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Diets involved in PPAR and PI3K/AKT/PTEN

pathway may contribute to neuroprotection in a
traumatic brain injury

Yasuko Kitagishi’ and Satoru Matsuda "

Abstract

Traumatic encephalopathy has emerged as a significant public health problem. It is believed that traumatic
encephalopathy is caused by exposure to repetitive brain trauma prior to the initial symptoms of
neurodegenerative disease. Therefore, prevention is important for the disease. The PI3K/AKT/PTEN
(phosphoinositide-3 kinase/AKT/phosphatase and tensin homologue deleted on chromosome 10) pathway has
been shown to play a pivotal role in neuroprotection, enhancing cell survival by stimulating cell proliferation and
inhibiting apoptosis. PTEN negatively regulates the PI3K/AKT pathways through its lipid phosphatase activity.
Although PTEN has been discovered as a tumor suppressor, PTEN is also involved in several other diseases,
including diabetes and Alzheimer's disease. Dietary fish oil rich in polyunsaturated fatty acids may induce the PTEN
expression by activation of peroxisome proliferator-activated receptor. Supplementation of these natural
compounds may provide a new therapeutic approach to the brain disorder. We review recent studies on the

features of several diets and the signaling pathways involved in traumatic encephalopathy.

Introduction

Traumatic brain injury is a major health problem
throughout the world and is a leading cause of mortality
and disability [1,2]. The consequent encephalopathy is a
complicated pathological process; however, the main
cause of the deleterious cascades may be cell damage in
mitochondria at the cellular level [3]. Reactive oxygen
species (ROS), caspases, and apoptosis may be the main
participants in the mitochondrial cell damage. Traumatic
brain injury is associated with permanent spatial learn-
ing dysfunction and motor deficits due to brain damage
[4]. No pharmacological therapies have yet been ap-
proved for the treatment of traumatic brain injury. The
possibility of an effective treatment could be based on the
fact that the majority of traumatic neurodegeneration is
due to a pathophysiological cascade after the injury that
exacerbates the damaging effects of the injury. One of the
validated mechanisms revealed in experimental traumatic
brain injury involves oxygen radical-induced oxidative
damage to lipids, proteins, and nucleic acids [3,5].
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Developing new therapies for traumatic brain injury re-
quires elucidation of the neuroprotective mechanisms [5].
The ROS are generated during mitochondrial oxidative
metabolism as well as in cellular response to pathogens,
which act as signaling molecules and regulate various
physiological processes, including proliferation, differenti-
ation, apoptosis, and migration [6-8]. In addition, protein
and lipid oxidation by ROS is proposed as a crucial deter-
minant of brain health. Nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase is a complex that
produces ROS during the ischemic period, which is also a
major source of endogenous ROS that comes from mito-
chondria during the process of oxidative phosphorylation
to produce energy in the form of ATP [9]. NADPH
oxidase-generated ROS are also implicated in the develop-
ment of angiotensin II-dependent hypertension mediated
through the hypothalamic neurons [10]. In addition, ROS
are produced by intracellular membrane oxidases. Inflam-
mation is a source of ROS at the sites of tissue. It is im-
portant for cells to neutralize ROS before they can
damage cellular macromolecules. One mechanism by
which ROS are thought to exert their effects is through
the reversible regulation of target molecules such as
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protein kinase C, mitogen-activated protein kinase,
phosphoinositide-3 kinase (PI3K), tyrosine phosphatase,
and phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN) [11]. However, less is known about the
initial regulation of signaling molecules by ROS. Cellular
ROS metabolism is tightly regulated by a variety of pro-
teins involved in the redox mechanism.

Traumatic brain injury is a devastating neurological
injury associated with significant morbidity and mortal-
ity. The prevention of brain dysfunction in traumatic en-
cephalopathy is a public health concern because of a
lack of effective treatments. Several potential preventive
factors, including modifiable lifestyle factors such as diet,
have been suggested by epidemiological research [12]. It
has been demonstrated that dietary choices can play a
key role in the neuroprotection of traumatic encephalop-
athy [12]. However, the epidemiological analysis of the re-
lations between nutrient consumption and neroprotection
is complex, and it is unlikely that a single component
plays a major role. The complexity of human diet, espe-
cially the high synergistic or antagonistic correlation
among the effects of various nutrients and foods, makes it
difficult to examine their distinct effects. Because many
factors in life influence brain function, several interven-
tions might be promising in the prevention of brain dys-
function in traumatic encephalopathy. The main objective
of this article is to review the studies linking potential pro-
tective factors to pathogenesis of traumatic encephalop-
athy, focusing on the roles of polyunsaturated omega-3
fatty acids (PUFAs) and curcumin in the PI3K/AKT/
PTEN pathway. We will summarize the current research
into mechanisms by which several diet factors bind to the
interaction partners to transduce signals downstream and
the implications for the disease-associated biology.

Reactive oxygen species involved in the PI3K/AKT/PTEN
pathway and in neuronal disorder

Studies indicate that prevention of traumatic brain
injury-induced ROS production decreases blood—brain
barrier disruption, neuronal death, and microglial activa-
tion, which may have high therapeutic potential to re-
duce traumatic brain injury-induced neuronal death
[13]. In addition, a number of studies have demonstrated
an antioxidant role for tumor-suppressor proteins, acti-
vating the expression of some antioxidant genes in re-
sponse to oxidative stress. Tumor-suppressor genes
regulate diverse cellular activities, including DNA dam-
age repair, cell cycle arrest, cell proliferation, cell differ-
entiation, migration, and apoptosis [14]. PTEN is a
tumor-suppressor gene that is frequently deleted or mu-
tated in a variety of human cancers. It has been demon-
strated that upregulation of PTEN causes modulation of
PI3K/AKT signaling to reduce ROS generation in cells
[15]. Phosphatidylinositol 3,4,5-triphosphate (PIP3) is
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the major second messenger of the PI3K pathway that
mediates receptor tyrosine kinase signaling to the sur-
vival kinase AKT. PTEN negatively regulates the activity
of PIBK/AKT signaling by converting PIP3 to PIP2
(phosphatidylinositol 4,5-bisphosphate). Increased levels
of PIP3 at the membrane cause PH domain-containing
proteins such as AKT to co-localize, resulting in the
kinase-mediated phosphorylation and activation [16].
The activated AKT phosphorylates target proteins in-
volved in cell survival, cell cycling, angiogenesis, and me-
tabolism for neuroprotection (Figure 1). A role for PI3K/
AKT signaling in synaptic scaling is suggested by the find-
ings that inhibition of PI3K blocks homeostatic AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid)
receptor delivery to synapses [17]. A clear dissociation be-
tween AKT and ribosomal S6K signaling markers could be
involved in the brain pathological process [18]. The phos-
phorylation of presenilin 1 (PS1) downregulates its cell-
surface expression, which leads to an impaired activation
of the PIBK/AKT cell survival signaling. The PS1 also reg-
ulates induction of hypoxia-inducible factor-1a [19]. Ac-
cordingly, the abnormal activation of glycogen synthase
kinase-3-beta (GSK3p) can reduce neuronal viability [20].
In other words, selective downregulation of the AKT con-
current with elevated GSK3p activity may be linked to
brain dysfunctional pathogenesis [21]. Recently, it has
been shown that AKT activation may play a therapeutic
role in neurodegenerative diseases [22,23].

The tumor suppressor PTEN, which antagonizes the
PI3BK/AKT pathway, has been recognized to play a key
role in neural functions. Its level has been found to be re-
duced in Alzheimer’s disease (AD) brains [23,24]. PTEN
negatively regulates the activity of PI3K/AKT signaling by
converting PIP3 to PIP2. The PIP3 is the principal second
messenger of the PI3K pathway that mediates receptor
tyrosine kinase signaling to the survival kinase AKT. In-
creased levels of PIP3 at the membrane cause PH domain-
containing proteins such as AKT and PDK-1 to co-localize,
resulting in the kinase-mediated phosphorylation and acti-
vation [16]. Schematic structures of the AKT and PTEN
protein are shown in Figure 2. The activated AKT phos-
phorylates target proteins involved in cell survival, cell
cycling, and metabolism. Cell cycle mediators affected by
AKT and PTEN include the forkhead transcription fac-
tors and GSK3 [25,26]. PTEN acts as a regulator of
maintaining basal levels of PIP3 below a threshold for
those signaling activation. PTEN also plays an import-
ant role in the induction of apoptotic cell death signals
in cells when cells lose contact with the extracellular
matrix [27]. Presenilins may play an important role in
signaling pathways involving PI3K/AKT and PTEN that
are crucial for physiological functions and the patho-
genesis of AD [28]. PTEN may also be involved in a
disease state such as Parkinson’s disease [29].
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Figure 1 Schematic representation and overview of PTEN/PI3K/AKT signaling and a model of the mechanism of peroxisome
proliferator-activated receptor (PPAR) action. Similar to other nuclear hormone receptors, PPARs act as a ligand-activated transcription factor.
PPARs, in response to ligand binding, hetero-dimerize with retinoid-X-receptor (RXR) and bind PPAR response element (PPRE) DNA sequences in
the promoters of target genes, including PTEN. The uncontrolled generation of reactive oxygen species (ROS) might contribute to cell
proliferation by inhibiting PTEN function. Examples of molecules known to act on the PTEN/PI3K/AKT regulatory pathways are also shown; these
molecules may relate to the function of presenilin. Hammerheads mean inhibition. Some critical pathways have been omitted for clarity. GSK3,
glycogen synthase kinase-3; HDM2, human homologue of murine mdm2; HIF-1q, hypoxia-inducible factor-1a; IKK, kB kinase; MAPK, mitogen-
activated protein kinase; mTOR, mammalian target of rapamycin; NF-kB, nuclear factor-kappa-B; NOS, nitric oxide synthase; PI3K, phosphoinositide-
3 kinase; PTEN, phosphatase and tensin homologue deleted on chromosome 10; PUFA, polyunsaturated fatty acid; RA, retinoic acid; TSC, tuberous
sclerosis complex; TSP1, thrombospondin 1; VEGF, vascular endothelial growth factor.
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Potential therapeutic approach for cellular protection via
the modulation of PI3K/AKT/PTEN pathway

A wide variety of compounds have been identified as per-
oxisome proliferator-activated receptor (PPAR) ligands.
The n-3 PUFAs have a beneficial effect on most of the
metabolic risk factors by regulating gene transcription fac-
tors, including PPARa and PPARYy [30]. Treating cells with
the insulin-sensitizing drug pioglitazone, a PPARy agonist,
attenuates the ROS signaling pathway [31]. Correcting in-
sulin signal dysregulation in traumatic brain injury may
also offer a potential therapeutic approach. A schematic
protein structure of the PPARs is shown in Figure 2.
Ligand-activated PPARs bind as heterodimers with the
retinoid X receptor (RXR) on PPAR response elements,
which are present in the promoter regions of the respon-
sive genes [32] (Figure 1). Retinoic acid also affects a
broad spectrum of physiological processes, including cell
growth, differentiation, morphogenesis, reproduction, and
development [33], through the action of two types of
receptors: the retinoic acid receptors (RARs) and the
RXRs. The transcriptional control by the PPAR/RXR
heterodimer also requires interaction with co-regulator
complexes [34]. Thus, selective action of PPARs in vivo
results from the interplay at a time point of each of the
co-factors available. A number of PPAR target genes

have been characterized. Combined treatment with ag-
onists for the heterodimeric binding partners of PPARy
and the RXRs shows additive enhancement of the
amyloid-beta (AP) uptake that is mediated by RXRa ac-
tivation [35]. Simultaneous activation of the PPARy/
RXRa heterodimer may prove beneficial in prevention
of traumatic brain injury. Furthermore, PPARy repre-
sents a signaling system that can intercede to restore
neural networks [36]. It has been reported that oral
administration of the RXR agonist, bexarotene, to a
mouse model of AD results in enhanced clearance of
soluble AP [37]. Furthermore, bexarotene stimulated
the rapid reversal of cognitive deficits and improved
neural circuit function. Accordingly, RXR activation
may stimulate physiological AP clearance mechanisms.
Activated PPARs upregulate expression of PTEN
(Figure 1). Type-2 diabetes is characterized by dimin-
ished pancreatic (-cell function. Insulin signaling
within the p-cells has been shown to play an important
role in maintaining the function of the B-cells. Under
basal conditions, enhanced insulin-PI3K signaling via
deletion of PTEN leads to increased [-cell mass [38].
Mice with PTEN deletion in pancreatic cells show an
increase in the B-cell mass because of both increased
proliferation and reduced apoptosis. In particular, the
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Figure 2 Schematic structures of human PPAR, AKT1, and PTEN protein. The predicted consensual domain structures for each protein are
depicted. The sizes of protein are modified for clarity. C2 domain, a structural domain involved in targeting proteins to cell membranes; PDZ, a
common structural domain in signaling proteins (the abbreviation stands for PSD95, Dlg, ZO-1); PPAR, peroxisome proliferator-activated receptor,
PTEN, phosphatase and tensin homologue deleted on chromosome 10.
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relationship between PTEN function and adipocyte-
specific fatty acid-binding protein FABP4 is of interest
in B-cell signaling [39]. The interaction of PTEN to
FABP4 suggests a role for this phosphatase in the regu-
lation of lipid metabolism and cell differentiation [40].
Tissue-targeted deletion of PTEN leads to improved
insulin sensitivity in the insulin-responsive tissues and
protects from diabetes [41]. On the other hand, ligands
of PPARs are used as oral anti-diabetics [42]. The
PTEN is ubiquitously expressed throughout early em-
bryogenesis in mammals [43]. Interestingly, rosemary
extract represses PTEN expression in K562 leukemic
culture cells [44]. The schematic structure of the
PTEN protein is also shown in Figure 2. PTEN protein
consists of N-terminal phosphatase, C-terminal C2,
and PDZ (PSD-95, DLG1, and ZO-1) binding domains.
The PTEN CX5R(S/T) motif resides within an active
site that surrounds the catalytic signature with three
basic residues, which are critical for PTEN lipid phos-
phatase activity. The structure endows PTEN with its
preference for acidic phospholipid substrates such as
PIP3. Neuroprotection by inhibiting PTEN has been
reported by activating the anti-apoptotic PI3K/AKT
pathway in primary neurons [45-47].

Some diets may contribute to neuroprotective effects

Curcumin, a component of turmeric, potently lowers Ap
levels in a dose-dependent manner. Furthermore, in vivo
studies indicated that curcumin was able to reduce Ap-
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Figure 3 Implication of certain diets in neuroprotection via
modulation of the function of PPARs, PTEN, AKT, and
presenilin. AD, Alzheimer’s disease; DHA, docosahexaenoic acid;
EPA, eicosapentaenoic acid; PPAR, peroxisome proliferator-activated
receptor; PTEN, phosphatase and tensin homologue deleted on
chromosome 10.
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related pathology in mouse models via unknown molecu-
lar mechanisms [48]. In addition, curcumin can improve
structure and plasticity of synapse and enhance their
learning and memory abilities [49]. The protective effect
of curcumin is associated with a significant attenuation in
the expression of interleukin-1b, a pro-inflammatory cyto-
kine [50]. Curcumin also reverses the induction of
aquaporin-4, an astrocytic water channel implicated in the
development of cellular edema after brain trauma [50].
Curcumin blocks IL-1b-induced aquaporin-4 expression
in cultured astrocytes by reduced activation of the p50
and p65 subunits of nuclear factor-kappa-B. Interestingly,
curcumin enhances synaptic plasticity and cognitive func-
tion after fluid percussion injury in rats [51], suggesting
that curcumin may represent a potent therapeutic agent
that exerts multiple beneficial effects after traumatic brain
injury. It is suggested that the neuroprotection of
curcumin might be mediated via PI3K/AKT signaling
pathway [52]. Dietary treatment with curcumin, fish oil, or
a combination of both has the potential to improve c-Jun
N-terminal kinase signaling, phospho-tau pathology, and
cognitive deficits in AD [53].

Genistein, a phytoestrogen present in high concentra-
tions in soy, also downregulates presenilin via the inhib-
ition of ubiquilin 1 expression in lymphoid cells [54].
Genistein has potent anti-tumor activity in various can-
cer cells. In addition to the inhibition of tyrosine kinases,
genistein has a strong estrogen-like effect, which is also
beneficial for the plasticity of AD [55]. Genistein poten-
tiates the anti-cancer effects of gemcitabine in human
osteosarcoma via the downregulation of the Akt pathway
[56]. Resveratrol also appears to be beneficial as an anti-
AD agent [57-60]. Resveratrol treatment also prevented
the pro-inflammatory effect of fibrillar Ap on macro-
phages by potently inhibiting the effect of AB [61]. The
n-3 PUFAs are a family of biologically active fatty acids,
which have a range of physiological roles that relate to
optimal cellular functions. The simplest member of this
family, a-linolenic acid, can be converted to the biologic-
ally more active long-chain n-3 PUFAs such as eicosa-
pentaenoic acid and docosahexaenoic acid. Several
works have led to the identification of various PPAR
ligands that include the n-3 PUFAs [62,63]. In addition,
linoleic acid and y-linolenic acid could bind PPARS very
well [64]. All distinct PPAR subtypes, PPARs (a, B, and Y),
share a high degree of structural homology with other
members of the superfamily in the DNA-binding domain
and ligand-binding domain. PPAR-ligands are emerging as
potential therapeutics for inflammatory and other meta-
bolic diseases. The use of n-3 PUFAs has been shown as a
possible preventive measure for AD [65-68]. Retinoic acid
affects a variety of physiological processes through the ac-
tion of RAR and RXR. Stimulation of the RARa signaling
pathway offers therapeutic potential by clearing A for the
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treatment of AD [69]. Retinoic acid plays a key role in the
adult brain by participating in the homeostatic control of
synaptic plasticity and is essential for memory function.
Retinoids are vitamin A derivatives involved in cellular
regulatory processes, including cell differentiation and
neurite outgrowth, which may also influence AP process-
ing [70]. Thus, neuroprotecton could be performed by
certain diets (Figure 3).

Perspective

Increased ROS can enhance insulin signaling to attenu-
ate the development of insulin resistance. The enhanced
ROS-dependent insulin signaling is attributable to the
oxidation and inhibition of PTEN. In patients with
traumatic brain injury, nutritional status may result in
changes in the biochemistry indicators. Curcumin, retin-
oic acids, and n-3 PUFAs are considered to exert the
effects at several cellular levels. In addition, diet usually
consists of complex combinations of lipids or nutrients
that might act synergistically or antagonistically. One of
the pleiotropic properties of these foods could explain
their disease-protective potentials, which could be medi-
ated through modulation of PISK/AKT/PTEN pathway.
As PTEN is induced by the activated PPARs, this may
also offer a potential therapeutic modality for the treat-
ment of those PTEN-related diseases. These key mole-
cules may be regulated at multiple levels, including
transcription, protein stability, and phosphorylation. So,
precise understanding of these regulations is crucial for
therapeutic intervention and the effective design of novel
therapeutics. In addition to showing the antioxidant stra-
tegy of scavenging the initiating radicals in the injured
brain tissue, recent work has shown that carbonyl scaven-
ging compounds can also act to protect cellular proteins.
Further mechanistic studies are needed in order to eluci-
date the precise molecular mechanisms and to determine
whether an adequate dietary intake is related to improved
brain function and to determine the role it plays regarding
the preservation of brain health. Long-term clinical stu-
dies are obligatory to enlighten the effect of treatment in
the management of traumatic brain injury.

Note: This article is part of a series on Traumatic Brain Injury,
edited by Robert Stern. Other articles in this series can be found

at http://alzres.com/series/traumaticbraininjury.
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