure 4: PPAR𝛾 agonist mediated transrepression of NF-kB signaling. Activation of PPAR𝛾 occurs upon binding of PPAR𝛾 agonists through
association of heterodimer with coactivator complex to form a transcriptional complex. This complex binds to the PPAR𝛾 response element
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feature of alternatively activated (M2) macrophages and
that M2-type responses are compromised in the absence of
PPAR𝛾 expression. PPAR𝛾 expression is important for the full
expression of certain genes characteristic ofM2macrophages,
especially the gene encoding arginase-I, a direct PPAR target
[109].

The small molecule SNU-BP was recently observed to
inhibit inflammatory cytokine production and iNOS activ-
ity in LPS-stimulated microglia by PPAR𝛾 activation [110].
In addition, SNU-BP also increased IL-4 and arginase-1
expression, which are considered asM2microglial phenotype
markers; thus SNU-BP further evaluation of in vivo testing
will help decipher a novel mechanism for this compound
for mitigating early AD. Conversely, 12-month-old APP/PS1
mice treated with pioglitazone showed a significant reduction
of the immunofluorescence intensity of microglial activator
marker M1 in the surrounding area of amyloid deposits
and elevated expression of M2 markers. Reduction in the
levels of GFAP-immuno-reactive astrocytes surrounding
amyloid plaques and internalized A𝛽 peptides in astrocytes
of pioglitazone-treated animals were noted. Together, these
findings suggest that TZDs treatment not only reduced the
inflammatory response by microglia and astrocytes but also
facilitated the removal of A𝛽 deposits presumably through
enhancing the phagocytic activity of these cells.

Interestingly, some of the anti-inflammatory effects of
PPAR𝛾 agonists appear to be independent of PPAR𝛾 activity.
For instance, the rank order potency of drugs that activate
PPAR𝛾 is often inconsistent with the anti-inflammatory
efficacy, and expression of PPAR𝛾 does not correlate with
the observed anti-inflammatory effects. Moreover, part of the
anti-inflammatory effects of TZDs is unaffected in PPAR𝛾

knockout models, and secretion of both IL-6 and TNF-𝛼
is inhibited equally in both wild type and PPAR𝛾 deficient
macrophages [111]. Together, these data indicate that some
anti-inflammatory effects of TZDs may be due to PPAR𝛾
independent effects, thus suggesting that there exists a signif-
icant gap in understanding the mechanisms to explain how
TZDs and PPARs confer their anti-inflammatory properties
for AD and thus warrant further investigation.

4.2.3. PPAR𝛾 and Mitochondrial Function. Apoptosis, pro-
grammed cell death, is thought to be intimately involved in
AD pathogenesis. A𝛽 localized to the mitochondrial mem-
brane can initiate the intrinsic apoptotic pathway causing
neuronal cell death [112]. Dysregulated metabolism results
from altered mitochondrial trafficking and enhanced mito-
chondrial degradation, which can lead to alteration in tau and
microtubular instability [113]. Increasing evidence suggests
that PPAR ligands are involved inmitochondrial regulation in
adipose tissue [114, 115] and other organs [116, 117] indicating a
potential benefit against mitochondrial dysregulation in AD.
PPAR-𝛾 coactivator 1 alpha (PGC1-𝛼) is highly expressed in
the brain and acts as a critical transcriptional coactivator
formitochondrial biogenesis and cellular energymetabolism.
Decreased hippocampal PGC1-𝛼 has been observed in post-
mortem analysis of AD patients [118]. Decreased PGC1-𝛼
expression has been reported to result in reduced mito-
chondrial density in various brain areas, including mid-
brain, cortex, and cerebellum accompanied with reduced
ATP levels [119]. Both PPAR𝛼 and PPAR𝛾 agonists prevent
mitochondrial size reduction by enhancing PGC1-𝛼 expres-
sion in cultured hippocampal neurons [120]. In the APP23
mouse model of AD, PGC1-𝛼 gene delivery improves spatial
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and recognition memory along with reduction in A𝛽 level
through a decrease in BACE1 activity [121]. However, excess
PGC1-𝛼 can also exert deleterious effects via mitochondrial
proliferation and produce toxicity in the heart [122], muscles
[123], and brain, leading to cognitive impairment [124, 125].
Therefore, an ideal therapeutic approach would be to increase
the PGC1-𝛼 level via an indirect mechanism, i.e., through
PPAR ligands. Studies on N2A cells showed that treatment
with rosiglitazone increased mitochondrial mass and func-
tion through the activation of PGC1-𝛼 mediated by the
PKA/CREB/AMPK pathway [126]. In another study, chronic
treatment with pioglitazone attenuated oxidative damage,
restored mitochondrial respiratory activity, and enhanced
mitochondrial biogenesis in Wistar rats injected with A𝛽
[127]. Taken together it can be stated that further research
for novel therapeutic development of PPAR compounds
will explore how these ligands will enhance mitochondrial
function.

4.2.4. PPAR𝛾, Insulin Signaling, and Brain Insulin Resistance.
Insulin signaling is known to play a crucial role in the
process of memory formation as insulin receptors are densely
located in key areas of the brain, namely, olfactory bulb,
hypothalamus, hippocampus, cerebral cortex, striatum, and
cerebellum [128–131]. Insulin is essential to maintain normal
neuronal homeostasis and survival, thus promoting learn-
ing and memory specially in the hippocampus [132]. For
instance, brain specific insulin receptor knockout animal
model showed increased tau hyperphosphorylation with
altered Akt and GSK3𝛽 expression [133]. Additionally, diet
induced insulin resistance in AD mice displayed increased
A𝛽 peptide and advanced plaque formation [134]. These
studies indicate that insulin resistance serves as an underlying
mechanism for the development of A𝛽 production in the
brain and associated sporadicmemory impairment [135, 136].

Postmortem studies in AD patients have shown signifi-
cantly reduced levels of insulin as well as insulin like growth
factor (IGF-1 and IGF2) and insulin receptor substrate-
1 (IRS-1) in the brain [137]. Abnormal insulin signaling
leads to impaired neuronal oxidative metabolism [138]. The
increase in oxidative stress and mitochondrial dysfunction
can lead to aberrant posttranslational modification of APP
and accumulation of A𝛽 in neurons [139]. Because of these
shared features between AD and diabetes, AD has also been
referred to as type III diabetes mellitus, leading to a growing
interest in using insulin sensitizing agents as a potential
therapy for AD [100, 140]. Rosiglitazone, a PPAR𝛾 agonist,
improved neuronal insulin resistance in high fat diet rat
model by increasing the phosphorylation of AKT/PKB at
Ser473. Additionally, high fat diet induced brain mitochon-
drial dysfunction and oxidative stress were attenuated by
rosiglitazone [141].

The Wnt signaling pathway is important in mediating
several functions in the central nervous system, including
neuroprotection and synaptic plasticity, and deregulated Wnt
signaling has been shown to be associated with AD [142].
Dysfunctional Wnt signaling is associated with A𝛽 deposi-
tion, tau hyperphosphorylation, and cognitive impairment as
reviewed by Tapia-Rojas et al. [143]. In view of the energy

dysregulation associated with AD, Wnt signaling has been
shown to act as a central integrator of metabolic signals
from peripheral organs to the brain, thereby promoting
adequate glucose utilization in the neurons [144]. Further-
more, dysfunctional glucose utilization is also associated with
several neurological disorders, indicating that Wnt signaling
is important in AD pathogenesis [145, 146]. These findings
suggest that pharmacological activation of Wnt pathway
would be a feasible therapeutic approach for the treatment
of AD.

4.3. PPAR𝛾 in Later Stages of AD

4.3.1. PPAR𝛾 and Tau. Tau proteins are microtubule asso-
ciated proteins that under normal physiological conditions
interact with tubulin for microtubule assembly by mediating
microtubule stabilization [147]. However, under pathological
conditions such as AD, tau proteins undergo hyperphos-
phorylation resulting in neurotoxicity. Homeostasis main-
tained between kinase-mediated phosphorylation and pro-
tein phosphatases-mediated dephosphorylation is important
in regulating the phosphorylation state of tau protein [148].
Various important kinases regulate tau phosphorylation,
including cyclin-dependent kinases (CDK2 and CDK5),
GSK-3𝛽, mitogen-activated protein kinase (MAPK), extra-
cellular signal-regulated protein kinase 1/2 (ERK1/2), c-Jun
N-terminal kinase (JNK), Akt, protein kinase a (PKA), and
calcium-calmodulin protein kinase 2 (CaMKII). Contrarily,
PP1, PP2A, PP2B, and PP2C are important phosphatases
that contribute to dephosphorylation of tau. Recent studies
have shown that PPARs can also exert an effect on tau
pathology. In vitro cellular studies using troglitazone and
pioglitazone revealed reduced hyperphosphorylation of tau
at Ser202, Ser396, and Ser404 in a tau transfected cell
model involving GSK3𝛽 [149]. In the 3xTg-ADmousemodel,
treatment with pioglitazone resulted in significantly reduced
tau phosphorylated-positive neurons in the hippocampus
and improved cognitive deficits [150]. These studies also
revealed that treatment with pioglitazone reduced tau phos-
phorylation at Ser202, Ser396, Ser404, Ser422, and Thr231
in cerebral cortex and CA1 area of hippocampus. Although
these findings suggest that PPAR𝛾 stimulation can reduce
tau hyperphosphorylation, further mechanistic studies are
needed to determine the signaling mechanism by which
PPAR𝛾 offers neuroprotection against tau hyperphospho-
rylation. Interestingly, the pan-PPAR agonist bezafibrate
was shown to reduce tau phosphorylation in a P301 mice
model by reducing iNOS and cyclooxygenase-2 in microglia
[151]. Although role of PPAR𝛾 in A𝛽 mediated pathogenesis
is exhaustively studied, its role in tauopathy needs to be
explored for potential mechanism for reducing the hyper-
phosphorylation in-depth. A great variation can be noticed
in the existing literature which is likely due to variation in the
animal model studied and the time point of study.

4.3.2. PPAR𝛾 and Synaptic Plasticity. Moderate to severe
stages of AD are characterized by synaptic failure which
leads to cognitive decline and memory dysfunction. Synaptic
function is dependent on specialized structures on neuronal
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processes called dendritic spines, and the loss of dendritic
spines directly correlates with the loss of synaptic function.
One of the key mediators for increasing dendritic density
and synaptic plasticity is neurotrophins, including brain-
derived neurotrophic factor (BDNF) [152]. Several studies
have reported beneficial effects of PPAR𝛾 agonists in improv-
ing synaptic plasticity. Rosiglitazone has been shown to
prevent dendritic spine loss and improve synaptic function
in hippocampal neurons treated with A𝛽 oligomers [126].
Decreased expression of BDNF mRNA and protein levels
were noted in hippocampi of db/dbmice which were restored
with rosiglitazone treatment. Furthermore, PPAR𝛾 has been
shown to transcriptionally regulate BDNF expression as
demonstrated from promoter activity assays wherein ligand
activation of PPAR𝛾 induced the BDNF promoter in a log
dose-dependent manner [153]. Similarly, A𝛽 injected rats
treated with pioglitazone had reduced caspase-3 activation
and increased BDNF levels, which was correlated with
improved synaptic plasticity [127]. These observations sug-
gest that PPAR𝛾 agonists prevent the impairment of synaptic
plasticity by increasing BDNF expression and dendrite spine
density.

Numerous studies have reported that kinases, such as
CDK5, are also vital in the regulation of synaptic plasticity
[154]. For example, a recent study showed that pioglitazone,
via a proteasome-dependent manner, decreased the expres-
sion levels of p35 resulting in reduced CDK5 activity in
neurons [154]. Moreover, blockage of CDK5 by pioglitazone
prevented long-term potentiation (LTP) defects at CA3-CA1
synapses in APP/PS1 mice [155]. Alternatively, rosiglitazone
was reported to induce an increase in the expression of neu-
rotrophic factor-𝛼1 (NF-𝛼1), a neuroprotective protein, which
increases prosurvival protein BCL 2 expression and provides
neuroprotection in hippocampus [156]. Neurotrophins, such
as nerve growth factor (NGF), can also induce PPAR𝛾 activa-
tion via the tyrosine kinase (TrkA) dependent signaling path-
way and promote cell survival and differentiation [157]. PGC-
1𝛼 gene therapy also increases NGF and exerts neuroprotec-
tive effects in AD mouse models [158]. These observations
describe the significance of TZDs towards mitigating AD
via improving mitochondrial function and synapse plasticity
and reducing memory loss. Overall, PPAR𝛾 activation can
simultaneously promote mitochondrial functions, improve
metabolic and energy regulation, modulate neuroinflamma-
tion, stimulate axonal growth andmyelination, and clear toxic
A𝛽 from the brain [159].

5. PPAR𝛾 Agonists

5.1. Conventional PPAR𝛾 Agonists: Drawbacks and Limita-
tions. Rosiglitazone and pioglitazone have been recognized
as potential treatments for the AD through their insulin
sensitizing and anti-inflammatory effects [160]. Several clin-
ical studies have tested the efficacy of TZDs treatments in
AD [161]. However, some clinical trials utilizing pioglitazone
have failed to show therapeutic benefit [162, 163]. A meta-
analysis study showed insufficient evidence to support use of
rosiglitazone in amnestic mild cognitive impairment and AD
patients. Interestingly, pioglitazone showed efficacy especially

in patients with comorbid diabetes mellitus [164]. However,
another meta-analysis indicated that there is no statistically
significant benefit with PPAR agonists in mild-to-moderate
AD patients [165]. However, as previously stated, full agonists
of PPAR𝛾 mediated closed conformation of the AF2 helix
is responsible for many TZDs side effects [52–54]. Some of
the most common adverse effects noted with conventional
PPAR agonists include edema and heart enlargement [35,
166]. Discovery and development of specific novel PPAR𝛾
ligands with improved therapeutic profiles provide a molec-
ular framework for future developments of pharmacological
PPAR𝛾 agonists with advantages over current TZDs drugs.
Review of several clinical trials utilizing PPAR𝛾 agonists in
the treatment of AD has been summarized in Table 1, with
references and highlights of the study.

5.2. New Direction for PPAR𝛾 Agonists: Development of Selec-
tive PPAR𝛾Modulators (SPPAR𝛾Ms). Selective PPAR𝛾mod-
ulators (SPPAR𝛾Ms) have attracted considerable attention
because of their ability to selectively target PPAR𝛾 activity
states. Several investigators have characterized and identified
promising SPPAR𝛾Ms that serve as partial agonists for
PPAR𝛾 in cell based transcriptional activity and adipogenic
assays [167, 168]. SPPAR𝛾Ms specifically bind to the LBD of
PPAR𝛾 via an activation function 2 motif (AF2). This offers
greater flexibility in response to diverse ligands, resulting
in different receptor conformations and coactivator and/or
corepressor recruitment in different tissues [169]. Several
SPPAR𝛾Ms in preclinical studies have demonstrated strong
insulin sensitizing activity in diet induced obese C57/BL6
micewith attenuated adverse effects on adiposity, weight gain,
and cardiac related complications compared to potent full
PPAR𝛾 agonists [170]. To further explain, the mechanism
by which SPPAR𝛾Ms uniquely interact with the receptor
results in diminished conformational stability of the receptor
when compared to traditional TZDs. Co-crystallography
studies of the PPAR𝛾 LBD complexed with full PPAR𝛾
agonist rosiglitazone demonstrated strong hydrogen bonding
with the Tyr473 site in helix 12 of the human PPAR𝛾
LBD. In contrast, rational drug design utilizing molecular
modeling and crystallography structure analysis performed
on the PPAR𝛾 LBD with SPPAR𝛾Ms revealed that these
compounds have the inability to form hydrogen bonding
with Tyr473 due to the bonding distance with the carboxylic
acid moiety [171, 172]. Findings from NMR studies have
indicated that SPPAR𝛾Ms induce a less stable confirmation
than full PPAR𝛾 agonists (Figure 5) [173]. In addition, the
Tyr473 site, within the helix 12 transcriptional activation
function 2 domain, is involved in activation of the tran-
scriptional coactivator binding pocket of the LBD [174].
Alteration of this site leads to the potential inability to directly
stabilize this region and may serve as the physical basis
for the differential receptor coactivator interaction, altered
transcriptional activity, and reduced deleterious effects upon
the heart and body associated with current full PPAR𝛾
agonists. Traditional PPAR𝛾 agonists, which display strong
interaction with Tyr473, displace the inhibitory cofactors
NCoR/SMRT and recruit P300/CBP, which confirms the
most stable confirmation of the ligand binding pocket.These
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Figure 5: PPAR𝛾 receptor (a) is in the repressed state due to the transcriptional cofactor inhibitors NCoR/SMRT binding with PPAR𝛾 and
preventing the transcription of target genes.When traditional (full agonist, (b)) or selective agonist (c) changes the confirmation of the PPAR𝛾
receptor and corepressors NCoR/SMRT come off. Traditional agonists (full agonist) such as rosiglitazone or pioglitazone promote a stable
confirmation of the PPAR𝛾-RXR confirmation with coactivatorsCBP/P300. However, selective agonists can induce an unstable confirmation
of the PPAR𝛾 complex and allow alternative interactionswith nontraditional coactivators, potentially PGC-1𝛼, thus inducing alternative gene
expression.

cofactors serve as histone acetylators and thus conform the
receptor to the adipogenic gene in a stable confirmation.
SPPAR𝛾Ms that lack interaction with Tyr473 induce less
stable confirmation and thus allow predictions for alternative
cofactor associations with the receptor including PGC-1𝛼.
The potential of SPPAR𝛾Ms in AD is just beginning and will
likely lead to development of therapeutic targets for mitigat-
ing AD. Tyr473 in the AF2 region of the LBD has been shown
to be a critical site of interaction between the full agonists and
the PPAR𝛾 receptor. Studies on mutant PPAR𝛾-LBD, where
Tyr473 is replacedwith alanine, revealed that interactionwith
Tyr473 is necessary for full agonist activity [175]. To this,
various SPPAR𝛾Ms such as SPPAR𝛾M2, GW0072, INT131,
and PA082 have been observed not to interact with Tyr473
residue. Recently, Bruning and coworkers demonstrated that
several SPPAR𝛾Ms (BVT13, nTZDpa, MRL-20, MRL-24,
SR145, and SR147) cause activation of PPAR𝛾 by interaction
and stabilization of the 𝛽-sheet and H3 rather than AF2 helix
of the LBD, which acts as a novel coactivator interaction site
[176]. It suggests that the structurally diverse SPPAR𝛾Ms,
due to their distinct physical interaction with the receptor,
uniquely bind to the receptor, resulting in diminished con-
formational stability compared with full agonists. Figure 5
illustrates the conformational changes in PPAR𝛾/RXR recep-
tor induced by the binding of full agonists or SPPAR𝛾Ms,
leading to coregulator heterodimer dissociation/recruitment,

which forms the molecular basis for selective gene regu-
lation that triggers specific metabolic effects. Studies with
several SPPAR𝛾Ms have mainly focused on four families of
coregulators: NCoR and silencing mediator for retinoid and
thyroid hormone receptors (SMRT), the p300 and CREB
binding protein (CBP) family, the PPAR𝛾 coactivator 1 (PGC-
1) family, and the p160 family, which are composed of
three related coactivators (SRC1/NCoA1, GRIP1/TIF2/SRC2,
and pCIP/RAC3/ACTR/AIB1/TRAM1/SRC3). Corepressors
NCoR and Not1 and SMRT are known to downregu-
late full PPAR𝛾 agonist-mediated transcriptional activity and
inhibit adipogenesis [177]. Several SPPAR𝛾Ms that induce
selective PPAR𝛾 or lack displacement of corepressors have
been observed to display partial or antagonistic effects on adi-
pogenesis and yetmaintained insulin sensitization. For exam-
ple, telmisartan and halofenate, which act as a SPPAR𝛾Ms,
induce reduced dissociation of corepressors and thus are
partially adipogenic, while GW0072 (PPAR𝛾 repressor) does
not dissociate corepressors resulting in preventing adipo
genesis. However, they all are effective insulin sensitizers.
Alternatively, FK614 causes NCoR dissociation equal to that
of rosiglitazone and is a full agonist in adipogenesis assay,
but shows several characteristics of SPPAR𝛾M in vivo [173].
Since the corepressor dissociation studies with SPPAR𝛾Ms
are limited and given that SPPAR𝛾Ms display diverse activity
in adipogenesis assay, their effects on AD needs to be further
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Table 2

Ligand Classification Model Amyloid Other pathologies references

NP00111 and
NP01138
(Novel TZDs)

PPAR𝛾 agonist cerebral cortex of
embryonic day 18 rats Decreased A𝛽

Prevented activation of microglia
and suppressed inflammatory

markers.
Restricted cortical or

hippocampal neuronal cell death

[43]

Pirinixic acid
derivate MH84

Dual gamma-
secretase/PPAR𝛾

modulator
Thy-1 A𝛽PPSL mice reduced cerebral

levels of A𝛽40 NA [44]

INT131
SPPARMs- non-
thiazolidinedione

compound

Rat primary
hippocampal neurons

Improved
neuronal

survival against
A𝛽

increased dendritic branching,
improved mitochondrial

functions
[45]

T3D-959 Dual PPAR-𝛿/PPAR𝛾
agonist

streptozotocin-
induced AD mouse

model
reduced A𝛽

Reduced levels of oxidative
stress, normalized expression of

phospho-tau and choline
acetyltransferase.

[42]

Intracerebral
streptozotocin (i.c.

STZ) model
-NA-

Improved Brain Insulin/IGF
Signaling and reduced
neuroinflammation

[46]

PPAR𝛾 agonists in various models of AD and its effects on various pathologies. Amyloid beta (A𝛽), peroxisome proliferator-activated receptor gamma (PPAR-
𝛾), thiazolidinediones (TZDs), streptozotocin (STZ).

explored with respect to corepressor interaction and its
role in PPAR𝛾-mediated insulin sensitization. Coactivators
CBP/p300, TIF2 and SRC-3 seem to favor fat accumulation
[178], and therefore their recruitment may not be desirable,
while the physiological role of other coactivators, such as
SRC1 and PGC-1𝛼, is more associated with energy regulation.
Thus, the specific recruitment of TIF2 over SRC1 may be
a reason for lipid accumulation observed following rosigli-
tazone treatment in diabetic patients [179]. Interestingly,
MBX-102, a SPPAR𝛾M, promotes higher recruitment of
CBP, TIF2, SRC1, and PGC-1𝛼 when compared to a full
agonist [173]. Other SPPAR𝛾Ms including FMOC-leucine,
PA-082, GW0072, and FK614 favor the recruitment of PGC-
1𝛼 over that of SRC-1, TIF2, or p300 when compared with
rosiglitazone [60, 180]. The role of PGC-1𝛼 is important
for PPAR𝛾 activity as it acts as a docking surface for
integrating the actions of transcription factors and cofactors
for regulation of mitochondrial biogenesis and oxidative
capacity [181]. Also, it has been shown that rosiglitazone
upregulates the constitutively low expression of PGC-1𝛼
in white adipose tissue [182]. In the aged brain, PGC-1𝛼
regulates the expression of sirtuin 3, which is a factor related
to the aging process [183]. It has been observed that brains
from patients with neurodegenerative diseases display low
levels of PGC-1𝛼 which leads to mitochondrial dysfunction
and oxidative stress [184]. PGC-1𝛼 regulates mitochondrial
density in neurons and PGC-1𝛼–knockout mice showed an
increased sensitivity to the degeneration of dopaminergic
and glutamatergic neurons in the brain [185]. Moreover,
alternative studies have demonstrated that the reduction of
mitochondrial gene expression in PGC-1𝛼–knockout mice
leads to neuronal dysfunction [186]. Given that PGC-1𝛼
plays a crucial role in neuronal function and regulates mito-
chondrial function, PGC-1𝛼 could ameliorate mitochondrial

dysfunction and improve cognitive function in AD [118, 187].
Therefore, SPPAR𝛾Ms favoring the recruitment of PGC-1𝛼
may lead to the discovery of new drug therapy for AD. Some
of the newer PPAR𝛾 agonists in several disease models are
listed in Table 2, with references and highlights of the study.

6. Conclusions and Future Directions

Following the utilization of PPAR𝛾 agonists for type 2 dia-
betes mellitus in improving insulin sensitivity, the pleiotropic
effects of PPAR𝛾 in neurodegenerative diseases like AD
have been increasingly investigated in recent years. Extensive
research undertaken to improve the efficacy and/or safety
of first-generation PPAR𝛾 agonists (the TZDs) has led to a
greater understanding of the complexity of PPAR regulation,
specifically the importance of coactivator and corepressor
proteins. Developing novel agonists that exploit cofactor
biology to derive better agents and reduce the unwanted
deleterious effects is currently in process. Recent efforts to
demonstrate differential cofactor recruitment and to develop
better preclinical efficacy/safety profiles of SPPAR𝛾Ms com-
pared to conventional PPAR𝛾 agonists are underway. Future
directions in PPAR research are likely to focus on optimizing
the PPAR subtype interaction profile, maximizing inhibition
of PPAR𝛾 phosphorylation, and screening against off-target
activity.
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calization of peroxisome proliferator-activated receptors and
retinoid X receptors in the adult rat CNS,” Neuroscience, vol.
123, no. 1, pp. 131–145, 2004, http://www.ncbi.nlm.nih.gov/
pubmed/14667448.

[22] K. Murakami, K. Tobe, T. Ide et al., “A novel insulin sensi-
tizer acts as a coligand for peroxisome proliferator-activated
receptor-𝛼 (PPAR-𝛼) and PPAR-𝛾. Effect of PPAR-𝛼 activation
on abnormal lipid metabolism in liver of Zucker fatty rats,”Dia-
betes, vol. 47, no. 12, pp. 1841–1847, 1998, http://www.ncbi.nlm
.nih.gov/pubmed/9836514.

[23] I. Saluja, J. G. Granneman, and R. P. Skoff, “PPAR delta agonists
stimulate oligodendrocyte differentiation in tissue culture,”

http://linkinghub.elsevier.com/retrieve/pii/S1552526018300414
http://www.ncbi.nlm.nih.gov/pubmed/26883429
http://www.ncbi.nlm.nih.gov/pubmed/16988486
http://www.ncbi.nlm.nih.gov/pubmed/10599761
http://www.ncbi.nlm.nih.gov/pubmed/6326132
http://www.ncbi.nlm.nih.gov/pubmed/23875003
http://www.ncbi.nlm.nih.gov/pubmed/23875003
http://www.ncbi.nlm.nih.gov/pubmed/16515786
http://www.ncbi.nlm.nih.gov/pubmed/16515786
http://www.ncbi.nlm.nih.gov/pubmed/20336061
http://www.tandfonline.com/doi/full/10.3109/00207454.2015.1015722
http://www.tandfonline.com/doi/full/10.3109/00207454.2015.1015722
http://www.ncbi.nlm.nih.gov/pubmed/23254291
http://www.ncbi.nlm.nih.gov/pubmed/22620268
http://www.ncbi.nlm.nih.gov/pubmed/18625459
http://www.ncbi.nlm.nih.gov/pubmed/12962163
http://www.ncbi.nlm.nih.gov/pubmed/12962163
http://www.ncbi.nlm.nih.gov/pubmed/15276186
http://www.ncbi.nlm.nih.gov/pubmed/15276186
http://www.ncbi.nlm.nih.gov/pubmed/10836145
http://www.ncbi.nlm.nih.gov/pubmed/10836145
http://www.ncbi.nlm.nih.gov/pubmed/17251275
http://www.ncbi.nlm.nih.gov/pubmed/17251275
http://www.ncbi.nlm.nih.gov/pubmed/22817841
http://www.ncbi.nlm.nih.gov/pubmed/7644514
http://www.ncbi.nlm.nih.gov/pubmed/7644514
http://dx.plos.org/10.1371/journal.pgen.0030064
http://www.ncbi.nlm.nih.gov/pubmed/17569578
http://www.ncbi.nlm.nih.gov/pubmed/17569578
http://www.ncbi.nlm.nih.gov/pubmed/14667448
http://www.ncbi.nlm.nih.gov/pubmed/14667448
http://www.ncbi.nlm.nih.gov/pubmed/9836514
http://www.ncbi.nlm.nih.gov/pubmed/9836514


14 PPAR Research

Glia, vol. 33, no. 3, pp. 191–204, 2001, http://www.ncbi.nlm.nih
.gov/pubmed/11241737.

[24] P. E. Polak, S. Kalinin, C. Dello Russo et al., “Protective
effects of a peroxisome proliferator-activated receptor-𝛽/𝛿 ago-
nist in experimental autoimmune encephalomyelitis,” Jour-
nal of Neuroimmunology, vol. 168, no. 1-2, pp. 65–75, 2005,
http://www.ncbi.nlm.nih.gov/pubmed/16098614.

[25] P. D. Storer, J. Xu, J. Chavis, and P. D. Drew, “Peroxisome
proliferator-activated receptor-gamma agonists inhibit the acti-
vation of microglia and astrocytes: implications for multiple
sclerosis,” Journal of Neuroimmunology, vol. 161, no. 1-2, pp. 113–
122, 2005, http://www.ncbi.nlm.nih.gov/pubmed/15748950.

[26] B. Desvergne andW.Wahli, “Peroxisome Proliferator-Activated
Receptors: Nuclear Control of Metabolism,” Endocrine Reviews,
vol. 20, no. 5, pp. 649–688, 1999, http://www.ncbi.nlm.nih.gov/
pubmed/10529898.

[27] J.-D. Lin, C. Handschin, and B. M. Spiegelman, “Metabolic
control through the PGC-1 family of transcription coacti-
vators,” Cell Metabolism, vol. 1, no. 6, pp. 361–370, 2005, https://
www.sciencedirect.com/science/article/pii/S1550413105001427.

[28] M. P. Mattson, “Energy intake and exercise as determi-
nants of brain health and vulnerability to injury and dis-
ease,” Cell Metabolism, vol. 16, no. 6, pp. 706–722, 2012,
http://www.ncbi.nlm.nih.gov/pubmed/23168220.

[29] D. Li, K. Chen, N. Sinha et al., “The effects of PPAR-𝛾
ligand pioglitazone on platelet aggregation and arterial throm-
bus formation,” Cardiovascular Research, vol. 65, no. 4,
pp. 907–912, 2005, https://academic.oup.com/cardiovascres/
article-lookup/doi/10.1016/j.cardiores.2004.11.027.

[30] E. Burgermeister and R. Seger, “MAPK kinases as nucleo-
cytoplasmic shuttles for PPAR𝛾,” Cell Cycle, vol. 6, no. 13,
pp. 1539–1548, 2007, http://www.ncbi.nlm.nih.gov/pubmed/
17611413.

[31] M. Luconi, G. Cantini, and M. Serio, “Peroxisome proliferator-
activated receptor gamma (PPAR𝛾): is the genomic activity
the only answer?” Steroids, vol. 75, no. 8-9, pp. 585–594, 2010,
http://www.ncbi.nlm.nih.gov/pubmed/19900469.

[32] H. S. Camp and S. R. Tafuri, “Regulation of Peroxisome
Proliferator-activatedReceptor 𝛾Activity byMitogen-activated
Protein Kinase,” The Journal of Biological Chemistry, vol. 272,
no. 16, pp. 10811–10816, 1997, http://www.ncbi.nlm.nih.gov/
pubmed/9099735.

[33] E. Hu, J. B. Kim, P. Sarraf, and B. M. Spiegelman, “Inhibition of
adipogenesis through MAP kinase-mediated phosphorylation
of PPAR𝛾,” Science, vol. 274, no. 5295, pp. 2100–2103, 1996,
http://www.ncbi.nlm.nih.gov/pubmed/8953045.

[34] J. H. Choi, A. S. Banks, J. L. Estall et al., “Anti-diabetic drugs
inhibit obesity-linked phosphorylation of PPAR𝛾 3 by Cdk5,”
Nature, vol. 466, no. 7305, pp. 451–456, 2010, http://www.ncbi
.nlm.nih.gov/pubmed/20651683.

[35] M. E. Risner, A. M. Saunders, J. F. B. Altman et al., “Efficacy of
rosiglitazone in a genetically defined population with mild-to-
moderate Alzheimer’s disease,”The Pharmacogenomics Journal,
vol. 6, no. 4, pp. 246–254, 2006, http://www.ncbi.nlm.nih.gov/
pubmed/16446752.

[36] M. Gold, C. Alderton, M. Zvartau-Hind et al., “Rosiglitazone
monotherapy in mild-to-moderate alzheimer’s disease: results
from a randomized, double-blind, placebo-controlled phase III
study,” Dementia and Geriatric Cognitive Disorders, vol. 30,
no. 2, pp. 131–146, 2010, http://www.ncbi.nlm.nih.gov/pubmed/
20733306.

[37] C. Harrington, S. Sawchak, C. Chiang et al., “Rosiglita-
zone Does Not Improve Cognition or Global Function when
Used as Adjunctive Therapy to AChE Inhibitors in Mild-to-
Moderate Alzheimers Disease: Two Phase 3 Studies,” Cur-
rent Alzheimer Research, vol. 8, no. 5, pp. 592–606, 2011,
http://www.ncbi.nlm.nih.gov/pubmed/21592048.

[38] T. Sato, H. Hanyu, K. Hirao, H. Kanetaka, H. Sakurai, and
T. Iwamoto, “Efficacy of PPAR-𝛾 agonist pioglitazone in
mild Alzheimer disease,” Neurobiology of Aging, vol. 32, no.
9, pp. 1626–1633, 2011, http://www.ncbi.nlm.nih.gov/pubmed/
19923038.

[39] BiomarkerQualification for Risk ofMildCognitive Impairment
(MCI) Due to Alzheimer’s Disease (AD) and Safety and
Efficacy Evaluation of Pioglitazone in Delaying Its Onset
- Tabular View, https://clinicaltrials.gov/ct2/show/record/
NCT01931566?view=record.

[40] Telmisartan vs. Perindopril in Hypertensive Mild-Moderate
Alzheimer’sDisease Patients - Tabular View -ClinicalTrials.gov,
https://clinicaltrials.gov/ct2/show/record/NCT02085265.

[41] W. Li, J. Zhang, F. Lu, M. Ma, J. Wang, and A. Suo,
“Effects of telmisartan on the level of A𝛽1-42, interleukin-
1𝛽, tumor necrosis factor 𝛼 and cognition in hypertensive
patients with Alzheimer’s disease,” Zhonghua Yi Xue Za Zhi,
vol. 92, no. 39, pp. 2743–2746, 2012, http://www.ncbi.nlm.nih
.gov/pubmed/23290159.

[42] M. Tong, C. Deochand, J. Didsbury, and S. M. de la Monte,
“T3D-959: A Multi-Faceted Disease Remedial Drug Can-
didate for the Treatment of Alzheimer’s Disease,” Journal
of Alzheimer’s Disease, vol. 51, no. 1, pp. 123–138, 2016,
http://www.ncbi.nlm.nih.gov/pubmed/26836193.

[43] R. Luna-Medina, M. Cortes-Canteli, M. Alonso, A. Santos,
A. Mart́ınez, and A. Perez-Castillo, “Regulation of inflamma-
tory response in neural cells in vitro by thiadiazolidinones
derivatives through peroxisome proliferator-activated receptor
gamma activation,”The Journal of Biological Chemistry, vol. 280,
no. 22, pp. 21453–21462, 2005, http://www.ncbi.nlm.nih.gov/
pubmed/15817469.

[44] M. Pohland, M. Pellowska, H. Asseburg et al., “MH84
improves mitochondrial dysfunction in a mouse model of
early Alzheimer’s disease,” Alzheimer’s Research &Therapy, vol.
10, no. 1, p. 18, 2018, http://www.ncbi.nlm.nih.gov/pubmed/
29433569.

[45] J. A.Godoy, J.M. Zolezzi, andN.C. Inestrosa, “INT131 increases
dendritic arborization and protects against A𝛽 toxicity by
inducing mitochondrial changes in hippocampal neurons,”
Biochemical and Biophysical Research Communications, vol.
490, no. 3, pp. 955–962, 2017, http://www.ncbi.nlm.nih.gov/
pubmed/28655613.

[46] S. M. de la Monte, M. Tong, I. Schiano, and J. Didsbury,
“Improved Brain Insulin/IGF Signaling and Reduced Neu-
roinflammation with T3D-959 in an Experimental Model of
Sporadic Alzheimer’s Disease,” Journal of Alzheimer’s Dis-
ease, vol. 55, no. 2, pp. 849–864, 2016, http://www.ncbi.nlm
.nih.gov/pubmed/27802237.

[47] D. Moras and H. Gronemeyer, “The nuclear receptor ligand-
binding domain: structure and function,” Current Opinion in
Cell Biology, vol. 10, no. 3, pp. 384–391, 1998, http://www.ncbi
.nlm.nih.gov/pubmed/9640540.

[48] B. A. Johnson, E. M. Wilson, Y. Li, D. E. Moller, R. G. Smith,
and G. Zhou, “Ligand-induced stabilization of PPAR𝛾 moni-
tored by NMR spectroscopy: implications for nuclear receptor
activation,” Journal of MolecularBiology, vol. 298, no. 2, pp. 187–
194, 2000, http://www.ncbi.nlm.nih.gov/pubmed/10764590.

http://www.ncbi.nlm.nih.gov/pubmed/11241737
http://www.ncbi.nlm.nih.gov/pubmed/11241737
http://www.ncbi.nlm.nih.gov/pubmed/16098614
http://www.ncbi.nlm.nih.gov/pubmed/15748950
http://www.ncbi.nlm.nih.gov/pubmed/10529898
http://www.ncbi.nlm.nih.gov/pubmed/10529898
https://www.sciencedirect.com/science/article/pii/S1550413105001427
https://www.sciencedirect.com/science/article/pii/S1550413105001427
http://www.ncbi.nlm.nih.gov/pubmed/23168220
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1016/j.cardiores.2004.11.027
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1016/j.cardiores.2004.11.027
http://www.ncbi.nlm.nih.gov/pubmed/17611413
http://www.ncbi.nlm.nih.gov/pubmed/17611413
http://www.ncbi.nlm.nih.gov/pubmed/19900469
http://www.ncbi.nlm.nih.gov/pubmed/9099735
http://www.ncbi.nlm.nih.gov/pubmed/9099735
http://www.ncbi.nlm.nih.gov/pubmed/8953045
http://www.ncbi.nlm.nih.gov/pubmed/20651683
http://www.ncbi.nlm.nih.gov/pubmed/20651683
http://www.ncbi.nlm.nih.gov/pubmed/16446752
http://www.ncbi.nlm.nih.gov/pubmed/16446752
http://www.ncbi.nlm.nih.gov/pubmed/20733306
http://www.ncbi.nlm.nih.gov/pubmed/20733306
http://www.ncbi.nlm.nih.gov/pubmed/21592048
http://www.ncbi.nlm.nih.gov/pubmed/19923038
http://www.ncbi.nlm.nih.gov/pubmed/19923038
https://clinicaltrials.gov/ct2/show/record/NCT01931566?view=record
https://clinicaltrials.gov/ct2/show/record/NCT01931566?view=record
https://clinicaltrials.gov/ct2/show/record/NCT02085265
http://www.ncbi.nlm.nih.gov/pubmed/23290159
http://www.ncbi.nlm.nih.gov/pubmed/23290159
http://www.ncbi.nlm.nih.gov/pubmed/26836193
http://www.ncbi.nlm.nih.gov/pubmed/15817469
http://www.ncbi.nlm.nih.gov/pubmed/15817469
http://www.ncbi.nlm.nih.gov/pubmed/29433569
http://www.ncbi.nlm.nih.gov/pubmed/29433569
http://www.ncbi.nlm.nih.gov/pubmed/28655613
http://www.ncbi.nlm.nih.gov/pubmed/28655613
http://www.ncbi.nlm.nih.gov/pubmed/27802237
http://www.ncbi.nlm.nih.gov/pubmed/27802237
http://www.ncbi.nlm.nih.gov/pubmed/9640540
http://www.ncbi.nlm.nih.gov/pubmed/9640540
http://www.ncbi.nlm.nih.gov/pubmed/10764590


PPAR Research 15

[49] T. S. Hughes, M. J. Chalmers, S. Novick et al., “Ligand and
receptor dynamics contribute to the mechanism of graded
PPAR𝛾 agonism,” Structure, vol. 20, no. 1, pp. 139–150, 2012,
http://www.ncbi.nlm.nih.gov/pubmed/22244763.

[50] R. T. Nolte, G. B. Wisely, S. Westin et al., “Ligand binding and
co-activator assembly of the peroxisome proliferator-activated
receptor-𝛾,” Nature, vol. 395, no. 6698, pp. 137–143, 1998,
http://www.ncbi.nlm.nih.gov/pubmed/9744270.

[51] R. T. Gampe, V. G. Montana, M. H. Lambert et al., “Asym-
metry in the PPAR𝛾/RXR𝛼 crystal structure reveals the
molecular basis of heterodimerization among nuclear recep-
tors,” Molecular Cell, vol. 5, no. 3, pp. 545–555, 2000,
http://www.ncbi.nlm.nih.gov/pubmed/10882139.

[52] U. Grether, W. Klaus, B. Kuhn, H. P. Maerki, P. Mohr, and M.
B. Wright, “New insights on the mechanism of PPAR-targeted
drugs,” ChemMedChem, vol. 5, no. 12, pp. 1973–1976, 2010,
http://doi.wiley.com/10.1002/cmdc.201000446.

[53] L. Guasch, E. Sala, C. Valls et al., “Structural insights for
the design of new PPARgamma partial agonists with high
binding affinity and low transactivation activity,” Journal of
Computer-Aided Molecular Design, vol. 25, no. 8, pp. 717–728,
2011, http://www.ncbi.nlm.nih.gov/pubmed/21691811.

[54] T. S. Hughes, P. K. Giri, I.M. de Vera et al., “An alternate binding
site for PPAR𝛾 ligands,” Nature Communications, vol. 5, no. 1,
2014, http://www.nature.com/articles/ncomms4571.

[55] M. B. Wright, M. Bortolini, M. Tadayyon, and M. Bopst,
“Minireview: challenges and opportunities in development
of PPAR agonists,” Molecular Endocrinology, vol. 28, no.
11, pp. 1756–1768, 2014, http://www.ncbi.nlm.nih.gov/pubmed/
25148456.
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