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Abstract: Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disorder, 
characterized by the deposition of amyloid-β within the brain parenchyma resulting in a significant 
decline in cognitive functions. The pathophysiological conditions of the disease are recognized by 
the perturbation of synaptic function, energy and lipid metabolism. In Addition deposition of amy-
loid plaques also triggers inflammation upon the induction of microglia. Peroxisome proliferator-
activated receptors (PPARs) are ligand-activated transcription factors known to play important role 
in the regulation of glucose absorption, homeostasis of lipid metabolism and are further known to 
involved in repressing the expression of genes related to inflammation. Therefore, agonists of this 
receptor represent an attractive therapeutic target for AD. Recently, both clinical and preclinical 
studies showed that use of Peroxisome proliferator-activated receptor gamma (PPARγ) agonist 
improves both learning and memory along with other AD related pathology. Thus, PPARγ signifies 
a significant new therapeutic target in treating AD. In this review, we have shed some light on the 
recent progress of how, PPARγ agonist selectively modulated different cellular targets in AD and 
its amazing potential in the treatment of AD. 
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1. INTRODUCTION 

 Alzheimer’s disease (AD) is the most common form of 
neurodegenerative disorder that mostly affects the older 
population in the world. It has been estimated that about 4.7 
million individuals were affected with AD in the United 
States, that will increase to approximately 14 million by 
2050 [1]. So far, it is still believed as an irreparable brain 
disease, which becomes severe with time if not treated and 
ultimately causes deterioration of memory and reasoning in 
patients. This is a complex disorder which occurs due to co 
pathogenic interactions among various constituents like ge-
netic and environmental factors. It is characterized by accu-
mulation of amyloid β (Aβ) plaques in susceptible regions of  
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the brain, extensive neuronal loss and formation of neurofi-
brillary tangles [2]. These plaques are accompanied by mito-
chondrial dysfunction which contributes to increase in oxida-
tive stress and inflammatory response and so results in en-
ergy failure and synaptic dysfunction [3, 4]. However, sev-
eral clinical and pre-clinical studies showed that AD could 
be a degenerative metabolic disease, caused by physiological 
alterations. Furthermore, AD causes a substantial socio-
economic impact on the world and it is estimated that direct 
and indirect healthcare cost of AD individuals is approxi-
mately $203 billion which will increase to approximately 
$1.2 trillion by the year 2050 [5]. Recently, it was observed 
that diabetes is the most crucial risk factor for the develop-
ment of AD and the therapy which controls the diabetes-
related metabolic disorders like insulin level, glucose me-
tabolism and hypercholestremia may be helpful in ameliorat-
ing the symptoms of AD. 

 Peroxisome proliferators-activated receptors (PPARs) are 
lipid sensor nuclear receptors that regulate several cellular 
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processes such as Aβ degradation, anti-inflammatory re-
sponse and mitochondrial activation in response to various 
intracellular and extracellular stimuli [6, 7]. Peroxisome pro-
liferator-activated receptor gamma (PPARγ) is the most stud-
ied isoform of the PPAR family that holds most promising 
therapeutic potential in various models of neurodegenerative 
disorders and generates tremendous interest in developing 
PPARγ agonist for the treatment of AD [8]. Thiazolidinedi-
one (TZD), is a PPARγ agonist that has been widely used in 
the treatment of diabetes, whose therapeutic mechanism of 
action to persuade a decrease the blood glucose level by in-
sulin-sensitizing effect [9]. In this review, we have shed 
some light on the recent progress of how PPARγ agonist 
selectively modulated different cellular targets in AD and its 
amazing potential in the treatment of AD. Our current under-
standing will be focused to reveal important possible effects 
of PPARγ agonist in the improvement of cognitive impair-
ment occur due to the oxidative stress, neuroinflammation, 
deposition of Aβ, energy metabolism and cerebrovascular 
protection. 

2. PEROXISOME PROLIFERATORS ACTIVATED 
RECEPTORS GAMMA (PPARγ) 

 The PPARs belong to the family of nuclear hormone 
receptors (NHR) that induce signaling and transcription of a 
unique set of genes in response to various exogenous and 
endogenous ligands. Generally, they participate in the 
regulation of glucose and lipid metabolism [10]. More re-
cently it has been reported that PPARγ may play important 
role in inhibiting inflammation and also regulating insulin 
sensitivity [11]. Further, few studies also indicated that acti-
vation of PPARγ receptor by PPARγ agonist is helpful in the 
prevention of neurodegeneration and promotes neurogenesis 
[12]. 

2.1. Most Common Type of PPARγ Agonist 

(I) Natural PPARγ Agonist 

 Activation of PPARγ and subsequent regulation of gene 
transcription requires binding of ligand. To date a number of 
ligands are identified that regulate the PPARγ activity and 
include both synthetic compounds and natural metabolites. 
Various natural ligands with different binding affinities to 
the receptor are produced within the body in response to 
various metabolic processes. These include dietary lipids and 
their metabolites. Linoleic acid (9- and 13-HODE) and pros-
taglandin derivative, 15-deoxi-Δ 12, 14-prostaglandin J2 
(15d-PGJ2) is first and perhaps the most powerful endoge-
nous PPARγ ligand. Gamolenic acid, eicosapentaenic acid, 
and some polyunsaturated fatty acid metabolites are other 
endogenous ligands [13]. HETE (hydroxyeicosatetraenoic 
acid) and HODE (hydroxydocosahexaenoic acid), a 
polyunsaturated fatty acid derived metabolite found in oxi-
dized low-density lipoprotein (oxLDL) in addition to mem-
branes and produce as a result of oxidation of arachidonic 
acid and linoleic acid, respectively capable of activating 
PPARγ with effectiveness similar to 15d-PGJ2 [14]. 

(II) Synthetic PPARγ Agonist 

 Synthetic PPARγ agonists are widely used as anti-
hyperglycemic drugs in treating type 2 diabetes mellitus 

[15]. The most widely known PPAR-γ agonists include 
TZDs. TZDs, also known as glitazones, that include piogli-
tazone (Actos), troglitazone (Rezulin), ciglitazone and 
rosiglitazone (Avandia). Apart from their anti-diabetic prop-
erty, emerging evidence indicates that all the TZDs possess 
anti-inflammatory properties by inhibiting expression of a 
variety of inflammatory molecules [11]. Pioglitazone (Actos) 
and rosiglitazone (Avandia) are two FDA approved drugs 
prescribed widely by physician for treatment of many 
diseases due to nontoxic nature [16]. Troglitazone which was 
the first member of this group was approved by FDA, 
however, due to some reported serious side effect, it was 
later prohibited by FDA. 

 Non-steroidal Anti-inflammatory Drug (NSAIDs) like 
Ibuprofen, indomethacin, and flurbiprofen are also known to 
have PPARγ agonist activity and have been thoroughly stud-
ied in AD due to its anti-inflammatory property. This may 
make it be ideal for efficacious in significantly delaying in-
cidence and progression of AD [17]. 

 Another class of drug, Telmisartan, blocker of angio-
tensin receptor II type 1 (AT1), normally used for the hyper-
tension treatment, is recently appreciated PPARγ activation 
function and executes a range of functions, including anti-
apoptotic, anti-inflammatory and ROS scavenging effects 
[18, 19]. In consistence with this, study on mouse model of 
AD shows ameliorative effects on the impairment of spatial 
memory via its anti-inflammatory and antioxidant effect [20-
22]. 

3. REGULATION OF TARGET GENE EXPRESSION 
BY PPARΓ 

3.1. Transactivation 

 Peroxisome proliferators activated receptors (PPARs) are 
a kind of ligand-activated transcription factor that provides a 
direct association between the environment and the genome. 
Under basal conditions when agonist is absent the transcrip-
tional activity of PPARγ is repressed through its constitutive 
alliance with nuclear co-repressors like N-CoR/SMRT and 
histone deacetylases (HDAC). In the presence of ligands, co-
repressor complex is exchanged with co-activator complex 
containing Histone acetyltransferase (HAT) and initiates the 
transcription of target genes (by forming heterodimers with 
retinoid-X-receptors (RXRs)) on binding with the specific 
PPAR-response elements (PPREs) present in the promoter 
region of target genes. PPARγ has the ability to bind with a 
variety of compounds derived such as dietary lipids and their 
metabolites, transcriptionally transactivates specific target 
genes expression [23]. They act as dominant positive regula-
tors of expression of enzymes involved in lipid metabolism 
including CD36, prolipoprotein lipase and liver X receptor-α 
(LXR-α) [24]. PPARγ also regulates genes involved in insu-
lin signaling and the expression of pro-inflammatory cytoki-
nes such as tumor necrosis factor-α (Fig. 1) [25]. 

3.2. Transrepression 

 In addition to their potent role in glucose metabolism, 
recent studies have now focused on the anti-inflammatory 
action of PPARγ. PPARγ expressions are augmented by spe-
cific ligands which further inhibiting expression of pro-
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inflammatory gene and have been shown to exert a broad 
spectrum of protective effects in several animal models [26-
28]. Even though the exact mechanism remains unknown, it 
is believed that co-repressor complexes occupied on the 
promoters region of NF-kB is stabilized by PPARγ agonist 
by SUMOylation of PPARγ ligand binding domain within 
PPARγ that targets co-repressor complexes (corepressor in-
terference mechanism) and also by direct binding of PPARγ 
to NF-kB forming inactive transcriptional complexes (cross-
coupling mechanism), thus preventing the expression of 
various pro-inflammatory genes (Fig. 2) [29-31]. Indeed 
several studies showed that treatment with 15d-PGJ2 or tro-
glitazone inhibits the overexpression of inflammatory cyto-
kines in phorbol12-myristate13-acetate-stimulated human 
peripheral monocytes [32]. Thus, PPARγ agonists are an 
attractive therapeutic target due to their capability to act 
largely to inhibit expression of various inflammatory genes. 

4. EFFECTS OF PEROXISOME PROLIFERATOR-
ACTIVATED RECEPTOR GAMMA (PPARγ) 
AGONIST IN AD 

4.1. Peroxisome Proliferator-activated Receptor Gamma 
(PPARγ) Agonist and Inflammation in Alzheimer’s  
Disease 

 The ability of PPARγ to inhibit the expression of the 
inflammatory gene in some peripheral and central nervous 
system (CNS) disease conditions in response to natural 

PPARγ agonists provided the idea to keep attention on the 
inflammatory mechanism in terms of treatment of AD. Ac-
cumulative evidence indicates that amyloid deposition in the 
AD brain coincides with a phenotypic activation of micro-
glial cells that are physically associated with plaque through 
multi-component cell surface receptor complex [33, 34]. 
Microglias are the resident brain tissue macrophages. Activa-
tion of this cell surface receptor complex initiates intracellu-
lar signaling cascades that lead to NF-kB-mediated pro-
inflammatory gene transcription and subsequent increase 
production of wide range of inflammatory mediators includ-
ing complement proteins, cytokines, chemokines, reactive 
oxygen species (ROS)/ reactive nitrogen species (RNS) and 
proteases [35]. This chronic increase in production of in-
flammatory cytokines and chemokines hypothesizes to speed 
up the severity of the disease. Consistent with this, a number 
of clinical and preclinical evidence showed that elevated 
level of inflammatory cytokines and chemokines including 
Tumor necrosis factor-α, interleukin-1β, interleukin-6 and 
monocyte chemotactic protein-1, (MCP-1) was found in sta-
ble AD brain. Notably, studies designed for suppressing mi-
croglial activation and so inflammation could be a promising 
approach for AD therapy [28, 35]. 

 As discussed above, treatment of PPARγ agonist appears 
to regulate the production of inflammatory mediators, metal-
lopeptidases (MMPs) and amyloid protein, each of which is 
dependent upon NF-kB-dependent transcriptional pathways, 
with that, prevented the activation of microglia. More re-

 

Fig. (1). Transactivation of target genes by PPARγ on binding with PPARγ agonist. Upon ligand binding PPARγ and RXR hetrodimer un-
dergoes conformational change that result in exchange of corepressor with coactivator complex and translocates into the nucleus, where it 
binds to the PPRE to activate the target genes. (The color version of the figure is available in the electronic copy of the article). 
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cently, APPswe/PS1Δe9 mouse model of AD shows that 
Pioglitazone reduced activation of microglial and reduction 
in soluble and insoluble Aβ  levels in the specific part of the 
brain responsible for memory [36-38]. At the same time, 
treatment with rosiglitazone, prevented the increase of in-
flammatory cytokines levels in Wistar rats and this is related 
to improvement in cognitive decline and prevention of mi-
croglia activation. 15d-PGJ2 a natural endogenous ligand 
form by non-enzymatic breakdown product of prostaglandin 
D2 has been shown to ameliorating effect on various im-
mune response genes in monocytes/macrophages through 
modulating downstream NF-kB and Janus kinase/signal 
transducers and activators of transcription (JAK/STAT) in-
flammatory signaling [39-44]. 

 A number of epidemiological studies have demonstrated 
that NSAIDs are another kind of PPARγ ligand that modu-
late the activation of microglia through activation PPARγ 
activity, which inhibits inflammatory response all of which 
is beneficial for AD. However, the poor outcome of these 
conventional NSAIDs was observed in several AD human 
trials, especially in patients with advanced AD. Compelling 
the evidence, the beneficial effects of PPARγ ligands lie in 
modulating microglial activation and subsequent inhibition 
of inflammation [45, 46]. 

4.2. Peroxisome Proliferator-activated Receptor Gamma 
(PPARγ) Agonist and Aβ Clearance 

 Amyloid β (Aβ) is hallmark of AD and responsible for 
the progression of the disease. So clearance or removal of 
plaque is one of the mechanisms through which the disease 

progression in AD patients is controlled. Interestingly, we 
will present next several lines of studies that have shown that 
the treatment with TZDs decreases Aβ accumulation. 

 Peroxisome proliferator-activated receptor gamma (PPARγ) 
agonists elicited a reduction in amyloid pathology due to the 
ability of PPARγ to affect Aβ homeostasis through ubiquinine 
mediated degradation of amyloid precursor protein (APP). 
Earlier Heneka et al showed that pioglitazone treatment re-
duces the expression of β-amyloid precursor protein cleaving 
enzyme 1 (BACE1), an enzyme called β-secretase that proc-
esses APP protein in APP transgenic mice [47]. BACE1 
gene contains PPARγ response element (PPRE) in the pro-
moter region and binding of PPARγ to this response element 
resulting in suppression of expression of BACE1 and subse-
quent inhibition of Aβ production, owing to the ability of 
this receptor to repress the BACE1 [48, 49]. The significance 
of BACE1 function in Aβ production was confirmed by a 
number of other studies where they showed, overactivation 
of BACE1 gene resulted in increase in Aβ deposition in the 
brain (Fig. 3) [48, 50]. In consistence with this, another study 
reported that long-term treatment of 9-month-old J20 ani-
mals with rosiglitazone for a period of 4 months showed a 
50% reduction in levels of Aβ and enhanced Aβ clearance. 
This could be attributed to an increase in lipidation of Apol-
ipoprotein E (ApoE) by ATP-binding cassette transporter 
(ABCA1) lipid transporter as lipidated ApoE promotes pro-
teolytic degradation of Aβ [39]. It has also been suggested 
that NSAIDs act directly on Aβ processing by the γ-secretase 
complex resulting in selective decrease of Aβ production 
[51, 52]. These studies suggest that enhancing Aβ clearance 

 

Fig. (2). Mechanisms of peroxisome proliferator-activated receptor gamma (PPARγ) transrepression- (A) Co repressor interference mechanism- 
co-repressor complexes occupied on the promoters region of NF-kB is stabilize by PPARγ agonist by SUMOylation of PPARγ ligand binding 
domain within PPARγ and inhibit proinflammatory inhibitors (B) Cross coupling- direct binding of PPARγ to NF-kB forming inactive transcrip-
tional complexes and inhibit proinflammatory inhibitors. (The color version of the figure is available in the electronic copy of the article). 
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by agonist of PPARγ could be the possible novel therapeutic 
approach for the treatment of AD. 

4.3. Role of Peroxisome Proliferator-activated Receptor 
Gamma (PPARγ) Agonist in Lipid Homeostasis 

 A number of recent research findings as well as some 
retrospective epidemiological genetic studies and clinical 
observations indicate a strong relationship between altera-
tions in lipid homeostasis and AD. Elevated level of serum 
cholesterol level was found in the serum of AD patients that 
positively correlated with severity of disease and treatment 
with Cholesterols lowering drugs like Statins, which inhibit 
cholesterol synthesis, through inhibition of HMG-CoA re-
ductase activity is associated with decreased prevalence of 
AD [53-56]. Clinical studies found that a slight increase in 
cholesterol level from borderline (greater than 220 mg/dl) 
could increase the risk of developing AD [57, 58]. Later this 
was confirmed by genetic studies that proposed a link be-
tween AD and cholesterol regulating genes such as ApoE 
and ABCA1. ApoE plays a pivotal role in the cholesterol 
homeostasis and lipid transport. In the brain, ApoE is pro-
duced mainly by astrocytes and there are three naturally oc-
curring isoforms of ApoE i.e. (ApoE2, ApoE3, and ApoE4). 
Few independent studies have confirmed that ApoE4 is asso-
ciated with greater risk for AD [59]. The exact mechanism 
through which ApoE confer susceptibility to AD is still un-
known but it has been found that ApoE is associated with 
clearance and deposition of Aβ. Cholesterol may thus be one 

of the key factors that determines APP processing pathways 
and Aβ production in AD. 

 Experimental evidences have shown that as a functional 
consequence of ApoE4 interaction with APP assists the pro-
duction of Aβ in ApoE4 transgenic mice [60]. In reference to 
this lipidation of ApoE facilitate the Aβ degradation and 
increasing lipidation might be the key for ApoE-based ther-
apy [61]. Lipidation of ApoE is primarily mediated by 
ABCA1 transporter that, also regulate ApoE function in the 
CNS [62]. Importantly, the expression of ABCA1 and ApoE 
is under the control of PPARγ and LXRs and genetic abla-
tion of any of this protein resulted in amyloid pathology [63, 
64]. Thus, regulation of ApoE status (lipidation status) is a 
significant determinant of Aβ clearance and deposition. Sus-
tained PPARγ or LXR activation results in the amelioration 
of AD-related pathophysiology in AD mouse models [61, 
62]. Significantly, it has recently been reported that APP/PS1 
mice of 6 and 12 months of age showed significant im-
provement in the level of ABCA1 and ApoE and as a func-
tional consequence of this reduces the soluble and insoluble 
levels of Aβ by 50% with treatment of pioglitazone [36]. In 
consistence with this, another study reported that increased 
chronic treatment of rosiglitazone increases ApoE transcrip-
tion, reduces Aβ levels and improves cognitive function in 
mouse models of AD [65]. Agonists of these receptors also 
stimulate their alternative pathway which promotes phagocy-
tosis [66]. Thus, agonists might have the potential for modu-
lating lipid homeostasis and neurodegeneration. 

 

Fig. (3). Effects of PPARγ agonist on Aβ metabolism. Formation of Amyloid plaques induces the activation of microglia as well as astro-
cytes which respond with the secretion of inflammatory mediators like pro inflammatory cytokines that are able to increase BACE1 activity 
thereby stimulating Aβ production. BACE1 gene contain PPARγ response element (PPRE) in the promoter region and binding of PPARγ to 
this response element resulting in suppression of expression of BACE1 and subsequent inhibition of Aβ production. (The color version of the 
figure is available in the electronic copy of the article). 
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4.4. Peroxisome Proliferator-activated Receptor Gamma 
(PPARγ) Agonist and Cognitive Impairment 

 AD is a devastating neurodegenerative disease, character-
ized by the loss of memory and functions necessary to per-
form complex daily activities. Interestingly evidence sug-
gests a strong connection between abnormal glucose homeo-
stasis, insulin resistance and cognitive impairment [66]. Fur-
thermore, the studies have shown that the dysregulation of 
insulin signaling pathway exacerbated neurodegeneration 
and cognitive deficits in AD [67]. Still, insulin and its recep-
tors have a specific pattern of expression in the brain, amid 
particular abundance in defined areas like the hippocampus 
and cortex, both of which regions related with memory [68]. 
Accumulative evidence suggests that with age, decrease in 
insulin receptors and increased requirement of metabolic 
energy of brain, put areas like hippocampus at risk for insu-
lin resistance that is quintessential to AD [69]. Conversely, 
or perhaps reciprocally, few studies reported that dysregula-
tion of insulin signaling arises as a consequence of amyloid 
deposition in the brain [70, 71]. Evidence from various stud-
ies suggests that insulin sensitizer (TZDs) is a key therapeu-
tic target in AD patients with associated insulin dysregula-
tion [72, 73]. Indeed, PPARγ agonist rosiglitazone improved 
cognition in several clinical and preclinical model through 
induced expression of proteins critical to presynaptic 
SNARE complex contain both PPREs and cAMP response 
element containing extracellular signal-regulated protein 
kinase mitogen-activated protein kinase [(ERK MAPK) 
(CREB)] in the promoter region of rosiglitazone targeted 
genes suggesting that PPAR target genes are also CREB 
target genes which themselves are highly regulated by ERK 
MAPK. Denner et al., pointing to a compelling interrelation-
ship between PPARγ and ERK in the hippocampus during 
memory consolidation [74]. Several lines of studies indicate 
that common integrator of insulin signaling ERK, which is 
recruited to PPARγ during consolidation and requisite for 
hippocampal synaptic plasticity, learning and memory 
through the maintenance of proper redox, inflammatory and 
glucose homeostasis within neural networks [75]. Thus, tar-
geting the insulin signaling pathway during AD represents a 
promising remedial approach based upon practical evidence 
that insulin resistance and cognitive decline are associated 
with each other. In other studies, injection of rosiglitazone 
directly into the brain of Aβ induced AD rat significantly 
improves cognition and function [41]. In addition, experi-
ments on the transgenic mouse 3xTg-AD showed that piogli-
tazone treatment improved learning behavior as assessed by 
Morris Water Maze test [76]. Further studies on the 
APP/PS1 transgenic mouse model also showed that treat-
ment with rosiglitazone also improves cognition and reduces 
soluble Aβ [40]. In confirmation to the above study, rosigli-
tazone treatment also improved cognition in some early AD 
patients [77, 78]. However, use of these drugs in the treat-
ment of stable AD is under close appraisal due to their poor 
blood-brain-barrier (BBB) permeability. 

 Another way of improvement of cognitive impairment 
and related disorders is the augmentation of the level of ace-
tylcholine (ACh) which is going down in AD and leads to a 
cholinergic dysfunction [79]. Evidence obtained from a 
mouse model of dementia having cholinergic dysfunction 

showed that it was successfully ameliorated by the treatment 
of pioglitazone and improved learning and memory. This 
was mediated by an increase in the synthesis of acetylcholine 
(Ach) regulatory enzymes in the hippocampus and cortex of 
the mouse model of AD [80, 81]. 

 Taken together, these data suggest a therapeutic role for 
PPARγ agonism which contributes to combat AD pathology 
via several pathways including direct modulation of the ca-
nonical learning and memory protein cascade in order to 
ameliorate associated network plasticity and cognitive defi-
cits. The attenuating effects of PPARγ agonists on plaque 
level and memory retention in animal model of AD have 
been observed. 

4.5. Peroxisome Proliferator-activated Receptor Gamma 
(PPARγ) Agonist and Cerebrovascular Protection 

 Peroxisome proliferator-activated receptorγ plays an in-
tegral role in maintaining cerebrovascular health. PPAR is 
highly expressed in the vascular wall and has recently 
emerged as an important determinant of vascular structure 
and function. It is of interest that emerging evidence suggests 
that activation of PPARγ might be a critical regulator of 
cerebral vascular function as the inaction of PPARγ resulted 
in vascular hypertrophy and increased oxidative stress [82, 
83]. Accordingly, PPARγ agonist can enhance antioxidant 
systems, inhibit the expression of inflammatory proteins in 
endothelial cells by virtue of the activation of PPARγ and 
suppress free radical in the peripheral vasculature of human 
and animal model of hypertension/diabetes [84-86]. Indeed, 
TZDs significantly reduced ROS induced cerebrovascular 
endothelial cell death by inducing pro-survival genes like 
Bcl-2 and a Wnt target gene [50, 87]. Thus, it might be an-
ticipated that activation of PPARγ with agonists would have 
beneficial effects on cerebrovascular endothelial function. In 
addition to this, PPARγ may also induce the oxidative stress 
response gene hemoxygenase-2 via nuclear factor (erythroid-
derived 2)-like 2 pathway. Recently, age-associated increase 
in the thickness of extracellular matrix (ECM) molecules 
was observed in humans due to increase in collagen synthe-
sis and decreased in Elastin content. In parallel to these 
modifications of ECM composition, increased collagen and 
decrease in elastin contents in AD may be due to an 
imbalance in Matrix metalloproteinases (MMPs)/ Tissue 
inhibitors of metalloproteinases (TIMPs). The previous study 
has revealed that both MMP-2 and MMP-9 are induced by 
the presence of Aβ that contribute to Aβ -induced neuronal 
cell death [88, 89]. Furthermore, studies showed that PPARγ 
agonists (TZDs) can regulate the expression of ECM mole-
cules by reducing MMPs activity which is up-regulated and 
implicated in the thickening of cerebrovascular basement 
membranes in AD brain and protects neural cell damage [90]. 

 Adhesion molecules present on the cerebral vascular en-
dothelium facilitate immune cell extravasations across the 
BBB into the CNS. PPARγ agonists have been shown to 
selectively modulate the expression of various adhesion 
molecule and metalloproteinases [91]. Thus blocking the 
extravasations of immune cells through an endothelial bar-
rier and countering leukocyte-endothelial interactions and 
BBB compromise that occur in AD [92]. Thus, it might be 
anticipated that PPARγ ligands offer therapeutic protection 
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against on cerebrovascular endothelial dysfunction in AD. 
Sato et al., improved cerebral blood flow along with glucose 
metabolism in AD patients with T2D treated with pioglita-
zone [73]. Recently, Wang et al., reported that in vivo piogli-
tazone treatment rescued evoked cerebrovascular dysfunc-
tion due to oxidative stress in the rostral ventrolateral me-
dulla by the up-regulation of mitochondrial uncoupling pro-
tein 2 (UCP2) positioning the TZD as a valuable tool against 
chronic hypoperfusion in AD patients devoid of cerebrovas-
cular pathology [93, 94]. 

4.6. Peroxisome Proliferator-activated Receptor Gamma 
(PPARγ) Agonist in Energy Metabolism and Synaptic 
Plasticity 

 It is well known that energy consumption in the mam-
malian brain is supplied mainly by the oxidation of glucose. 
However, several studies documented that impaired glucose 
metabolism was observed in brain areas mainly responsible 
for memory and cognition in the majority of AD patients 
before the symptomatic onset of the disease. One possible 
reason for impaired glucose metabolism and subsequent de-
crease in ATP production from mitochondria in the brain is 
the loss of nerve cells due to the toxic effect of Aβ. How-
ever, glucose hypo metabolism developed way before the 
cognitive loss [95, 96]. 

 Peroxisome proliferator-activated receptor gamma (PPARγ) 
activation has been thought to play a significant role in im-
proving glucose and energy metabolism in AD due to its 
immediate effects on mitochondrial biogenesis and function 
[97]. As mitochondria play decisive roles in both energy 
metabolism as well as neuronal cell death. Roses and co-
workers hypothesize that PPARγ agonist acts on mitochon-
dria through increasing their metabolic efficiency and num-
ber, as in diseased state the numbers of mitochondria are 
greatly reduced with altered morphology and this may be the 
possible basis of their positive effects on memory and func-
tion in AD patients [98]. Supporting this hypothesis, piogli-
tazone and rosiglitazone, two commonly used TZDs, re-
sulted in a significant increase in mitochondrial DNA copy 
number as well as mitochondrial biogenesis [99]. Several 
pieces of evidence show that activation of PPARγ by rosigli-
tazone exerts these beneficial effects by promoting oxidative 
metabolism and increases expression of PGC1α which in 
turn, increases the expression of the variety of mitochondrial 
genes which positively regulate mitochondrial energy me-
tabolism and mitochondrial biogenesis [100, 101]. In another 
study, the long-term treatment with pioglitazone restore oxi-
dative damage and attenuate mitochondrial respiratory activity 
and promotes mitochondrial biogenesis in Aβ animal model 
of AD [80]. In addition, PPARγ agonist also stimulates the 
expression of many other key genes that play a vital role in 
the biogenesis of mitochondria, are independent of PPARγ 
receptor. 

 Several lines of studies show that Cdk5 (cyclin-dependent 
kinase5) is critical in the regulation of tau hyperphosphoryla-
tion and synaptic plasticity in the AT8 epitope (found in the 
AD brain) after activation by Aβ [102]. Interestingly, recent 
studies showed that the activity of Cdk5 was inhibited by 
decreasing the level of p35, which is a Cdk5 activator in neu-

rons by activating PPAR& with pioglitazone. In addition, 
inhibition of Cdk5 activity by pioglitazone further prohibited 
long-term potentiation (LTP) defects at CA3-CA1 synapses 
in transgenic mice, which are a vital form of synaptic plastic-
ity [103]. Recently, Nenov et al., reported putative mecha-
nism for hippocampal cognitive enhancement by rosiglita-
zone treatment to Tg2576 mice model of AD through ame-
lioration of dysfunctional glutamatergic synaptic transmis-
sion, short-term plasticity, and synaptic vesicle regulatory 
proteins [104]. These assessments are important because 
recently the use of TZDs showed improvement of synapse 
plasticity and mitochondrial function untimely which lead to 
improvement in memory and function. On the other hand, 
with the involvement of Cdk5 in the regulation of synaptic 
plasticity, a new attractive promising association opens be-
tween their kinase activity and the regulation of tau pathol-
ogy present in the AD brain. 

4.7. Peroxisome Proliferator-activated Receptor Gamma 
(PPARγ) Agonist Insulin Sensitivity 

 Recent clinical and epidemiological evidence supports an 
association between T2D and increased risk of AD [105]. 
Summary of evidence of the linkage between T2D and AD, 
pointing toward insulin deficiency, insulin resistance, vascu-
lar injuries and humanin (mitochondrial-derived peptide) 
shared molecular mechanisms that have been strongly impli-
cated as a possible risk factor for AD and memory impair-
ment, a common characteristic feature of diabetes. Humanin 
appears to act as a signal peptide to inhibit neurotoxicity and 
cell death caused by Aβ neurotoxicity [106]. Intranasal insu-
lin administration improves working memory in both human 
and animal studies [107, 108]. However, the exact mecha-
nism that links insulin resistance with AD is obscure, multi-
ple observations have led to the hypothesis that the insulin 
insensitivity may participate in Aβ accumulation and cogni-
tive deficits. Thus, insulin-based therapies have emerged as 
potentially successful therapies for AD. PPARγ agonists are 
the most prescribed drugs by physicians for the treatment of 
diabetes and known to increase insulin sensitization, modu-
late glucose metabolism and also proven to have a signifi-
cant ameliorating effect on cognitive deficits, with decreases 
in Aβ levels via inhibition of BACE1 receptor for advanced 
glycation end products (RAGE), and NF-kB in brain as well 
as insulin sensitivity [27, 48]. 

5. PPARγ AGONIST IN HUMAN TRIAL 

 Few Food and Drug Administration (FDA)-approved 
PPARγ agonists have been assessed for their effectiveness in 
AD patients. Watson et al have reported the result of a small 
clinical study examining 30 subjects with amnestic mild 
cognitive impairment, treated with rosiglitazone (4 mg daily) 
for 6 months resulted with an enhanced memory and func-
tion as determined by the delayed recall and selective atten-
tion [109]. However, authors also reported that APP concen-
trations in the serum remain unchanged in rosiglitazone 
treated subjects, while in the control group serum APP levels 
were reduced. Even though the interpretation to assess Aβ 
status in the brain using serum levels of APP or Aβ is still 
controversial, the statistics support the probable curative  
use of PPARγ agonist for AD. The outcomes of a phase II 
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clinical trial, registering larger scale patients with mild to 
moderate AD was reported by Risner et al., [110]. A total of 
336 patients treated with rosiglitazone and 106 patients re-
ceiving placebo for 6 months. Succeeding six months of 
treatment results were measured by various AD assessments 
scale and it was suggested that patients receiving rosiglita-
zone were found to have associated with improved cognitive 
function compared to those receiving placebo. Notably, pa-
tients having ApoE4 allele did not show any response to the 
treatment compare to those having only E2 and E3 alleles of 
ApoE. These observations are in accordance with pthe 
revious finding as reported by Craft and colleagues, which 
shows the influence of the ApoE4 genotype on insulin action 
and support the useful effect of PPARγ agonist in AD ther-
apy. However, due to limited permeability of rosiglitazone 
across the BBB, their outcome in treating AD is not satisfac-
tory. Thus, there is plenty of room for development in future 
drug discovery [111]. 

 In another clinical trial, an action of pioglitazone was 
studied in mild AD cases. This study established a small but 
statistically insignificant improvement in memory. In recent 
clinical study, Sato et al., proposed that treatment of piogli-
tazone in patients with mild AD accompanied with T2D 
shows significant improvement in cognition along with an 
increase in cerebral blood flow as compared to non-treated 
groups. The results of this pilot study demonstrated that Pio-
glitazone may be used for the treatment of AD [73]. 

6. PRECLINICAL STUDY 

 Precise animal models are normally used to understand 
the pathophysiology of disease and the development of new 
therapeutic strategies. Indeed, we will depict several AD 
mouse models that showed pathophysiology of AD and after 
the treatment with PPAR agonists demonstrate significant 
improvement in disease condition [112]. Lim et al., reported 
that 6 months treatment of transgenic mouse model of AD 
with ibuprofen dramatically reduced amyloid deposition  
and inflammation, may be due to the documented activity  
of ibuprofen to activate PPARγ [45]. In addition to this, Liu 
et al., also reported that ibuprofen at a dose of 40 mg/kg 
orally improve cognition and down regulating the levels of 
BACE1, inflammation in rat model of diabetic encephalopa-
thy. This led to the hypothesis that targeting PPARγ activity 
may be beneficial for AD treatment and provided a rationale 
for studies examining PPARγ action in murine models of 
AD [27]. 

 In a study carried out by Yan et al., 6 month old Tg2576 
animals with plaque pathology were treated orally with pio-
glitazone and ibuprofen for 4 months at a dose of 20 mg/kg 
bwt/day [46]. Pioglitazone treatment did not result in a 
significant decrease in plaque pathology; however, treatment 
with ibuprofen resulted in dramatic reduction in plaque bur-
den. This result is in accordance with the previous study in 
which Lim et al., showed about 60% reductions in plaque 
burden after treatment with ibuprofen in an animal model of 
AD [45]. Simultaneous treatment of ibuprofen and pioglita-
zone resulted in a significant reduction in the levels of solu-
ble Aβ peptides. In addition, ibuprofen reduced the number 
of activated microglia while pioglitazone had no effect. 
Complimentary to this, NSAIDs improved the amyloid-β-

mediated suppression of memory and synaptic plasticity by 
COX-dependent mechanism, which may play a role in syn-
aptic dysfunction in an experimental model of AD [113]. 
These findings were argued due to their poor blood-brain 
barrier permeability of pioglitazone into the brain that com-
promised its efficacy. 

 In studies on the AD transgenic mouse J20 and APP/PS1 
the treatment with rosiglitazone reduced memory deficits 
and inflammation [39, 40]. In addition, experiments on the 
triple transgenic mouse 3xTg-AD, it was found that pioglita-
zone treatment improved learning by significantly decreasing 
tau phosphorylation [76, 114]. Consistent with this, pioglita-
zone treatment causes a significant reduction in microglial 
activator marker M1 in the surrounding area of amyloid de-
posits in the brain of 12-month-old APP/PS1 mice, which on 
activation, is responsible for the production of inflammatory 
cytokines and oxidative stress. Further using the same  
mouse model, Mandrekar-Colucci et al., showed that an 
increase in the expression of M2 markers that generates anti-
inflammatory cytokines, promoting phagocytosis and tissue 
repair [36]. Several studies suggest that the ERK pathway is 
key for learning and memory. In consistence with these pre-
vious studies, treatment of rosiglitazone also improved 
memory and cognition through PPAR& mediated pERK 
pathway in animal model of AD [75]. In addition to this, 
PPARs& activation improved the reduction of ACh level, 
which causes cholinergic dysfunction in AD [79]. This is in 
accordance with previously reported data that shows piogli-
tazone improved learning and memory retention in mouse 
model of the cholinergic deficit in the brain [80, 81]. Fur-
thermore, pioglitazone offers protection against scopola-
mine-induced dementia by improving in long-term and 
visuo-spatial memory and therefore, could have a therapeutic 
potential in AD [115]. Complementary studies on the same 
transgenic mouse model showed that treatment with piogli-
tazone improved spatial memory using the same test [103]. 

 The initial studies reviewed by Heneka et al., investigated 
the activation of PPAR& by inflammatory drugs on neuro-
logical disorders. Interestingly, the activation of PPARγ 
suppressed inflammatory response through inhibition of NF-­‐
kB or AP-1 both in vitro and in vivo that prevented the mi-
croglia activation mediated by Aβ [116]. More recently, ac-
cumulative studies showed that treatment of TZDs reduces 
activation of astrocytes and microglia in hippocampus, cor-
tex region of brain of A/T mouse which overexpress Aβ and 
so inflammation [117]. At the same time, injection of rosigli-
tazone into the brain of Aβ oligomers treated rats prevented 
the increase of inflammatory cytokines levels, and this is 
related to improvement in cognitive decline and prevention 
of microglia activation [41]. In a latest development,  
Flesch et al., synthesized a novel compound containing 2-
(benzylidene) hexanoic acid scaffold, having a combined 
effect of γ-secretase-modulation, PPARγ-agonism and inhi-
bition of 5-lipoxygenase that could be multi-target-strategy 
for AD, concurrently address the causative amyloid pathol-
ogy and chronic brain inflammation [118]. Recently, T3D-
959, an orally active PPARγ agonist remediates neurocogni-
tive deficits in experimental model of AD [119, 120]. List of 
PPARγ agonists showing ameliorating effect on memory and 
function is provided in Table 1. 
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7. THE UNSUCCESSFUL USE OF PPARγ  
ACTIVATORS 

 Even though all evidence that suggests the use of PPARs 
agonist ameliorates or delayed neurodegenerative changes, 
however, few studies bring conflicting results [121-123]. 
Interestingly, a clinical trial that assesses the effects of 
rosiglitazone on mild-to moderate AD patients exhibited 
cognitive and functional improvement that did not carry 
ApoE4 allele while the results were not satisfactory in pa-
tients carrying ApoE4 allele [110]. These observations sug-
gest that the improvement of cognition not only depends 
upon TZDs but also depends on the expression of functional 
ApoE. In addition, the treatment of rosiglitazone with ad-
junctive therapy to AChE inhibitors on cognition in partici-
pants with mild to moderate AD was unable to find any ef-
fect [124]. Recently Hildreth et al., documented the treat-
ment of Pioglitazone in older adults with mild cognitive im-
pairment (MCI) and insulin resistance. In this pilot study, 
pioglitazone improved insulin resistance, however,showed 
no sign of improvement in cognitive performance in older 
adults with MCI and insulin resistance [125]. 

8. PEROXISOME PROLIFERATOR-ACTIVATED 
RECEPTOR GAMMA (PPAR&) AGONIST AS 
FUTURE APPROACH FOR THE TREATMENT OF 
AD 

 Alzheimer’s disease causes major impairment of individ-
ual health possibly because these patients might not be prop-
erly addressed in clinical studies and also limited effective 
therapeutic approaches. Currently, there are only two types 
of drug used for the treatment of AD which is limited within 
two categories such as cholinesterase inhibitors and meman-
tine (N-methyl-D-aspartate receptor antagonist) approved by 
FDA. Still, unfortunately, the effects and benefits of these 
drugs are insignificant and provide only symptomatic relief 

but unable to prevent the occurrence and progression of the 
disease. Further, combinatorial drug approaches have been 
tried during the past few decades to improve treatment, but 
the outcomes have been discouraging because of the major 
side effects. However, no currently endorsed treatments pro-
vide complete relief or reverse the disease progression. 
Therefore, there is a need to adopt a new, safer approach in 
the 21st century for the effective treatment of AD. In recent 
years, fundamental researches focusing on the radical source 
of AD such as oxidative stress, inflammation, mitochondrial 
dysfunction, caspase inhibitors paved the way for the 
development of new treatments. Use of PPARγ agonist is the 
first step towards the development of new therapeutics, 
which is safe and without side effects. Due to pleiotropic 
effects of PPARγ on various signaling pathways; scores of 
which are obligatory for neuronal homeostasis and plasticity, 
its activation by PPARγ agonist could potentially have an 
impact on the amelioration of AD. Markedly, there have 
already been much significant progressions in the use of 
various PPARγ agonist based approaches toward diabetes 
therapeutics [126]. It is the most recent and attractive ap-
proach for the treatment of AD that is revolutionizing me-
dicinal research due to its ameliorating effect against various 
deleterious pathways that affect not only AD but also other 
disease conditions, which will support its therapeutic use for 
the treatment of AD in the near future. 

CONCLUSION 

 AD is the most commonly occurring disease in the eld-
erly which causes a devastating effect on cognitive function 
due to the massive neurodegeneration in old aged person. 
Since, till date, no potential drug has been discovered to cure 
AD effectively, therefore there is an indispensable need to 
develop novel therapeutic drugs having simultaneously a 
broader action in terms of inhibiting a wide array of the tar-
gets such as altered cellular and molecular signaling path-

Table 1. Showing the attenuating effects of PPARγ agonists on plaque level and memory retention in animal model of AD. 

S. No. PPARγ Agonist Dose (mg/kg b.wt.) Treatment Aβ /Plaque Level Memory Improvement Refs. 

1 Pioglitazone 20 4 months Decreases Not assessed [46] 

2 Pioglitazone 40 7 days Decreases Not assessed [45] 

3 Rosiglitazone 30 7 months Decreases Yes [46] 

4 Pioglitazone 20 6-8 weeks No change No [128]  

5 Rosiglitazone 3 12 weeks Decreases Yes [129] 

6 Rosiglitazone 5 16 weeks Decreases Yes [128] 

7 Rosiglitazone 30 30 days Not assessed Yes [80] 

8 Pioglitazone 80 9 days Decreases Yes [36] 

9 Pioglitazone 18 14 weeks Decreases Yes [76] 

10 Rosiglitazone 30 30 days No change Yes [74] 

11 Pioglitazone 15 & 30 21 days Not assessed Yes [80] 

12 Rosiglitazone 30 30 days Not assessed Yes [75] 
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ways most often afflicted with this disease. So far, the gath-
ered evidence shows that PPAR& agonist induces neuronal 
differentiation by regulation and synthesis of various PPARγ-
dependent neuroprotetve genes and counter inflammation, 
oxidative stress and Aβ clearance. Thus, suggesting its piv-
otal effect on controlling the neuronal abnormality pertaining 
to AD within brain as further substantiated by the facts that 
many researchers have demonstrated very encouraging re-
sults with some of the derivatives drugs related to PPARγ 
agonist (Fig. 4) [116, 127-129]. 

LIST OF ABBREVIATIONS 

AD = Alzheimer’s disease 

BBB = Blood-brain barrier 

FDA = Food and Drug Administration 

LTP = Long-term potentiation 
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ROS = Reactive oxygen species 

T2D = Type II diabetes 

TNFα = Tumor necrosis factor 
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