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Recently, the role of food and nutrition in preventing or delaying chronic disability in the elderly population has received great
attention. Thanks to their ability to influence biochemical and biological processes, bioactive nutrients are considered modifiable
factors capable of preserving a healthy brain status. A diet rich in vitamins and polyphenols and poor in saturated fatty acids has
been recommended. In the prospective of a healthy diet, cooking methods should be also considered. In fact, cooking procedures
can modify the original dietary content, contributing not only to the loss of healthy nutrients, but also to the formation of toxins,
including advanced glycation end products (AGEs).These harmful compounds are adsorbed at intestinal levels and can contribute
to the ageing process.The accumulation ofAGEs in ageing (“AGE-ing”) is further involved in the exacerbation of neurodegenerative
and many other chronic diseases. In this review, we discuss food’s dual role as both source of bioactive nutrients and reservoir for
potential toxic compounds—paying particular attention to the importance of proper nutrition in preventing/delaying Alzheimer’s
disease. In addition, we focus on the importance of a good education in processing food in order to benefit from the nutritional
properties of an optimal diet.

1. Introduction

Ageing is a major risk factor for chronic disease. Progressive
decline of biological functions can render the organism
more susceptible to endogenous or exogenous triggers,
exacerbating pathological conditions. Among the age-related
diseases, cognitive fragility and dementia remain the more
debilitating, with a pronounced impact on public health costs
arising from the need for long-term care management.

Policies that allow for the effective management of
dementia include better coordination between health and
long-term care services. However, the main goal should be
to adopt proper strategies to preserve cognitive status and/or
delay cognitive deterioration.

The degree of disability, including cognitive fragility,
depends not only on genetic susceptibility, but also on
lifestyle, environment, and triggers to which one is exposed
[1, 2]. Appropriate lifestyle behaviours, including good nutri-
tion and physical activity throughout life, are the first steps
in preventing chronic diseases and disabilities in old age

[2, 3]. Today it is well recognised that certain nutrients
derived from the diet, including polyunsaturated fatty acids
and polyphenolic compounds contained in fruits and veg-
etables, can dramatically impact the ageing brain, possibly
leading to improved cognition and motor abilities. All these
compounds exert potent antioxidant and anti-inflammatory
activity. However, their potential for improving cognition
is not limited to their antioxidant properties, as they also
involve specific molecular and cellular processes that support
brain plasticity [4]. For example, neuronal plasticity improve-
ment by omega-3 intake was found to be mediated by the
upregulation of brain-derived neurotrophic factor (BDNF)
[4, 5].

Although a healthy diet takes into account different
types of food as sources of bioactive nutrients able to pre-
serve biological functions and prevent disease development,
the contribution of different food processing and cooking
methods is often poorly considered. Indeed, the technical
manipulation of raw materials, industrial processing, and
storage and cooking methods can modify food’s original
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contents. This contributes not only to the loss of healthy
nutrients, but also to the formation of toxins—including
advanced glycation end products (AGEs) [6].

Thus, this work reviewed the impact of nutrition on
Alzheimer’s disease, the most common type of dementia,
reporting knowledge on both the contribution of bioactive
nutrients in preserving an active and healthy cognitive
state, as well as the detrimental effects of dietary-glycotoxin,
derived from food processing and cooking methods. In
addition, we focus on the importance of a good education
in processing food in order to benefit from the nutritional
properties of an optimal diet.

2. Alzheimer’s Disease

Today, nearly 46.8 million worldwide people developed
dementia, and the incidence is expected to rise in the
coming years, with 74.7 million cases estimated to occur
in 2030 and 131.5 million in 2050. After the age of 65, the
risk of developing dementia doubles every five years, and
Alzheimer’s disease (AD) affects one in four people aged
85 and over [7]. Alzheimer’s disease is a neurodegenerative
disorder characterised by progressive global deterioration
in intellect, which affects memory, thought, learning, ori-
entation, language, comprehension, and judgment, as well
as behaviour and the ability to perform everyday activities.
The major pathological hallmarks of this disease include
accumulation of protein deposits in the brain as beta-amyloid
(A𝛽) plaques and neurofibrillary tangles [8, 9]. In addition,
an AD brain exhibits constant evidence of oxidative stress-
mediated injury and widespread inflammation [10].

Alzheimer’s disease is a disorder of late life; however,
there are families in which AD is inherited as an autosomal
dominant disorder ofmidlife. Less than 1%of cases are caused
by specific mutations in three genes, which code for amyloid-
precursor protein (APP), Presenilin 1 and Presenilin 2, all
linked to amyloid-beta metabolism [9].

AD has to face two major challenges: the delay in
the diagnosis and the lack of neuroprotective or curative
pharmacological treatment. In fact, AD is recognised only
in the late stage when cognitive symptoms appear, and cur-
rently approved drugs only provide modest and temporary
relief for symptoms such as memory loss. Today, it is well
accepted that a prodromal phase ranging from 10 to 20 years
precedes the symptomatic state. During this long period,
many biochemical changes occur in the brain, anticipating
cognitive impairment. In this preclinical phase, preventive
strategies, such as dietary modification and nutritional sup-
plementation, might reduce the global burden of AD. One
of the first links between dietary intake and incidence of
AD is represented by a large prospective population-based
cohort study (Rotterdam study) that reported an associated
lower risk with the use of cholesterol-lowering statin drug
[11]. The association of dietary fats with plasma cholesterol
levels is highly relevant because cholesterol is involved in
both generation and deposition of A𝛽 [12]. Furthermore, the
protein product of APOE-𝜀4, a recognised genetic risk factor
for AD, is the principal cholesterol transporter in the brain. In

fact, many epidemiologic data suggest that nutritional intake
can influence the development and progression of AD [13].

3. Positive Effects of Dietary Nutrients in
Preventing Cognitive Deterioration

A nutritional approach to prevent, delay, or halt the progres-
sion of AD is considered to be a promising strategy and has
therefore been widely explored [14, 15].

3.1. Polyunsaturated Fatty Acids. Numerous studies have
investigated the effects of polyunsaturated fatty acids
(PUFAs) in preventing and/or slowing AD. The potential
PUFA dietary intervention to prevent neuronal loss and
cognitive decline stems from evidence that PUFAs are critical
components of neuronal cell membranes, maintaining
membrane fluidity, which is essential for synaptic vesicle
fusion and neurotransmitter communication within neural
networks. The n-3 long chain PUFAs (n-3 LCPUFAs),
which mainly include omega-3, docosahexanoic acid
(DHA), and eicosapentaenoic acid (EPA), regulate neuronal
membrane excitability and improve the capacity for neuronal
transmission in healthy subjects, thus enhancing learning
and memory [16]. Furthermore, DHA, whose high levels in
brain indicate its essential role in this organ, is also involved
in mood and emotional state, locomotor and exploratory
activities, and cognitive functions [17].

In addition, n-3 LCPUFAs modulate the inflammatory
processes by acting at the immune system level in many
different ways through (i) the regulation of cytokines and
chemokines expression, (ii) the decrease of prostaglandins
and eicosanoids, and (iii) the induction of proresolutive
factors, resolvins, and protectins that are involved in the
resolution of inflammation [5, 17, 18]. EPA, DHA, and their
bioactive mediators exert their anti-inflammatory effects not
only in the periphery [19] but also at the brain level [20]. Inter-
estingly, Freund Levi et al. [21] demonstrated that a diet rich
in n-3 LCPUFAs significantly increased DHA levels in the
brain, suggesting thatDHAandEPAdietary supplementation
might directly influence neuroinflammatory pathways [20].

Numerous observational studies have highlighted a pos-
sible association between dietary intake of fish and n-
3 LCPUFA and a lower risk of dementia, including AD
[13, 22, 23]. On the other hand, it has to be stressed that
studies finding limited or no clinical benefit of PUFAs on
cognitive improvement in AD patients were also reported
[24, 25]. For example, Chiu et al. [26] have demonstrated
in a double-blind placebo-controlled study that omega-3
monotherapy improved cognitive performance only in Mild
Cognitive Impairment (MCI) patients but not in AD group.
The reasonswhy no effect of omega-3 treatment was observed
in patients with moderate or advanced AD could be due
to the relatively short duration of the supplementation,
the daily dose used, the source and the origin (fish ver-
sus vegetable oil) of n-3 LCPUFA, the dietary history of
the patients, and the cognitive function assessed [18, 27].
Therefore, Hooijmans et al. [28] performed a meta-analysis
study on the effects of long-term omega-3 supplementation
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in AD animal models, confirming its well-recognised effect
in restoring cognitive performance. In particular, long-term
omega-3 supplementation decreased omega-6/omega-3 ratio,
reduced the amount of beta-amyloid, prevented neuronal
loss, and improved cognitive function in AD animal models.
Furthermore, the effects of DHA in reducing A𝛽 production
in in vitro study and AD animal models have been also
widely demonstrated [29, 30]. The mechanism involved in
the DHA-induced reduction in A𝛽 may be due to multiple
effects: changing in lipid raft structure, alterations in APP
processing, and induction of antiamyloidogenic chaperones
for APP [31]. Data accumulated so far strongly suggest that
the optimization of brain lipid profile might translate into a
realistic strategy to enhance cognitive performance and/or
to prevent neurodegenerative disorders. Therefore, in the
years to come, research effort has to be devoted to define
the optimal lipid dietary intake for the ageing brain and who
might benefit the most from it [17].

3.2. Vitamins. Vitamins are potent antioxidants.Their poten-
tiality in maintaining healthy cognition and preventing cog-
nitive decline rises by the fact that the brain is particularly
susceptible to oxidative stress damage. The brain is a major
metaboliser of oxygen, accounting for 20% of the body’s
consumption, and has relatively feeble protective antioxidant
mechanisms. In addition, it contains a large amount of
polyunsaturated peroxidisable fatty acids, along with high
levels of iron that act as a prooxidant. A free radical-enriched
environment in the brain contributes to the progressive
decline of cognitive abilities, exacerbating dementia. Vitamin
E has been intensively investigated for its role in protecting
membrane phospholipids against peroxidation. Zandi et al.
[32] demonstrated that the use of vitamin E and vitamin
C supplements in combination with food is associated with
reduced prevalence and incidence of AD. A multicentre
clinical trial on vitamin E supplementation for patients with
moderate AD demonstrated that vitamin E slowed disease
progression, thereby reducing the risk of institutionalisation
[32, 33]. However, in another study, no significant differences
in progression of AD were found in the vitamin E group
compared to the placebo group [33]. This is probably due to
the different compositions of vitamin E supplements, which
often differ from the form of vitamin E found in the diet.
Vitamin E refers to a group of fat-soluble compounds that
include eight chemical forms. Among them, 𝛾-tocopherol
and 𝛼-tocopherol are the most abundant in the diet, and 𝛼-
tocopherol is also the one that exerts antioxidant properties
[34]. In this context, Grimm et al. [35] demonstrated that 𝛿-
tocopherol, but not 𝛼-tocopherol, increased the level of A𝛽
by enhancing its production and decreasing its degradation,
worsening the pathology. Another critical issue to solve is the
optimal dose of vitamin E required to prevent or delay AD.
Therefore, more clinical trials are needed to define the proper
vitamin E composition and dosage in the treatment of this
pathology.

Vitamin D might also have an association with AD.
Observational studies offer good evidence that low vitaminD
concentration is a risk factor for developing AD, because its

concentrations have been found inversely correlated with its
risk [36]. Thus, wishing to reduce risk of AD, the Endocrine
Society recommendations of keeping vitamin D3 concentra-
tions above 75 nmol/L [36, 37] should be considered.

Furthermore, polymorphism of the vitamin D receptor
(VDR) and altered vitamin D signalling have been found
to predispose to AD development or AD-like neurodegen-
eration [38]. Interestingly, in the transgenic 5xFAD (Tg)
mice, an animal model of AD, five months of vitamin D3
supplementation enhanced learning and memory [39]. This
treatment has been demonstrated to induce the expression of
proteins involved in the immune and inflammatory response,
neurotransmitter activity, and endothelial and vascular pro-
cesses, with a significant decrease of amyloid plaques and
astrogliosis. Recently, Gangwar et al. [40] suggested that vita-
min D supplementation induced significant improvement in
cognitive performances also in subjects with senile dementia.

Other vitamins, including vitamin A and the complex of
vitamin B, were found lower in plasma/serum of geriatric
patients with cognitive impairment [41, 42]. For their role
in homocysteine metabolism, the three B vitamins (B6,
B12, and folic acid) have been correlated with age-related
cognitive fragility [43]. Previous epidemiological studies on
vitamin B and cognitive status found that older people with
elevated homocysteine levels (hyperhomocysteinaemia) tend
to have lower vitamin B status, as well as lower cognitive
tests scores [44]. Possible correlations between vitamin A
and Alzheimer’s disease were reported in in vitro studies,
demonstrating an anti-beta-amyloid oligomerization effect of
vitamin A and beta-carotene [45]. However, more clinical
work is needed to identify the potential benefit from vitamin
A and/or complex B supplementation in AD patients.

3.3. Polyphenols. The beneficial role of dietary polyphe-
nols has been suggested as potential functional food can-
didates to prevent memory decline [46]. Polyphenols are
natural substances present in plants, fruits, and vegeta-
bles. Some polyphenols, such as epigallocatechin-3-gallate
(EGCG) found in green tea, 4-O-methyl honokiol found
in Magnolia officinalis, resveratrol contained in grapes, and
ginkgolide A found in ginkgo biloba, have been suggested
to provide protection against AD. Their effects may be due
to their antioxidant and anti-inflammatory properties, but
also by their modulation of enzyme activity and regulation
of intracellular signalling pathways and gene expression [46,
47].

In fact, polyphenols, especially flavonoids, can also mod-
ulate those neuronal signalling cascades altered with ageing
by acting on ERK/CREB pathway involved in synaptic plas-
ticity and long-term potentiation, improving learning and
memory in both animals and humans [48–51]. Flavonoid
supplementations can modulate specific signalling kinases
like CaMKII and ERK, controlling the activation of CREB
and the increased expression of BDNF and NGF at the brain
level [50–52]. In fact, these compounds also exert a protective
function in the hippocampus of middle age mice preserving
and promoting the spatial learning strategies. Recently also
Bensalem et al. [53] demonstrated that a polyphenol-rich
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extract from grape and blueberry (PEGB), with high contents
of flavonoids, can facilitate the use of spatial strategies in
both adult and middle-aged mice. In these animals PEGB
supplementation was able to improve learning performance
by restoring CaMKII mRNA levels and increasing NGF
expression exactly in the hippocampus. It is noteworthy that
this is the first nutritional intervention that, even if with amix
of different polyphenols at low doses, shows a rescue effect on
those specific memory deficits [53].

Furthermore, Ono et al. [54] have further corroborated
the relevance of polyphenol supplementation for AD pre-
vention. He demonstrated that wine-related polyphenols,
including myricetin, quercetin, and kaempferol, inhibited
A𝛽 oligomer formation in a dose-dependent manner from
fresh monomeric A𝛽, as well as destabilised preformed A𝛽
oligomers in in vitro experiments. Resveratrol, another wine-
related polyphenol abundant also in berries, protects neu-
rons against A𝛽-induced toxicity and attenuates behavioural
impairment in rats [55]. Again, green tea’s polyphenols,
EGCG and epicatechin (EC), showed their neuroprotective
effects throughout the free radical scavengers on in vitro
oxidative stress and in neurotoxicity cellular models [56, 57].

Curcumin also has a potential role in the prevention and
treatment of AD. The biophenolic curcumin, isolated as the
active yellow component ofCurcuma longa, has a long history
of use in traditional Asian medicines for its potent anti-
inflammatory, antioxidant, and anticancer activities [58].
In AD animal models, curcumin reduced proinflammatory
cytokines, oxidative damage, and beta-amyloid production,
ameliorating cognitive deficits [59]. Zhang et al. [60] demon-
strated that macrophages derived from AD patients treated
with curcumin showed an improved uptake of beta-amyloid
when compared with untreated cells. In addition, curcumin
exerted an antiproliferative action onmicroglial cells prevent-
ing cytokine release. AlsoAmbegaokar et al. [61], using differ-
ent doses of curcumin in amixed colony of both neuronal and
glial rat cells, showed that curcumin stopped the proliferation
of neuroglial cells dose dependently, by differentiating them
intomature cells or inducing apoptosis, resulting in inhibiting
neuroinflammation. Furthermore, curcumin decreases the
lipoprotein oxidation and the free radicals formation in AD
and in other neurodegenerative disorders [62]. Because of its
lipophilic nature, curcumin crossed the blood-brain barrier
and reduced existing senile plaques, as demonstrated in
APPswe/PS1dE9 mice [63]. Curcumin reduces senile plaques
by binding with the A𝛽 oligomers, destabilising them and
preventing their extension [64]. However, further studies on
large populationwill be necessary in order to demonstrate the
effects of all these polyphenols in delaying or preventing AD.

4. Dietary-Advanced Glycation End Products
(d-AGEs) and Cognitive Decline

During the processing of foods, the temperature, the duration
of the heat treatment, and the food’s water content can drive
different biochemical reactions, transforming the original
content. At high heat administered for a long period of
time, we expect the loss of a high amount of water and the

degradation of heat-sensitivemicronutrients, such as vitamin
C, folates, and thiamine. In addition, higher temperatures
used for cooking induce a series of reactions that lead to the
characteristic smell, taste, and colour of the dish. Those reac-
tions are also involved in the formation of toxic secondary
products known as advanced glycation end products (AGEs).
AGEs are a heterogeneous group of compounds derived from
a nonenzymatic glycation of free amino groups of proteins,
lipids, or nucleic acids by reducing sugars and reactive
aldehydes [65]. They are also continuously formed in the
body as a part of normal metabolism under hyperglycaemic
and/or oxidative stress conditions [6, 65]. It is well known that
AGEs derived from the diet can highly contribute to the body
pool of AGEs and constitute a large amount of the total AGE
serum content. Since the half-life of AGEs is about double
the average of a cell’s life, their detrimental effects can persist
for a long time, especially in “long-lived” cells like nerve and
brain cells [66].Their toxic effects are related to their ability to
promote oxidative stress and inflammation by binding to cell
surface receptors or cross-linkingwith body proteins, altering
their structure and function [67, 68].

The most studied AGE receptor is RAGE, a single
transmembrane multiligand receptor that belongs to the
immunoglobulin superfamily [69]. RAGE receptors are
mainly expressed on vascular, endothelial, and smooth mus-
cle cells and on monocyte/macrophage membranes [69], but
also inmicroglia and astrocytes, as well as in neurons [70, 71].
Ligands of RAGE, apart from AGEs, include members of
the S100 protein family, proteins of the high mobility group
box-1 (HMGB1), prions, and amyloid-𝛽 peptides. RAGE is
implicated in the pathogenesis of several chronic diseases,
such as cardiovascular diseases, hypertension, and diabetes,
which are risk factors for AD, suggesting it might be the
molecular link that initiates a chronic positive feedback loop,
ultimately leading to AD etiology [69].

The interaction of RAGE receptors with AGEs induces
the activation of different intracellular cascades, which
involve the nuclear factor kB (NF-𝜅B) pathway and inflam-
matory mediators like tumour necrosis factor-𝛼 (TNF-𝛼),
interleukin-6, and C-reactive protein (CRP) [72]. All of
these pathways lead to increased oxidative stress and a
proinflammatory status.

Recently, different studies reported that an elevated serum
level of AGEs is associated with a faster rate of cognitive
decline [66, 73]. More specifically, increasing evidence in
the literature suggests that AGEs could be implicated in
the progression of Alzheimer’s, Parkinson’s disease, and
cerebrovascular dementia. In particular, RAGE seems to
be involved in AGE-induced oxidative stress and chronic
subclinical inflammation in the AD brain [74]. In fact,
RAGE is increased in the brains of AD patients and has
a role in regulating the transport of beta-amyloid across
the blood-brain barrier (BBB) [75]. In particular, RAGE
was found to act as cell surface receptor for A𝛽 [75, 76]
and promote the influx of circulating A𝛽 across BBB from
blood to brain, which is antagonized by LRP-1-mediated
efflux of A𝛽 [77, 78]. The interaction of AGEs with their
receptor (RAGE) activates also the proinflammatory pathway
via NF-kB. The neuroinflammation induced by AGEs can
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Figure 1: Involvement of diet and cooking methods in Alzheimer’s disease prevention.

establish a vicious circle, whereby the overregulation of
RAGE potentially increases A𝛽 influx across the BBB, leading
to an accumulation of A𝛽 in the brain [79]. Furthermore,
in the last years, a newly role of RAGE is emerging in
microglia activation. This can have some implication in AD
pathogenesis [80]. In fact, the interaction of RAGEwithA𝛽 in
activated microglia can initiate a cascade of events, resulting
in sustained generation of toxic mediators and, ultimately,
exacerbating neuroinflammation and leading to neuronal
loss [69].

Recently, Perrone et al. [81] also presented evidence for
a novel RAGE-mediated signalling in AD, which leads to
the expression of thioredoxin interacting protein (TXNIP) in
various cell types, promoting inflammation [81, 82]. TXNIP
binds to thioredoxin (TRX) and inhibits its antioxidant
activity, leading to oxidative stress [83]. Among the many
proteins under the redox control of TRX, the pleiotropic p53
was found peculiarly nitrated at its tyrosine residues in AD
blood cells [84], suggesting that alteration of RAGE-TXNIP
axis can have different downstream effects, contributing
to the complexity of the disease. Notably, both TXNIP
and RAGE may exacerbate injury and inflammation when
chronically activated, while they mediate neuronal repair
when transiently expressed [81–83]. Therefore, the RAGE-
TXNIP axis participates in AD progression by activating a
concerted action of oxidative stress, inflammation, vascular
dysfunction, and neurodegeneration. Thus, inhibition of

chronic activation of RAGE and TXNIP might efficiently
provide neuroprotection in AD [82].

Differently from RAGE, a protective role has been
ascribed to its secreted isoform, sRAGE. sRAGE lacks the
transmembrane domain and is present in human plasma,
functioning as a “decoy,” binding A𝛽 in plasma and prevent-
ing neurotoxic or proinflammatory responses of RAGE–A𝛽
interaction in microglia and neurons [77, 85].

In addition, some authors have proposed an involvement
of the imbalance in AGE clearance in AD pathology. The
serum level of AGEs is the result of their endogenous
production, exogenous dietary intake, and renal clearance.
Several enzymes (glyoxalase I and II and carbonyl reductase)
and a specific receptor (AGER1) are also involved in the
detoxification system against the prooxidant effects of glyca-
tion [67, 68]. Interestingly, in the early stage of AD, glyoxalase
I is upregulated in order tomaintain 𝛼-oxoaldehyde products
at a physiological level, while in the late stage the enzyme
is decreased. The correlation between AGE deposits and
glyoxalase I expression has been further demonstrated in
both age- and AD-affected brains [86].

Food, as both source of bioactive nutrients and reservoir
for potential toxic compounds, can have a dual role in AD
pathology (Figure 1). All these findings indicate that AGEs
can be considered as dietary risk factors not yet recognized
and important pathogenic mediators involved in AD. The
discovery of natural or pharmacological AGE inhibitors and
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the adoption of an AGE-restricted diet might be further new
challenges, in order to promote a healthy ageing status and
prevent cognitive decline exacerbation.

5. Dietary AGEs and Alzheimer’s Disease:
Association or Causality

Since Uribarri and colleagues investigated AGE content in
more than 500 dietary compounds [87, 88], cohort studies,
investigating how defined dietary patterns affect AD inci-
dence,may be revisited to extrapolate the correlation between
dietary AGE content and AD progression. Perrone and Grant
[89] in a very interesting ecological and observational study
demonstrated that both the Mediterranean diet (MeDi) and
the traditional Japanese diet help in preventingAD. Although
the traditional Japanese diet differs markedly from theMeDi,
it is also low in meat and dairy products, which contain a
high level of AGEs, suggesting a strict correlation among
lower meat intake, poor AGEs dietary, and reduced risk to
develop AD [36, 89]. In Japan, the nutritional transition from
the traditional Japanese diet to the Western diet in the last
25 years has led to an improved meat consumption with
enhancement of meat-AGEs from 24% to 52% of the total
dietary AGEs, while the AD prevalence increased from 1%
to 7% in people over 65 years [89–92]. However, whether the
increase of Japanese AD cases could be due to the enhance-
ment ofmeat consumption still has to bewell clarified. In fact,
it cannot be excluded that in the different examined cohort
studies other risk-modifying factors (trace minerals in the
brain [93], obesity rates [94], vitamin D concentrations [95],
physical activity levels [96], and alcohol consumption rates
[97]) could be also changed.

To evaluate whether dietary AGEs contribute to AD
development or are just causally linked to risk of AD, Hill’s
criteria for causality in a biological system have been exam-
ined [89]. These criteria consider the strength of association,
consistent findings in different populations, temporality, bio-
logical gradient, plausibility (e.g., mechanisms), and exper-
iment (e.g., randomized controlled trials or animal model
studies) [89, 98]. In the context of dietary AGEs and AD
risk, several of Hill’s criteria have been satisfied and clearly
indicate that AGEs,mostly in associationwith increasedmeat
consumption, can be considered risk-modifying factors for
AD pathology [36, 89].

6. Good Tips for a Healthy Low-AGE Diet

Many studies have demonstrated that a high-AGE diet pro-
motes oxidative stress and increases proinflammatory mark-
ers in chronic conditions and neurodegenerative diseases.
The potential benefits of a restricted AGE diet are promising
and could offer a simple alternative therapy in the prevention
and treatment of these conditions. Over the past decade,
several clinical trials have been performed demonstrating
that the application of an AGE-restricted diet reduces not
only the systemic levels of AGEs but also the levels of markers
of oxidative stress and inflammation [87, 88]. The first line
of action is to implement the use of food with the lowest

AGE content—mainly food composed of carbohydrates (e.g.,
starches, fruits, and vegetables) instead of full-fat cheeses,
meats, and highly processed foods. For the purpose of
estimating dietary AGE intake, a large database has been
published of the AGE content of the most common foods
[88]. Currently, no official recommendations exist regarding
the acceptable range or identifying the upper limit of dietary
AGE intake. Different studies have shown that the average
intake is nearly 15,000KU/day in healthy individuals [99].
Uribarri et al. [100] have proposed that half of the current
mean AGE intake, about 7,500KU/day, could be a very realis-
tic goal. A dietaryAGE (d-AGEs) reduction of thismagnitude
has been found to significantly alter the levels of circulating
AGEs and at the same time reduce levels of oxidative stress
and inflammation markers, enhancing insulin sensitivity in
diabetic patients [65–68]. One of the difficulties with diets
at lowest AGEs content is to maintain adequate content of
other nutrients, in addition to the quality of an appetizing and
tasty meal. For example, the ICARE clinical study performed
by Pouillart et al. [101] compared two realistic and similar
diets with different AGE levels to explore the possible health
impact of dietary AGEs. The low-AGE diet, achieved by
adjusting fat intake and increasing quantities of cooked
vegetables and steam-cooked food, reduced oxidative and
inflammatory markers in healthy subjects [100].

Cooking methods and the temperature used in cooking
are two variables for reducing dietary AGE intake. Meat and
meat-derived products processed using high, dry heat, such
as in broiling, grilling, frying, and roasting, aremajor sources
of d-AGEs. Alternative cooking methods, such as boiling and
stewing, allow daily d-AGEs ingestion to be reduced by up
to 50%, while still maintaining the same primary nutrients
[99]. Uribarri et al. estimated that a 90 g chicken breast
has an AGE amount of 1,000KU when boiled, while the
AGE content increases up to 9,000KU if broiled [100]. The
cooking time can also influence theAGE content.We recently
demonstrated that overcookingMediterranean pasta doubled
the methylglyoxal content, compared to the content achieved
with the suggested cooking time [102].

On the other hand, the sparing use of herbs, condiments,
and spices like curcumin, cinnamon, parsley, thyme, and
clove can prevent cooking-inducedAGE formation. Dearlove
and colleagues [103] demonstrated that polyphenols found in
culinary herbs like sage, marjoram, tarragon, and rosemary
are potent inhibitors of fructose-mediated protein glycation.
Spice extracts, such as cloves, ground Jamaican allspice,
and cinnamon, were also found to be glycation inhibitors,
and to a greater extent compared to herb extracts [103]. In
addition, AGE formation can be prevented by pretreating
meat with an acidic solution like vinegar or lemon juice,
which interfereswith the dramatic increase inAGE formation
during high heat exposure. For example, beef marinated
for one hour in such a solution formed less than half the
amount of AGEs during cooking than untreated samples
[100]. Many other antioxidant bioactive nutrients have been
demonstrated to have antiglycation activity. The inhibition
of glycoxidation has been showed for various polyphenols,
including quercetin, genistein, tannic acid, and gallic acid
[104, 105]. Therefore, the consumption of a polyphenol-rich
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diet may attenuate protein glycation to some extent, and the
addition of polyphenols can be useful in reducing undesired
glycoxidation in food processing.

7. Conclusion

Over two thousand years ago, Hippocrates coined the phrase,
“Let food be the medicine and medicine be the food.”
Today, thatmessage has been reinforced by rigorous scientific
evidence and observational and ecological studies. Food
scientists have demonstrated the peculiar value of specific
nutrients present in food for improving cognitive status and
preventing dementia. Furthermore, findings that secondary
products derived from cooked food can accumulate over
time in the body and represent potential risk factors for
Alzheimer’s disease have provided newfound awareness of
the importance of healthy cooking methods.

Currently, the effects of low-AGE diet in preserving
cognitive ability in AD progression are not clearly under-
stood yet. However, wishing that the reduction of dietary-
glycotoxins and the intake of bioactive nutrients in prevent-
ing/delaying AD will be confirmed, nutritional intervention
might be considered a promising strategy to reduce AD
prevalence.

Competing Interests

The authors confirm that this article content has no conflict
of interests.

Acknowledgments

This work has been supported by Ministry of University and
Research (MIUR) Grants PAN LAB PON A3 00166.

References

[1] P. Sebastiani and T. T. Perls, “The genetics of extreme longevity:
lessons from the new england centenarian study,” Frontiers in
Genetics, vol. 3, article no. 277, 2012.
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Abstract: Neurodevelopmental disorders (NDDs) are characterized by neuroanatomical abnormalities
indicative of corticogenesis disturbances. At the basis of NDDs cortical abnormalities, the principal
developmental processes involved are cellular proliferation, migration and differentiation. NDDs are also
considered “synaptic disorders” since accumulating evidence suggests that NDDs are developmental
brain misconnection syndromes characterized by altered connectivity in local circuits and between
brain regions. Microtubules and microtubule-associated proteins play a fundamental role in the
regulation of basic neurodevelopmental processes, such as neuronal polarization and migration,
neuronal branching and synaptogenesis. Here, the role of microtubule dynamics will be elucidated
in regulating several neurodevelopmental steps. Furthermore, the correlation between abnormalities
in microtubule dynamics and some NDDs will be described. Finally, we will discuss the potential use
of microtubule stabilizing agents as a new pharmacological intervention for NDDs treatment.

Keywords: neurodevelopmental disorders; microtubule; brain malformation; microtubule
stabilizing agents

1. Introduction

Neurodevelopmental disorders (NDDs) are a group of heterogeneous conditions linked to impaired
brain development leading to emotional, relational and cognitive deficits. They include different
pathologies, such as autism spectrum disorders, schizophrenia and epilepsy. Owing to the lack
of knowledge of the pathogenic mechanisms, no current therapy exists for rescue or prevention of
NDDs. Drugs currently used for NDDs are mainly symptomatic (antipsychotic medications combined
with psychosocial treatment), lack specificity and are often ineffective. NDDs are characterized
by neuroanatomical abnormalities that can include variation in total minicolumnar number in
the cortex [1–3], altered cortical folding [4], various cortical and subcortical heterotopias and
dysplasias; these abnormalities are indicative of corticogenesis disturbances, finally causing
disruption of cortical laminar architecture [5,6]. Several developmental processes are involved in
NDDs-linked altered cortical development, such as cellular proliferation, migration and differentiation.
Accumulating evidence sustains the concept of NDDs as “synaptic disorder” due to the alteration in
both local and global brain connectivity.

Data from post-mortem brains suggest altered neuron production and migration, disrupted
synaptogenesis of both excitatory and inhibitory synapses, leading to faulty assembly of microcircuitry
in multiple brain regions [7]. Microtubules (MTs) hold a fundamental role in regulating all the steps of
neurons and therefore brain development. In the present review we will discuss the importance of
MTs in neuron lifecycle regulation, how MTs genetic or functional alterations are linked to different
NDDs and the potential use of MTs stabilizing agents as new therapeutic approach in NDDs.

Int. J. Mol. Sci. 2017, 18, 1627; doi:10.3390/ijms18081627 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0001-6571-5910
https://orcid.org/0000-0002-8862-2896
http://dx.doi.org/10.3390/ijms18081627
http://www.mdpi.com/journal/ijms


Int. J. Mol. Sci. 2017, 18, 1627 2 of 25

1.1. MTs Role in Neuron Lifecycle

MTs are basic elements of the cytoskeleton composed of α- and β-tubulin heterodimers.
Together with actin microfilaments and intermediate filaments (called neurofilaments in neurons),
they constitute the cytoskeleton, the dynamic structure that gives the cell its shape and mechanical
resistance to deformation. α- and β-tubulin form linear protofilaments, the basis of MTs polar structure,
where β-tubulin monomer is pointing towards the fast growing “plus-end”, and α-tubulin is located at
the slower growing “minus-end” [8]. The MTs plus-end grows out from the centrosome and undergoes
rapid switches from growth to shrinkage (called “catastrophe”) and from shrinkage to growth (called
“rescue”) [9]. On the other hand, MTs minus-end is firmly attached to the centrosome. MTs are
distributed in the whole cell body and form a dynamic network that incessantly growth, retracts, warps
and breaks. Hence rather than providing cell rigidity, they have an important role in running dynamic
processes, including intracellular cargo transport along the axons and mitotic spindle formation;
these cellular events are completely dependent on MTs ability to be polymerized, depolymerized
and severed [10,11]. Indeed, they provide platforms for intracellular transport of secretory vesicles
and organelles. A schematic representation of MTs dynamics and trafficking is reported in Figure 1.
MTs are nucleated and organized by the centrosome, the main cytoskeleton-organizing center in
the cell. The centrosome has a crucial role for coordinating several steps of neuron formation and
maturation, such as proliferation, migration, and differentiation [12]. The centrosome is the main MTs
nucleation site in most animal cell, however MTs nucleation can occur also via centrosome-independent
processes [13]. In the phase of neuronal polarization, in particular during axon specification, MTs are
nucleated at the centrosome and regularly localized in all the cell neurites. Successively, at later stages
of neuronal development, MTs maintain their uniform orientation in the axon whereas they lose it
in the dendrites, where they acquire a mixed orientation. In this phase, acentrosomal MTs assembly
takes place. In particular, γ-tubulin has been demonstrated to play the role of MTs local nucleator in
developing neurons; it is present both in axon and dendrites and organizes the cytoskeleton during
neuronal differentiation and plasticity [14].
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formed centrosomes that coordinate the assembly and organization of the mitotic spindle [15]. Just after
division, neurons are often characterized by a multipolar morphology that only subsequently switches
to a bipolar morphology. This transition is caused by the asymmetric transfer of the centrosome
to the site in which a membrane protrusion (the leading process) is extended [16]. Following cell
proliferation, postmitotic neurons start to migrate to form the complex but highly specified cortical
structure, organized in six horizontal layers and vertically oriented minicolumns [17]. The two main
classes of cortical neurons are produced in different brain regions and migrate differently: projection
neurons originate in the cortical neuroepithelium (pallium) and migrate mostly along the radial axis to
cortical plate, whereas interneurons are produced in the basal telencephalon (ganglionic eminences)
and subsequently migrate mostly tangentially to their final cortical destination [18]. The overall
process of neuronal migration needs a high degree of cell motility and morphological flexibility; it
consists of four interrelated but independent biological events: polarization, protrusion, adhesion
and retraction [19]. The migration process is coordinated by both intracellular and extracellular
signaling mechanisms, the latter coming from the extracellular matrix (ECM). Centrosome, MTs and
actin play a critical role in regulating this cell event. As a first step the neuron needs to polarize in
a certain direction, forming a leading process, a cytoplasmic swelling and a trailing process. Then,
both the nucleus and the soma move following the leading process, that extends and retracts along
radial glial cells, the tracking guide of radially migrating neurons, by means of motor proteins.
The centrosome is localized between the nucleus and the leading process; nucleus and centrosome
are linked together by perinuclear MTs in a cage-like structure [20] that elongate also in the leading
process. Centrosome moves towards the leading process and carry the nucleus along the MTs network
(nucleokinesis). In particular, MT tip binding proteins adenomatous polyposis coli (APC) and MT actin
crosslinking factor 1 (MACF1) are crucial for centrosome forward movement and neuronal migration
in the developing neocortex. APC is a MT anchoring protein that, following glycogen synthase kinase 3
(GSK3) inactivation by liver kinase B1 (LKB1), localizes at the distal ends of MTs in the leading process
tip, and this consequently leads to MT stabilization [21]. MACF1 also interacts with GSK3 and mediates
MT stability [22]. Several proteins, called cytoskeletal motor proteins, regulate neuronal migration and
cellular cargos axonal transport by binding and moving along MTs. They include the dynein family,
proteins that move towards the minus-end of MTs (retrograde transport), and kinesin family, proteins
that move towards the MTs plus-end (anterograde transport). Lis1, together with NudE and NudEL,
is a dynein regulatory factor that stimulates dynein motor activity and pulls captured MTs and the
centrosome into the swellings that appear transiently within the leading process [12].

The ECM signals define the timing and the final destination positioning of migrating neurons.
Cytoskeleton and ECM work together to coordinate all the migration process steps. Failure to reach the
correct final positioning cause neuron ectopic localization leading to abnormal laminar cytoarchitecture
and cortical disorganization. This migration failure is at the basis of anatomical and functional defects
of several NDDs, including lissencephaly, schizophrenia, autism and intellectual disability [23].

During migration, most immature neurons polarize and develop an axon and several dendrites
from the leading and the trailing processes [24]. Differentiated neurons establish synaptic contacts by
means of axon and dendrites in order to create a complex and highly efficient functional connectivity
network. In the axon usually MTs are long and homogeneously oriented, with the plus-end towards
facing outward. On the contrary, in the dendrites MTs are oriented in both directions, have different
post-translational modifications and cytoskeletal density, other than MTs associated proteins [25].
Specific post-translational modifications, including acetylation, detyrosination and polyglutamilation,
occur after MTs polymerization and accumulate in a subgroup of more stable MTs in an age-dependent
manner [26]. Instead, tyrosination is a marker of more instable MTs [27,28]. The opposite action of
stabilizing proteins and MTs severing proteins maintain the dynamics of MTs [29,30]. Tau, a protein
of the MTs associated proteins (MAPs) family, belongs to the first group, whereas katanin and
spastin, proteins that promote MTs remodeling required for neurites outgrowth and branching, to
the second [25,31].
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MTs severing proteins cause local MTs disruption in axons and dendrites and play a role in MTs
rearrangements, necessary for neuronal differentiation and plasticity.

Synaptic activity also has emerged as one of the factors able to regulate MTs modifications [32].
In particular, dopamine has been shown to influence interneurons tangential migration by
redistributing cytoskeletal elements [33], and gamma-aminobutyric acid (GABA) has been
demonstrated to act as a chemoattractant for migrating neurons [34]. In this way, MTs modifications
are closely related to extracellular signals and intracellular cargo trafficking.

Proper regulation of MTs dynamics is essential for neuron functionality. Indeed, to function
properly neurons require a well stabilized MTs network and an efficient axonal transport system. If
these conditions are not satisfied, neurons degenerate [35]. Altered regulation of MTs dynamics
could have deleterious effects on cell viability; MTs can be considered as “biosensors” of
cellular wellbeing [36].

1.2. Pathways Involved in MTs Dynamics Regulation

MTs dynamics is spatially and temporally regulated by several pathways and MTs-interacting
proteins [11,23]. Here we will describe some of the pathways known to have a role in orchestrating
MTs dynamic remodeling.

Rho-associated coiled-coil kinase (ROCK) pathway is composed by two kinases: Rho-associated
coiled-coil kinase 1 and 2. ROCK phosphorylates several substrates, including the actin regulatory
proteins myosin light chain [37], the LIM kinases [38], and the intermediate filament proteins desmin [39]
and vimentin [40]; it plays essential roles in promoting actomyosin cytoskeleton contractility downstream
of RhoA and RhoC activation [41]. Furthermore, it regulates MTs acetilation by phosphorylating
the tubulin polymerization promoting protein 1 (TPPP1/p25) [42]. TPPP1 phosphorylation by
ROCK promote cell motility and migration. ROCK pathway plays vital roles during development
regulating several embryonic morphogenetic events, such as cell migration, differentiation, and
axis formation [43].

(aPKC)-Aurora A-NDEL1 pathway regulates MTs dynamics during neurite elongation [44].
The phosphorylation of Aurora A, an integral mitotic kinase, by an atypical protein kinase C
(aPKC), followed by phosphorylation and recruitment of NDEL1, is essential for neurite extension in
most-mitotic neurons [45].

Wnt-dishevelled pathway increases MTs stability in the axon and induces the formation of looped
MTs at enlarged growth cones by concomitant inhibiting Gsk3β and activating c-Jun N-terminal
kinase [46]. Gsk3, a major downstream component of the Wnt, is a critical kinase for MTs regulation
during neural development. Indeed it is present along the length of spindle MTs and regulates both
centrosome orientation and MTs spindle formation during cell division [47,48]. Gsk3 phosphorylation
on serine 9 by protein kinase B (PKB) causes its inactivation and consequent suppression of mitotic
chromosome movement; this leads to a prometaphase-like arrest [49]. Wnt signaling regulates many
developmental processes, including cell proliferation, specification, differentiation and migration.
It also regulates neuronal differentiation of cortical intermediate progenitors [49]. Li and colleagues
demonstrated that Wnt5, a morphogen of the Wnt protein family, is able to increase axon outgrowth
by creating and reorganizing dynamic MTs that form bundled array oriented in the direction of axon
extension [50]. Wnt5 gradients induce asymmetric redistribution of dynamic MTs toward the far side
of the growth cone and evoke calcium transfer. The Wnt/calcium signaling is mediated by tau, the MTs
associated and stabilizing protein, and has emerged to have an important role for MTs reorganization
during growth cone remodeling. Wnt, together with the Notch pathway, determines the cellular fate
during brain development; the alteration of these two pathways during neurodevelopment might
participate to the onset of focal cortical dysplasia (FCD). FCD is a disorder characterized by cortical
laminar disorganization, heterotopic white matter neurons, abnormal large neurons and balloon cells,
due to abnormalities of neuronal migration and differentiation [51].
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Reelin pathway has a key role in assembly of cortical cytoarchitecture. Reelin is an extracellular
molecule secreted by Cajal-Retzius cells that when binding to its receptors causes a series of
phosphorylated signaling cascade leading to MTs dynamics regulation. Reelin has a main role in
proper positioning of migrating neurons, indeed it promotes neuronal detachment from radial glial
cells [52]. Disruption in the Reelin signaling pathway causes disorganized cortical lamination in mice
and severe NDDs in human, such as lissencephaly and cerebellar hypoplasia [53], schizophrenia,
bipolar disorder and autism [54].

Notch pathway, a key regulator of neural stem cells and neural development, affects neuronal
migration by altering the morphology of migrating neurons. Notch signaling activation leads to
a bipolar morphology that favors migration. A cross-talk between Notch and Reelin pathways does
exist and is required for coordinating cortical neurons migration [55,56]. Notch pathway is a key
regulator of neuronal structural plasticity by remodeling cytoskeleton. Indeed, activation of Notch
pathway in primary cortical neurons results in reduced neurite branches and loss of varicosities, and in
increased α-tubulin acetylation and poly-glutamilation that reflect MTs stability [57]. Notch pathway
MTs remodeling effect is also mediated by spastin, indeed activation of Notch pathway reduces spastin
mRNA and protein levels, further increasing MTs stability [58]. These are dynamic events that can be
reversed by inhibition of Notch pathway.

NF-κB pathway, in addition to its role in regulation of immune and inflammatory response, acts
on neurons remodeling. NF-κB is composed by five intracellular subunits (p50, p52, c-Rel, p65 and
Rel-B) that, once activated, can form homo- or heterodimers and promote gene transcription [59].
Recently it is emerged a role for NF-κB pathway in neuronal structural plasticity regulation [60].
During development NF-κB signaling has a role in the control of axon initiation, elongation, guidance
and branching, and in the regulation of dendrite arbor size and complexity. In adult neurons it regulates
dendritic spine density. It has been demonstrated that dephosphorylation of NF-κB p65 subunit is
required for the BDNF-promoted neurite outgrowth [61]. Furthermore, lack of p50 subunit results in
reduced neurite branching and varicosities loss, and these events are Notch pathway-mediated [62].
In mice p50 knock-out cortical structure alterations have been found, with an increase in specific
layers’ thickness and impaired columnar organization [63]. The mechanisms through which NF-κB
exerts its role in cytoskeleton remodeling are still largely unknown, but it has been demonstrated
that MTs associated proteins MAP2 and MAP1B, essential proteins for neurites elongation, are NF-κB
transcriptional targets [64]. Moreover, a direct cross-talk between NF-κB and Notch pathways in
cortical neurons has been found [62].

2. MTs-Linked NDDs

The complex and plastic morphology of neurons, both during migration and during establishment
of their dendritic and axonal arbors to form synaptic contacts, implies a strictly regulated process of
cytoskeletal structuring. Therefore, it is consistent the causal link between deficiencies in cytoskeletal
protein-encoding genes and several NDDs. Mutations in genes encoding centrosomal proteins cause
severe NDDs that lead to several neuropsychiatric disorders, such as lissencephaly, microcephaly
and schizophrenia [12]. Also mutations in the various α- and β-tubulin genes, which encode for the
globular proteins that polymerize into MTs structures, have been associated to NDDs [65]. Here below
we will describe some of the neurological disorders that have been linked to alterations in MTs
regulatory genes.

2.1. Autism

Autism, more properly defined as autism spectrum disorders (ASD), comprises a heterogeneous
group of neurodevelopmental disorders characterized by deficits in social interaction, verbal and
non-verbal communication, restrictive interests and repetitive behaviors. ASD are characterized by
neuroanatomical abnormalities with alterations in minicolumnar and laminar cortical organization,
synaptic disorders and misconnection in neuronal brain circuitries. At the basis of several ASD-linked
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structural brain abnormalities, different MTs-associated gene mutations and alterations exist. A summary
of MTs regulatory protein and gene alterations associated with ASD has been reported in Table 1.

One of these is the ADNP mutation [66]; activity-dependent neuroprotective protein (ADNP)
is fundamental for brain formation and function, indeed it is involved in cell differentiation and
maturation. It is a member of the chromatin remodeling complex SWI/SNF also associated with tau
alternative splicing [66]. Illana Gozes and colleagues recently found an ADNP cytoplasmic interaction
with the MTs end-binding (EB) proteins [67]. The ADNP-belonging NAP neuroprotective peptide
binds directly MTs and is implicated in synaptic plasticity regulation, acting as neurotrophic factor.
Indeed, NAP is able both to bind EB1 to enhance neurite outgrowth and to bind EB3 to enhance
post-synaptic density 95 protein (PSD-95), thus modulating dendritic plasticity. It has also been shown
to recruit tau to MTs [68] hence promoting axonal transport [69].

Slit/Robo cell signaling pathway has been found altered in ASD patients [70]. It is composed by
three glycoproteins (Slit 1–3) that interact with the repulsive guidance transmembrane receptors Robo
(Robo 1–4). Slit/Robo pathway regulates cytoskeletal remodeling acting on dendritic branching and
axon pathfinding. In ASD patients increased expression of Slit 1 and decreased expression of the ABL1
and Cdc42 genes have been found. ABL1 is a kinase required for the activation of Cdc42, a component
of the Rho family of GTPases essential for neurite outgrowth [71].

Few years ago, Berg and colleagues found altered expression of Janus kinase and
microtubule-interacting protein 1 (JAKMIP1) in patients with distinct syndromic forms of ASD [72].
JAKMIP1 is expressed in both neuronal and lymphoid tissues and comprises two distinct functional
domains: a C-terminal regulatory region, and an N-terminal region that targets the protein to MTs
polymers; its overexpression in human cell lines profoundly perturbs MTs network inducing the
formation of tight and stable boundles [73]. It probably is involved in several cell dynamic processes,
such as polarization, segregation of signaling complexes and vesicle traffic. JAKMIP1 is a component of
polyribosomes and a ribonucleoprotein translational regulatory complex. JAKMIP1 loss dysregulates
neuronal translation during synaptogenesis altering glutamatergic NMDAR signaling and causes
social behavior impairments, stereotyped activity, abnormal pups vocalizations in mice.

The MTs-associated stable tubule only polypeptide (STOP) protein, also known as MTs-associated
protein 6 (MAP6), is a MTs stabilizing protein that plays regulatory roles in neurons, such as regulation
of both actin and MTs dynamic in axons, dendrites as well as in dendritic spines and synaptic protein
complexes [74]. STOP/MAP6 protein has emerged to be significantly reduced in the cortices of BTBR mouse
brain, a validated animal model of ASD [75]. The authors also demonstrated significant reduced protein
levels in the plasma of autistic subject compared to healthy controls [76]. STOP/MAP6 knock-out mice
display several synaptic abnormalities and behavioral deficits, including impairments in maternal care
and social interaction [77], and alterations in mood and cognitive performances [78].

Liu and colleagues [79] demonstrated that KIRREL3, a synaptic molecule of the immunoglobuline
superfamily, implicated in several NDDs including ASD [80], interacts with the brain expressed
protein MAP1B, the MTs-associated protein 1B. MAP1B plays important roles in the regulation of
neuronal morphogenesis. Its deficiency causes abnormal actin microfilament polymerization and
altered activity of GTPases that regulate actin cytoskeleton [81]. MAP1B−/− mice showed impaired
long term potentiation and altered locomotor activity [82].

Autism susceptibility candidate 2 (AUTS2), a gene linked to several psychiatric diseases including
ASD [83], regulates neuronal migration interacting with several MTs related proteins [84]. Indeed, the
protein AUTS2 interacts with guanine nucleotide exchange factors (GEFs), P-Rex-1 and Elmo2/Dock180
complex to activate Rac1, a Rho family small GTPase, that coordinates actin polymerization and MTs
dynamics [85]. Furthermore, AUTS2 interacts with other GEFs, intersectin 1 and 2, to suppress the
activities of Cdc42, another Rho family GTPase, thus repressing filopodia formation in neuronal
neuritis and cell body. AUTS2 mut neurons display abnormal morphology during migration and
reduced activity of JNK, a protein that under the control of Rac1 is involved in leading the process
formation of migrating neurons through the regulation of MTs dynamics [86]. So alteration of the
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AUTS2/Rac1 pathway cause impairment in neuronal migration by deregulating actin and MTs
dynamics in the cytoskeleton [84].

Duplication of the 14-3-3epsilon (YWHAE) gene has been recently associated to ASD onset
in human patients [87]. Cornell and colleagues [88] demonstrated that YWHAE binds to the MTs
binding protein doublecortin (Dcx) preventing its degradation. Increased levels of Dcx disrupt
neurite formation by preventing the invasion of MTs into lamellipodia. On the contrary, mice lacking
14-3-3epsilon result in increased neurite formation.

The partitioning-defective 1 (Par1) family of kinases, or MTs affinity-regulating kinases
(MARKs), has an important role in establishing cell polarity, regulate vesicular transport and cell
migration [89]. Dysregulation of these kinases has been linked to ASD [90]. In particular, several
single-nucleotide polymorphisms (SNPs) in MARK1 gene have been found associated to autism [91].
MARKs phosphorylate tau protein and related MTs-associated proteins (MAPs) thus regulating MTs
dynamics in neurons.

Recent studies on de novo mutation associated to ASD by sequencing the human exomes identified
KATNAL2 gene mutation as a risk factor for the disease [92]. Katnal2 is a MTs severing ATPase
and KATNAL2 gene deletion in mouse resulted in both reduced number of branches and length in
developing neurons [93].

Table 1. MTs and MTs regulatory protein and gene alterations associated with Autism (ASD).

Genes/Protein Effects Ref.

ADNP

ADNP mut cause intellectual disability, facial dysmorphisms

[66–69]

ADNP−/− mice are not viable due to failure of neural tube closure
ADNP−/+ mice present tauopathy and neuronal cell death, deficit
in social behavior and object recognition
ADNP knock down in cells provokes decreased number of neurites
and decreased number and size of embryoid bodies

Slit/Robo
Increased expression of Slit 1, decreased expression of ABL1 and
Cdc42 are associated to alteration in neurite branching and
axon pathfinding

[70,71]

JAKMIP1
JAKMIP1 overexpression causes the formation of tight and stable
MTs boundles in human cell lines [72,73]
JAKMIP1−/− mice present ASD-like behaviors

STOP/MAP6

STOP/MAP6−/− mice present synaptic abnormalities and ASD-like
behavioral deficits (impairments in maternal care, social behavior
and reduced cognitive performance)

[74–78]

Reduced plasma levels of STOP/MAP6 protein in ASD patients

KIRREL3/MAP1B KIRREL3/MAP1B interaction involved in ASD pathogenesis [79–82]

AUTS2/Rac1 AUTS2 mut neurons display abnormal morphology during
migration and reduced activity of JNK [83–86]

YWHAE
YWHAE duplication associated to ASD

[87,88]YWHAE regulator of neurite formation acting on Dcx

MARKs
Dysregulation of MARKs has been linked to ASD

[89–91]MARKs regulate MTs dynamics during cell polarity, migration and
vesicular transport

KATNAL2
KATNAL2 de novo mut associated to ASD in human

[92,93]
KATNAL2−/− mice present reduced neurite branching and length

2.2. Schizophrenia

Schizophrenia is a psychiatric disorder with high disability and distress that can occur in
adolescence or early adulthood [94]. Schizophrenia pathological features include auditory and
visual hallucinations, decreased sensory gating, reduced social interactions, and working memory
deficits [95]. All antipsychotic drugs counteract positive symptoms by antagonizing dopaminergic D2
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receptor, nonetheless these compounds show poor efficacy for cognitive and negative symptoms [94,96].
Currently, schizophrenia can be considered a NDD, due to defects during neurodevelopment leading to
abnormal brain cytoarchitecture [97]. Indeed, schizophrenia is associated with brain structural changes
such as synaptic pruning defects, spine and dendrite atrophy [98]. Also, susceptibility and onset of
schizophrenia is strongly related to brain plasticity alteration characterized by reduced pruning and
spinogenesis defects in the cortex [99]. Cytoskeleton dysfunctions has been inferred in the pathology
of schizophrenia. In particular, tubulin isotypes expression is significantly altered in clinical and in
experimental models of schizophrenia, indicating that perturbed MTs homeostasis is a hallmark in
this pathology [100].

Tubulin displays heterogeneous structures and differential post-translational modifications within
the C-terminal domain, temporally regulated during brain development [101]. Several authors have
associated some tubulin post-translational alterations to schizophrenia [102]. Tubulin acetylations
and deacetylations are post-translational modifications that occur within the MTs lumen catalyzed
by acetyl transferases (αTAT) and histone deacetylase 6 (HDAC6) respectively [102]. Interestingly,
Ulk4 gene (Unc-51 like kinase-4) is disrupted in schizophrenic patients. Knockdown of Ulk4 gene
showed a diminished levels of acetylated α-tubulin suggesting destabilized MTs [103]. Moreover,
knockdown of Ulk4 leads to decrease of c-Jun N-terminal kinases (JNK) activity, a major regulator of
MTs homeostasis, and reduced dendrite length, branching, and agenesis of the corpus callosum [103].

Another post-translational modification is α- and β-tubulin glutamylation by enzymes belonging
to the tubulin tyrosine ligase-like (TTLL) family [104,105]. Molecular interactions between tubulin,
MAPs and motor proteins are influenced by polyglutamylation-dependent changes in the surface
charge [104]. Several authors proposed that alterations in tubulin polyglutamylation could contribute to
the onset and development of schizophrenia [106]. Healthy neuronal function and network formation
are crucial events that are based on the normal cytoskeletal organization and dendritic arborization
regulated by MAPs. In fact, MAP2 immunoreactivity is reduced in the hippocampus and prefrontal
and auditory cortex of post mortem tissues of schizophrenia patients [107,108]. Another MTs regulatory
protein involved in schizophrenia is MAP6. MAP6 stabilizes adjacent MTs through the formation
of bridges between them and this mechanism is regulated by calmodulin binding [109]. Moreover,
several features of murine models associated with schizophrenia such as anxiety, cognitive deficits,
hyperactivity, social impairments and glutamatergic transmission are originated by genetic deletion
of MAP6 [78].

DISC-1 is another gene involved in cytoskeletal remodeling and its alteration is associated
to schizophrenia [110]. Interaction of the nuclear distribution element-like protein (NDEL1) and
pericentriolar material-1 protein with DISC-1 regulates axonal transport and MTs organization [110].
Moreover, the dynein motor complex anchoring at the centrosome is regulated by interaction
between DISC-1 with NDE1 and NDEL1 and this molecular mechanism may be connected to
LIS1. Genetic association studies have identified a single nucleotide polymorphism (SNP) in DISC-1
gene, which increases the risk of developing schizophrenia. Interestingly, this DISC-1-SNP variant
fails to interact with NDEL1, indicating that the MTs cytoskeleton disruption contributes to the
pathology development [111].

The activity-dependent neuroprotective protein (ADNP) has been found deregulated in
postmortem hippocampi of schizophrenia patients [112]. ADNP directly interacts with the MTs
associated protein 1 light chain 3 (LC3) that regulates autophagy [113].

Lastly, collapsin response mediator protein-2 (CRMP-2) is a tubulin binding protein that is
enriched in the hippocampus and dentate gyrus of adult brain [114]. CRMP-2 gene is within
a schizophrenia susceptibility region on chromosome 8p21 [115]. Post-mortem brain analysis from
individuals with schizophrenia showed an increased expression of CRMP2 by genetic linkage data and
proteome-wide analysis [116]. Several MTs and MTs regulatory protein and gene alterations associated
with schizophrenia are listed in Table 2 (table modified from [102]).



Int. J. Mol. Sci. 2017, 18, 1627 9 of 25

Table 2. MTs and MTs regulatory protein and gene alterations associated with schizophrenia.

Genes/Protein Effects Ref.

α-tubulin and β-tubulin Altered cytoskeletal organization [100–102]

DISC-1 Mutation S704C confers susceptibility to schizophrenia in humans [110,111]

ULK4
Ulk4−/− mice showed low levels of acetylated α-tubulin [103]
ULK4 gene deletions have been found in schizophrenic patients

TTLL 11
Balanced chromosomal translocation combined with chromosomal
micro-duplication is associated with increased schizophrenia
susceptibility

[104,105]

MAP1B
Low immunoreactivity in hippocampal subiculum associated with
altered cyto-architecture and neurotransmission deficits in
individuals with schizophrenia

[81,82]

MAP2 Low immunoreactivity in brains of individuals with schizophrenia [107,108]

MAP6
Neuronal transport defects

[78,109]Deletion of gene causes altered mood and cognitive performance in
mice models of schizophrenia

ADNP
ADNP protein deregulated in postmortem hippocampi of
schizophrenia patients [112,113]
ADNP involved in autophagy regulation

2.3. Down Syndrome

Trisomy 21 (Down syndrome, DS) is a pathological condition associated with mental retardation
and represents the most common genetic cause of developmental disability [117]. Fetal DS brain
show a delay in cortical development and a disorganized lamination [118]. Moreover, DS brain
present dendrite alterations with decreased number of spines and altered morphology and defective
cortical layering [119]. Cortical cytoarchitecture alterations in DS are characterized by cytoskeletal
abnormalities in prenatal life. In particular, β-tubulin expression is reduced in DS and this condition,
correlated with the changes in synaptogenesis, can affect MTs-based functions, ranging from neuronal
migration to intracellular transport [120]. Also components of the dynactin complex are significantly
reduced in fetal DS brain [121]. Disruption of dynein/dynactin proteins structure and functionality
cause synaptic instability and onset of neuronal degeneration associated with DS [121,122].

Interestingly, another cytoskeletal abnormality associated to neuropathological features of DS is
linked to dual-specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A) [123]. This gene is
located on critical region of the chromosome 21 containing a subset of genes implicated in trisomy
development [124]. Moreover, DYRK1A expression in the brain tissue of DS subjects is increased
and its up-regulation has been linked to brain anomalies and deficiencies in complex neuronal
networks [125]. The pathogenesis of mental retardation in DS is associated to the formation of defective
neuronal circuits and generated by an increased expression of DYRK1A [124]. Indeed, DYRK1A
overexpression causes a reduction in dendritic spine formation of cultured hippocampal neurons [126].
Moreover, cortical neurons from DYRK1A transgenic mice displayed a reduction in spine density,
synapse formation, and dendritic filopodia length as well as alteration in spine morphology [127].
These anatomical anomalies DYRK1A-mediated in the brain of DS subjects involves the dysregulation
of cytoskeletal proteins such as tubulin, actin, and MTs-associated protein [128]. Indeed, DYRK1A
regulates MTs growth through phosphorylation of β-tubulin, and this action has a profound influence
not only on dendritic arborization, but also on neuron functionality [127]. DYRK1A overexpression
together with post-translational MTs alterations, could provide insight into the nature of the neuronal
pathologies in DS.

2.4. Epilepsy

Epilepsy is a common and chronic neurological disorder characterized by recurring, uncontrolled
seizures and often requires long term anti-epileptic drugs therapy [129]. Approximately 30% of epilepsy



Int. J. Mol. Sci. 2017, 18, 1627 10 of 25

cases are refractory to current pharmacological treatments. Malformations of cortical structure linked
to genetic conditions are at the basis of several forms of epilepsy [130].

One of the gene found to be linked to epilepsy is DCX, the gene coding for the doublecortin protein.
Kim and colleagues reported a novel missense mutation of DCX resulting in late-childhood-onset
familiar focal epilepsy and anterior dominant pachygyria without subcortical band heterotopia in
both genders [131]. DCX is a MTs-associated protein expressed by neuronal precursor cells and
immature neurons in embryonic and adult cortex. It has an important role for MTs stabilization during
neuronal migration [132].

Increased expression levels of EMAP-like protein 5 (EML5), a new echinoderm MTs-associated
protein expressed in the central nervous system, have been found in both neurons and glial cells of
the anterior temporal cortex of intractable epilepsy patients [133]. Repetitive brain seizures induce
overexpression of cytoarchitectural-related proteins at the seizure lesion and contribute to cell death,
which finally lead to drug resistance. EMAP proteins play a role in MTs formation, depolymerization,
extension inhibition and MTs dynamics regulation [134]. They act as MTs disassembly proteins.
Overexpression of EML5 found in the anterior temporal cortex of intractable epilepsy patients could
be responsible for the increased extension of neuronal dendrites and axons and enhanced branching.

Mesial temporal lobe epilepsy (MTLE) is another common form of intractable epilepsy
characterized by cytoarchitectural abnormalities, neuronal loss and reactive gliosis [135].
Several cytoskeletal proteins, such as β-tubulin, tubulin α-1 chain and neuronal tropomodulin profiling
II, have been found markedly reduced in MTLE. On the contrary, the growth cone associated protein
GAP43, MAP2 and MAP1A have been found significantly increased [136–138]. Also the laminin-β1
and integrin α-2 proteins expression levels have been reported to be differentially regulated in chronic
epilepsy [139]. Laminin-β1 is an extracellular matrix component that promotes neuronal polarization
via regulating directional MTs assembly through β1-integrin [140]. Integrins are transmembrane
receptors connecting the extracellular matrix environment to the cytoskeleton; they control cell motility,
proliferation, survival and polarization [141]. Finally, the role of MTs dynamics in epilepsy has been
analyzed and it emerged that expression of tyrosinated tubulin, a reflection of MTs dynamic properties,
is increased in epileptic foci [142].

These data reinforce the concept of abnormalities in cytoskeletal proteins leading to structural
alterations in the brain of patients with epilepsy.

2.5. Lissencephaly

Lissencephaly, also called agyria/pachygyria, is a neurological disorder in which the mature brain
is deficient in gyration [130]. Indeed, it is characterized by reduced or absent gyration combined with
thickening of the cerebral cortex. Based on brain histology, lissenchepaly can be classified as type I,
or classical lissencephaly, in which the cortex presents only four layers, and type II, or cobblestone
lissencephaly, in which no discrete cortical layers are formed. Patients suffering from lissenchepaly
(smooth brain) harbor cortical malformations caused by impaired radial neuronal migration and failure
of cortical fold formation. These cortical structural alterations cause severe deficits, such as mental
retardation, seizures and also death in early childhood. Approximately in the 80% of the lissencephaly
cases a genetic cause can be found. Several genes associated to lissencephaly code for proteins that
play important roles in brain development, acting on formation and regulation of MTs. Here we will
describe the main genes involved in the pathology. A summary of MTs regulatory protein and gene
alterations associated with lissencephaly has been reported in Table 3.

The loss of lissencephaly-1 (LIS1) is a major cause of lissencephaly, leading to abnormal
nuclear translocation during neuronal migration and hence impairing brain gyrus formation.
Cortical malformations are localized more in the dorsal portion of the brain. LIS1 protein is involved
in MTs regulation and MTs-based motor proteins [143]. Following phosphorylation, it interacts with
tubulin and modulates MTs dynamics, hence is important for preserving MTs network organization [144].
Furthermore, LIS1 interacts with several MTs-associated proteins (MAPs), such as DCX, CLIP-170



Int. J. Mol. Sci. 2017, 18, 1627 11 of 25

and MAP1b, other than with cytoskeletal motor proteins, such as dynein/dynactin, suggesting also
a role in regulating intracellular transport, organization of intracellular organelles and mitosis and MTs
polarity. LIS1 was found to be essential for radial glial progenitor cells mitotic spindle orientation [145].

Another common gene mutation associated to lissenchepaly is linked to the DCX gene. DCX gene
mutations cause cortical structural alterations mainly localized in the rostral part of the brain [146].
Often in female with DCX gene mutations the subcortical band heterotopia (SBH) occurs [147]. SBH is
a lissencephaly related disorder characterized by bilateral bands of gray matter interposed in the white
matter between the cortex and the lateral ventricles. DCX is a MTs-associated protein that promotes
nucleation, assembly and stability of 13-protofilament MTs [148]. DCX-MTs interaction is mainly
regulated by DCX phosphorylation by different kinases that can have different effects on interaction
affinity. DCX also regulates actin cytoskeleton thus affecting also neurite branching [149,150].

Mutations in the TUBA1A gene, coding for the tubulin α1A protein, have been associated to
type I lissencephaly [151,152]. TUBA1A protein is a major component of MTs. Patients with TUBA1A
mutations present not only cortical dysgenesis, but also cerebellar, hippocampal, corpus callosum, and
brainstem abnormalities.

Mutations in TUBB2B gene, coding for tubulin β-2B chain, cause asymmetrical bilateral
polygyria [153]. Polymicrogyria present disorganized cortical lamination and the presence of multiple
small, partially fused gyri separated by shallow sulci that result in an irregular cortical surface.

An autosomal recessive form of lissencephaly has been associated with the human RELN gene
mutations. It is characterized by severe abnormalities of the cerebellum, hippocampus and brainstem.
The mutations disrupt RELN cDNA splicing, resulting in low or undetectable amounts of reelin
protein [53]. Reelin is a large secreted glycoprotein synthesized by Cajal-Retzius cells in the marginal
zone of the cortex that plays a fundamental role in neuronal migration and positioning in the
developing brain by controlling cell-cell interactions. It also regulates MTs dynamics during neuronal
migration. Indeed, reelin induces stabilization of the leading processes by binding to migrating neuron
ApoER2 receptors. This event involves adaptor protein disabled 1 (Dab1) phosphorylation, adhesion
molecule expression, cofilin hosphorylation and inhibition of tau phosphorylation [154].

Table 3. MTs and MTs regulatory protein and gene alterations associated with lissencephaly.

Genes/Protein Effects Ref.

LIS1
Loss of lissencephaly-1 (LIS1) protein is a major cause of lissencephaly

[143–145]Mutations on LIS1 gene cause alterations in neuronal migration, in MTs
network organization and intracellular transport

DCX

DCX gene mutations cause neuronal migration abnormalities by altering
MTs dynamics

[146–150]DCX gene has been associated with lissencephaly and subcortical
band heterotopia

TUBA1A Mutations in the TUBA1A gene have been associates with type I lissencephaly [151,152]

TUBB2B Mutations in TUBB2B gene cause asymmetrical bilateral polygyria [153]

RELN RELN gene mutations cause loss of reelin protein, leading to alterations in
neuronal migration and positioning in the developing brain [53]

2.6. Microcephaly

Microcephaly is a neurological disorder characterized by reduced prenatal brain growth
without structure alterations. Affected patients generally present striking neurological defects
and seizures, other than severely impaired intellectual development and disturbances in motor
functions. Altered neurogenesis during neurodevelopment is the main cause of microcephaly. Most of
microcephaly cases are linked to genetic alterations.

So far, five genes associated with autosomal recessive primary microcephaly (MCPH) have been
identified in patients: MCPH1, CDK5RAP2, ASPM, CENPJ, and STIL/SIL [155,156]. All these genes
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code for proteins localized in the centrosome that play important roles in centrosome formation and
stabilization, or regulation of MTs dynamics. Disruption of one of these functions cause dramatic
effects in prenatal neurogenesis finally leading to microcephaly.

Recent genetic studies identified biallelic mutations of PRUNE1 gene in microcephaly affected
patients [157]. PRUNE is a member of the DHH (Asp-His-His) phosphoesterase protein superfamily of
molecules important for cell motility. Mutations in PRUNE1 gene caused impaired MTs polymerization,
as well as cell migration and proliferation defects. PRUNE may have a role in MTs polymerization
regulation, essential process for the cytoskeletal remodeling that occur during cellular division
and proliferation.

A partial duplication of LIS1 has been also associated to microcephaly characterized by
neurodevelopmental delays, profound white matter atrophy and in the absence of overt lissencephaly [158].

McNeely and colleagues demonstrated in a mouse model lacking the Kif20b protein, that Kif20b
is required for proper morphogenesis of neurons during corticogenesis [159]. Loss of Kif20b causes
altered neurite polarization, outgrowth, branching and caliber, other than thalamocortical axon
guidance defect and microcephaly. Kif20b, also called MPP1 or Mphosph1, is a member of the
Kinesin-6 family of “mitotic” kinesins. Authors suggest that Kif20b protein act by bundling MTs into
tight arrays and by localizing effectors.

2.7. Intellectual Disability

Intellectual disability (ID), or mental retardation, is a condition included in NDDs that affects
1.5–2% of general population [160]. ID can be classified into syndromic, when intellectual deficits are
associated to other medical and behavioural symptoms, or non-syndromic, when only intellectual
deficits appear. It is characterized by severe impairment in both intellectual and adaptive functioning.

A next generation sequencing analysis identified in an Iranian consanguineous family affected by
ID a nonsense mutation in CLIP1, a gene that encodes a member of MTs plus-end tracking proteins,
with a fundamental role in MTs dynamics regulation and MTs-mediated transport along axons
and dendrites [161].

Kevenaar and colleagues found a causal link between homozygous nonsense mutations
in kinesin-binding protein (KBP)/KIAA1279 and the neurological disorder Goldberg-Shprintzen
syndrome (GOSHS), which is a form of intellectual disability combined also with microcephaly and
axonal neuropathy [162]. KBP is a specific kinesin inhibitor that modulates MTs-based motility and
depolymerizing activity of several kinesins. Indeed, kinesin motor proteins control both intracellular
cargos transport and MTs cytoskeleton organization and the disruption of kinesin regulation by KBP
causes severe cellular alterations during neurodevelopment leading to GOSHS neurological disorder.

Others kinesin family (KIF) members have been found to be related to ID; in fact, by next
generation sequencing, mutations in KIF4A and KIF5C have been identified in ID patients [163].
To further confirm the link between KIF genes mutations and ID, in vivo functional studies on knockout
mice have been performed. It emerged that, in addition to alterations in MTs dynamics and intracellular
transport along MTs, KIF4A and KIF5C mutations lead to an imbalance between excitatory and
inhibitory synaptic excitability. By means of whole exome sequencing of ID patients, de novo missense
mutations also in KIF1A gene were discovered [164]. In vitro studies by MTs gliding assay confirmed
the serious effects of KIF1A gene loss of function on axonal transport.

Mutations in CHAMP1 gene also cause a form of ID associated to severe speech impairments [165–167].
CHAMP1 is a zinc finger protein involved in kinetochore-MTs attachment and in the regulation of
chromosome segregation; ID-related CHAMP1 mutations cause altered localization of CHAMP1
protein to chromosomes and to the mitotic spindle, impairing fundamental developmental processes.

Microdeletions incorporating the KATNAL1 gene locus result in intellectual disability in
humans [168]. This gene codes for the MTs severing protein KATNAL1. Mice carrying a loss of
function allele in KATNAL1 present specific behavioral deficits in circadian rhythms, sleep, anxiety,
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learning and memory. Furthermore, they present numerous brain structural abnormalities and defects
in motile cilia [169].

Mutation of MID2, a gene coding for an ubiquitin ligase that regulates MTs dynamics, leads to
misregulation of MTs organization and to the downstream disease pathology associated with X-linked
intellectual disabilities [170]. Mid2 depletion led to stabilization of Astrin, a MTs organizing protein,
during cytokinesis causing cytokinetic defects, multinucleated cells and cell death.

3. MTs Stabilizing Agents in NDDs

MTs interacting drugs have been proposed for the therapy of several NDDs, ranging from autism
and schizophrenia, mainly due to their stabilizing properties, aiming to restore neuronal axonal
transport and reduce tau phosphorylation. It should be noted that the concept of “MTs stabilization”
has a proper meaning only when referring to in vitro condition. Concerning in vivo condition, the
term “MTs stabilizing agents” has to be intended as something that acts on MTs dynamics slowing
down the MTs turnover and depolymerization. Indeed, MTs maintain their dynamic regulation of
growth/shrinkage but a delay in the time needed for their turnover renders them more stable, so
sustaining intracellular cargo trafficking along MTs and maintaining synaptic contacts.

3.1. Brain-Penetrant Microtubule-Stabilizing Compounds: Epothilone D

Epothilone D (EpoD) is a taxol-related compound that interacts directly with tubulin to stabilize
MTs [171,172]. EpoD can accumulate in brain tissues after crossing blood–brain barrier. Moreover,
Epo D is currently used in clinical trials for the treatment of various tumors, indeed it blocks MTs
dynamics and cell division at high dosages as reported by Wang and colleagues [173]. At nanomolar
concentrations, however, this compound improves MTs density and axonal transport, reduces axonal
dystrophy and enhances cognitive performance, without notable effects on viability and development
in mouse [174]. In the STOP null mice, EpoD was found to have a beneficial effect on both synaptic
transmission and behavior, reducing frequency of shifts between different spontaneous activities,
such as feeding, walking and grooming [175].

3.2. Non-Taxane MTs Stabilizers: NAP and D-SAL

Activity-dependent neuroprotective protein (ADNP) and activity-dependent neurotrophic factor
(ADNF) generate non-taxane MTs stabilizers such as NAPVSIPQ (NAP, davunetide) and all D-amino
acid SALLRSIPA (D-SAL). ADNP has been associated with neuronal cell differentiation, maturation
and neuronal plasticity [176]. ADNP down regulation in cell models resulted in MTs reorganization
leading to altered cell morphology and reduced neurite formation [176]. In human, ADNP is mutated
in autistic children with cognitive deficits [59,156,177] and is deregulated in schizophrenia [112,113].
MTs end binding (EB) proteins interact with NAP which showed a neuroprotective activity [67]. The EB
proteins family, which consists of three members (EB1–3), is the core component of the MTs plus end
tracking proteins (+TIPs) machinery which coordinates a network of dynamic proteins on the growing
MTs plus-ends [178]. Furthermore, NAP enhances Tau-MTs binding under stress conditions and
stimulated axonal transport [68,179,180]. In a DISC1 mutated mouse model of schizophrenia, NAP
treatment was shown to ameliorate behavior improving cognition and reducing anxiety [181]. Indeed,
NAP treatment induces an improvement in daily activities in patients with schizophrenia in a phase II
clinical trial [182]. Moreover, NAP protects from autophagy in a mouse model of schizophrenia
enhancing the interaction between ADNP and the MTs-associated protein 1 light chain 3 β (LC3B) and
restoring Becn1 mRNA levels in the hippocampus [183].

In a model of epileptic seizures, injection of NAP into the dentate gyrus of kainic acid-treated rats
partially protected against CA3 neuronal death [184].

D-SAL competes with NAP binding to tubulin and prenatal treatment with NAP+D-SAL prevents
developmental delay, glial deficit and learning impairment in Ts65Dn mice that are a well-characterized
mouse model for Down syndrome [185].
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3.3. Risperidone

Risperidone is a second-generation antipsychotic drug, acting by blocking dopamine D2 and
serotonin 5-HT2A receptors, with consequent reduction of dopaminergic neurotransmission in the
mesolimbic pathway. As NAP, risperidone was found to interact with EB1-EB3 protein family and to
compete with NAP binding on EB3. Risperidone improves the neurocognitive functions in patients
with schizophrenia [186] and is used in autistic patients for the treatment of associated symptoms as
disruptive behavior and hyperactivity [187]. Similar to NAP, risperidone ameliorated object recognition
deficits in the mutated DISC1 mouse model, although without the anxiolytic effect. NAP and/or
risperidone treatment generated a down-regulation of Forkhead-BOX P2 (Foxp2) in the hippocampus
of the DISC1 mutated mice. This gene regulates DISC1 and is associated with human ability to acquire
a spoken language. Thus, language disturbances and cognitive impairments in schizophrenia may
be contrasted with the combination of NAP and risperidone [181]. Long-term administration of
Risperidone was effective in alleviating behavioural alterations that mimic schizophrenia negative
symptoms and partially ameliorate some cognitive defects in STOP null mice [188]. These mice present
a disruption of MTs-associated protein 6 (MAP6) gene and are used as NDDs model.

3.4. New Experimental MTs-Acting Compounds

Currently several compounds are under research trial to study their potential use as MTs
modulating agents in the context of neurodevelopmental disorders.

One of these compounds is melatonin, a hormone involved in the regulation of circadian
rhythms, blood pressure, seasonal reproduction [189]. Melatonin can also act as neuronal antioxidant
agent able to prevent MTs oxidative damage. Indeed, oxidative stress, by modifying β-tubulin and
MTs-MAP2 binding, causes MTs depolymerization, consequent loss of polarization and apoptotic
cell death [190]. Melatonin is able to increase MAP2 levels thus increasing MTs polymerization and
dendrite stabilization [191,192]. Several data support the potential use of melatonin as MTs stabilizing
agents in the treatment of depression and anxiety associated to schizophrenia [102,193].

Another interesting compound is a synthetic neurosteroid called MAPREG, a MTs-associated
protein/neurosteroidal pregnenolone. It has been studied in the context of schizophrenia-associated
depression to prevent branching reduction and synaptic contact loss [194]. In rodents MAPREG was
able to protect them from developing a depressed state. Furthermore, it prevented the loss of α-tubulin
acetylation and sleep disturbances following psychosocial stress [195]. By binding MAP2, MAPREG
stimulates MTs assembly and promotes neurite growth [196].

Also lithium can act on MTs and have a beneficial role in cytoskeleton regulation in mood
disorders. Indeed, it has been shown to act as a Gsk3 inhibitor, thus decreasing phosphorylation of tau
and MAP1B finally leading to MTs remodeling [197].

Several studies report encouraging data regarding the possible use of calpain inhibitors to
prevent LIS1 degradation in lissencephaly [198,199]. Calpain is a protease promoting LIS1 protein
degradation. Calpain inhibitors protect LIS1 from proteolysis thus increasing LIS1 protein levels. LIS1
regulates cytoplasmic dynein function and localization. LIS1 gene mutations, leading to absence,
low levels or low activity of LIS1 protein, cause impaired MTs trafficking and neuronal migration
during neurodevelopment. Toba and colleagues demonstrated that perinatal treatment with SNJ1945,
a calpain inhibitor able to cross the blood brain barrier, can rescue LIS1+/− mice defects. It stimulated
network formation, receptor distribution, recovered retrograde transport and improved behavioral
performance [199]. Yamada and colleagues demonstrated that treatment of pregnant Lis1+/− dams
with calpain inhibitor ALLN rescued apoptotic neurons death and neuronal migration defects in
Lis1+/− offspring [198].

Finally, in recent years several blood brain barrier penetrant-molecules have been identified that
exhibit MTs-stabilizing activity [200]. These compounds, including triazolopyrimidines, phenylpyrimidines
and other related heterocyclic molecules, are non-natural small molecules and have simple structure and
favorable pharmacokinetic properties, such as oral bioavailability [201–203]. The mechanism of action of
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these compounds has not yet been completely defined at the molecular level; Zhang and colleagues
demonstrated that they are able to block the binding of the tubulin polymerization inhibitor vinblastine.
They have a taxol-like effect but act also on taxol-resistant cells and have been extensively studied as
anticancer drugs. Now these small molecules are studied as drug candidates also for neurodegenerative
diseases, such as Alzheimer’s disease and tauophaties [203], but it is conceivable to imagine their
future application also in the context of NDDs.

4. Conclusions

Centrosome, MTs and MTs-related proteins are essential players in all the steps of brain
development, from proliferation and migration to differentiation and synaptic network formation.
Increasing data demonstrate that MTs-dependent mitotic and post-mitotic processes are major
contributors of cortical malformations at the basis of NDDs. Brain formation during neurodevelopment
requires the correct coordination of several developmental steps, regulated by both a precise timing
and positioning. The disruption of one of these specific steps is sufficient to impair to whole process.
Depending on the neurodevelopmental step involved, different NDDs can arise. The study of molecular
mechanisms at the basis of several NDDs that still today have an unknown etiology or linked to genes
with unknown functions is fundamental in order to find new pharmacological target for future
therapies. MTs targeting therapies could be able to improve or even prevent some structural and
functional alterations linked to NDDs. Currently only few MTs targeting compounds have been tested
on humans in clinical trials but increasing number of new compounds are being tested in experimental
studies in both in vitro and in vivo models and promising results are emerging. The possibility to act
on MTs for pharmacological intervention in NDDs is progressively becoming a solid opportunity.
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Aging, dementia, and cancer share a critical set of altered cellular functions in response to DNA damage, geno-
toxic stress, and other insults. Recent data suggest that the molecular machinery involved in maintaining neural
function in neurodegenerative disease may be shared with oncogenic pathways. Cancer and neurodegenerative
diseasesmay be influenced by common signaling pathways regulating the balance of cell survival versus death, a
decision often governed by checkpoint proteins. This paper focuses on one such protein, p53, which represents
one of themost extensively studied proteins because of its role in cancer prevention andwhich, furthermore, has
been recently shown to be involved in aging and Alzheimer disease (AD). The contribution of a conformational
change in p53 to aging and neurodegenerative processes has yet to be elucidated. In this review we discuss the
multiple functions of p53 and how these correlate between cancer and neurodegeneration, focusing on various
factors that may have a role in regulating p53 activity. The observation that aging and AD interfere with proteins
controlling duplication and cell cycle may lead to the speculation that, in senescent neurons, aberrations in pro-
teins generally dealing with cell cycle control and apoptosis could affect neuronal plasticity and functioning rather
than cell duplication.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Cancer and neurodegenerative disorders are common age-related
conditions. Cancer arises from a sequence of genetic and/or epigenetic
events that regulate cellular differentiation and proliferation [1–3].
DNA methylation, histone acetylation, and other epigenetic modifica-
tions play roles in the activation and suppression of cancer genes and
recent evidence suggests that defects in these events are linked to the
rights reserved.
progression of neurodegenerative disorders [2]. As far as changes in
DNAmethylation, themost studied aspect of epigenetic events, are con-
cerned, a global hypomethylation of DNA has been found in various
human cancers when samples were compared to healthy tissue coun-
terparts [4]. Also, in Alzheimer disease (AD), the promoter region of
the amyloid precursor protein (APP) gene, the precursor of β-amyloid
(Aβ) peptide, has been shown to be hypomethylated with age [5,6].
The gene for neprilysin, the major Aβ-degrading enzyme in the brain
[7], is hypermethylated in cerebral endothelial cells after treatment
with high concentrations of Aβ [8]. Furthermore, two recently identified
genes, S100A2 and SORBS3, that have been implicated in memory stor-
age in the central nervous system showed significantly different levels
of DNA methylation in AD and control cases [9].
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Recent data from the literature further support the concept that one
or more common molecular mechanisms may be involved in the devel-
opment of both neurodegenerative diseases and many cancers [10–12].
In particular, we focused on the relationship existing between cancer
and AD. Because cancer is a disorder characterized by uncontrolled cell
growth, whereas AD, as well as other neurodegenerative diseases, is
denoted by atrophy and neuronal death, common signaling pathways
regulating cell death and survival have been suggested to influence the
development of these conditions. Epidemiological data from the litera-
ture suggest an inverse correlation between cancer and AD. In particular,
older adultswith prevalent clinical AD have been reported to develop in-
cident cancer with slower growth rates compared to older adults
without dementia and that individuals without dementia with a cancer
history may be less prone to develop clinical AD [13,14]. On the other
hand, in the vast majority of studies, cancer seems to be a prevalent co-
morbidity for patientswithAD [15]. Furthermore, in a postmortemhisto-
pathological study, unreported signs of ADwere found in 42% of patients
diagnosed with brain cancer and in 48% of cases without glioblastoma,
suggesting that coexistence of both diseases is often uninvestigated
and consequently underreported in the clinical literature [16]. Alterna-
tively, it is possible that brain cancers give rise to a brain milieu favoring
amyloid deposition and neurofibrillary tangle formation.

Taking into account that cancer and AD share common signaling
pathways directing cell fate toward either death or survival, the identi-
fication of the putative common mechanisms may be useful to better
understand these two disorders as well as to develop more appropriate
therapeutic strategies. It is noteworthy that the balance of cell survival
versus death is at least in part regulated by a fine timing of checkpoint
proteins, the preservation of DNA integrity, and correct repair [17,18].
Among cell cycle proteins, p53 is particularly significant because of its
role in stopping cells in G0/G1 and G2/M phases, thus either allowing
DNA repair or activating a programmed cell death. p53 dysfunctional
activity is involved in cancer progression, but also in aging and AD. In
mammals, loss of p53 increases carcinogenesis, whereas specific gain-
of-function alleles reduce the incidence of cancer but accelerate aging,
suggesting a trade-off between cancer surveillance and stem cell main-
tenance [19]. Yang and co-workers demonstrated the existence of aber-
rant neurons in AD brain by showing that neurodegeneration is
correlated with neurons reentering a lethal cell cycle [20], which sug-
gests that dysfunctional p53 in nondividing cells may play a role in ab-
errant cell cycle progression.

In this review we discuss the multiple functions of p53 and how
these correlate between cancer and neurodegeneration, focusing on
various factors that may have a role in the regulation of p53 activity.

p53: a transcription factor critical to decisions about cell fate

p53 is a very short-lived protein that exists in awild-type latent con-
formation and is activated in response to a great variety of stresses that
can damage the integrity of the cell genome [21,22]. Among these, DNA
damage, hypoxia and activation of oncogenes are potent activators of
p53 protein. Stabilization and induction of p53 transcriptional activity
depend mainly on posttranslational modifications together with pro-
tein/protein interactions [23]. The regulation of p53 activity is crucial
in determining the cellular outcome. For example, depending on the tis-
sue, the same acetylation of Lys at position 320 of p53 can promote
neurite outgrowth in neuronal cells [24] or cell cycle arrest in other tis-
sues [25]. The transcriptional network of p53-responsive genes pro-
duces proteins that are able to interact with a large number of other
signal transduction pathways in the cell [26]. Activation of cell cycle
checkpoints by p53 leads to transient cell growth arrest [27]; once it is
bound to sites of DNA damage, p53 promotes DNA repair [28] and si-
multaneously stimulates the transcription of direct effectors of cell
growth arrest (e.g., the cyclin-dependent kinase inhibitor p21) as well
as effectors required for efficient DNA repair of complex lesions that re-
quire longer processing (e.g., GADD45) [29]. At this point, there are
several potential cellular outcomes, most of which are heavily influ-
enced by the cell type aswell as by the severity of the DNA lesions: tran-
sient cell cycle arrest (when DNA damage is not severe), defective
repair (resulting in mutation, such as chromosomal aberrations), per-
manent cell cycle arrest (cellular senescence), or cell death (apoptosis)
[30,31]. Thus, p53 protects the genome by promoting the repair of po-
tentially carcinogenic lesions in theDNA, thereby preventingmutations.
In addition, p53 eliminates or arrests the proliferation of damaged or
mutant cells by the processes of apoptosis and cellular senescence
[32,33]. Taken together these results show that the regulation of p53 ac-
tivity in cells is extremely important in determining the fate of cells or
tissues. Activated p53 integrates the various incoming signals that reg-
ister different forms of cellular stress. Therefore, it is conceivable that
small deregulations toward one or the other sidemay favor cell survival
or cell death/senescence.

Loss of function in p53 is usually associated with many common
human cancers [34]. The p53 gene is mutated in almost half of all
human cancers; in the rest of human cancers, p53 is mostly inactivated
by the disruption of pathways regulating its activation.Mutant p53 is al-
most always defective for sequence-specific DNA binding and thus for
transactivation of genes upregulated by the wild-type protein [34].
However, accumulating evidence indicates that p53 cancer mutants
not only lose the cancer suppression activity of wild-type p53, but
also gain novel oncogenic activities to actively promote cell growth
and survival [35–37].

p53 in cancer: mutations as more than a loss of function

The predominant mode of p53 inactivation in about 50% of human
primary cancers is by point mutation rather than by deletion or trunca-
tion [38]. Mutational analysis of the p53 gene, conducted using the In-
ternational Agency for Research Cancer database, revealed that almost
all hot-spot mutations are located within the DNA-binding domain of
the protein. These mutations may have structural consequences: DNA
contact is lost, conformation of the DNA-binding domain is locally per-
turbed, or the entire core domain is unfolded [39]. Crystallography
studies allowed one to classify p53mutant proteins in two large catego-
ries: (a) DNA contact-defective mutations, which include mutations
harbored on the residues composing the DNA/protein interaction sur-
face (i.e., residues His273 and Trp248) and (b) structure-defective mu-
tations, whose pointmutation determines an important conformational
alteration (residues His 175 and His 179). Verifying whether the struc-
tural classification of p53mutants reveals similar differences in terms of
biological activity has proven to be quite difficult. In vitro studies have
shown that overexpression of conformational mutants renders cell cul-
tures more resistant to etoposide, whereas DNA contact-defective mu-
tants increase their resistance to cisplatinum [40–42]. Furthermore,
the presence of conformational mutants has been associated with
breast cancer patients, whose relapse rates after conventional chemo-
therapy treatment are higher with respect to those of patients carrying
DNA contact mutations [43–45]. Altogether, these findings strongly in-
dicate that p53 mutants not only lose their oncosuppressor activity but
also contribute to development,maintenance, spreading, and resistance
to anti-cancer treatments. Indeed, the concept that some p53mutations
not only result in loss of wild-type activity, but also acquire a gain of
function started to find support at the beginning of the 1990s. Many
studies have focused on specific gene networks transactivated by p53
mutants. Through genome-wide expression profile techniques mutant
p53 proteins have been shown to modulate a set of genes that could
serve as transcriptional mediators of its oncogenic activities [46–48].
Chromatin immunoprecipitation experiments have shown that p53
mutants can be bound to the regulatory regions (promoter, intron re-
gion, and 5′/3′ UTR) of potential target genes, but the identification of
the specific DNA-binding consensus of mutant p53 is still missing. It is
also still unclear whether p53 mutants bind directly to the promoters
of these genes or are recruited to these promoters through interactions
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with other proteins. As an example, p53mutants can interactwith other
p53 family members such as p73 and p63 to inhibit their activities in
both human cancer cell lines and knock in mouse cells [49,50].

Mutation-independent conformationally altered p53 in cancer
development: the role of oxidative stress

Stabilization and overexpression of p53 have been often considered
markers of mutant p53. Mutant p53 stabilization depends on impaired
ubiquitination due to the loss of wild-type (wt) p53 structure. The mo-
lecular basis of a prolonged half-life of mutant p53 might partially de-
pend on the inefficient degradation exerted by the E3 ubiquitin ligase
MDM-2, whose gene is a direct transcriptional target of wt p53 [see
for review 51]. However, the corresponding mutant p53 accumulation
of protein is not always true, becausemany cancers with p53mutations
do not show accumulation of mutant p53, and the increased content of
p53 in some types of cancer is not due tomutation on p53.Webley et al.
[52] analyzed p53 mutations with respect to their conformational state
in 38 different colorectal cancers and found that 22 of them expressed
p53 mutants, whereas 16 retained a wild-type p53 gene. Among 16 co-
lorectal cancers with wild-type p53 gene, 7 presented the mutant con-
formation and exhibited resistance to apoptosis. These findings lead to
two main observations: (a) conformational alterations in p53 protein
occur also in the absence of p53 mutations and (b) conformational al-
terations in wild-type p53 may be involved in cancer development.

How can p53 change its tertiary structure in the absence of genemu-
tations? This issue has beenwell investigated byMéplan and co-workers.
They demonstrated that the exposure of wild-type p53 synthesized
in vitro to metal chelators, such as EDTA or orthophenanthroline,
resulted in a rapid switch to an unfolded “mutant-like” isoform [22].
The conformational phenotypes were analyzed using two specific con-
formational anti-p53 antibodies, which discriminate folded vs unfolded
tertiary structure. Transition from folded to an unfolded state was ac-
companied by loss of DNA-binding activity at the canonical DNA se-
quences. The DNA-binding domain consists of two sheets supporting
two loops and a loop–sheet–helixmotif that forms the DNA-binding sur-
face [22]. The two loops are connected by a zinc atom coordinated with
residues Cys176, Cys179, Cys238, and Cys242. Metal chelation affects
Zn2+ binding that is crucial for the stabilization of p53 in the wild-type
conformation and induces the oxidation of thiol into disulfides and the
cross-linking of p53 in high-molecular-weight aggregates. The observa-
tion that p53 is intrinsically sensitive to redox regulation and to transi-
tion metals is also supported by evidence that p53–DNA bound in vitro
requires thiol reductants (such as dithiothreitol) and by the role of two
disulfide-reducing proteins, Ref-1 and thioredoxin reductase, which are
able to keep p53 in a reduced state inside cells [53]. Furthermore, the
switch from wild-type to unfolded p53 conformation can also be
experimentally regulated by cadmium, synthetic nitric oxide donors,
such as S-nitroso-N-acetylpenicillamine and S-nitroglutathione, and
low concentrations of H2O2 [54–56].

Although the role of oxidative stress in cancer development has
been documented, there is no linear correlation between reactive oxy-
gen species (ROS) and cancer. High levels of oxidative stress affect cell
viability, inhibiting cell proliferation and leading to apoptosis/necrosis
cell death, whereas low intermediate levels of oxidative stress are
more effective in stimulating cancer development and spreading [57].
Indeed sublethal levels of ROS increase DNAdamage,which in turn trig-
gers mutagenesis via DNA base modification and mismatch repair,
finally affecting structure and function of proteins [58]. An impairment
of p53 activity, mediated by the effects that ROS and reactive nitrogen
species (RNS) have on its tertiary structure, may be involved in cancer
development. It is becoming clear that ROS in low concentrations may
act as second messengers, regulating gene transcription involved in
proliferation and triggering redox-responsive signaling cascades [59].
p53 belongs to a growing list of transcriptional factors that are subject
to redox modulation [60–62]. ROS play at least two distinct roles in
the p53 pathway. First, they are important activators of p53 through
their capacity to induce DNA strand breaks [63–65]. Second, they regu-
late the DNA-binding activity of p53 by modulating the redox state of a
critical set of cysteines in the DNA-binding domain, which in turn in-
duces conformational changes [22,66,67]. The duration and the degree
of ROS signaling can influence one event or the other. An intriguing hy-
pothesis is that the p53 conformational state affected by ROS/RNS may
not be only amere consequence of oxidative stress, but a fine gene tran-
scription mechanism allowing specific adaptive responses.

p53: a delicate balance between cancer-suppressive and
age-promoting functions

Recent observations suggest that p53 may play a central role in
aging and in neurodegenerative disorders [68–73]. In this review
we mainly focused on the p53 role in AD [74], yet we must not forget
that this protein has been related to other neurodegenerative dis-
eases [75,76]. Even if it is still a matter of controversy whether organ-
ism aging is due to a programmed process or is the consequence of
failed mechanisms involved in regeneration or repair tissues, p53
can promote select aspects of the aging process because of its role
in establishing senescence and in determining organism aging when
its activity is increased [77–79]. Studies with mouse models suggest
a delicate balance between cancer-suppressive and age-promoting
functions of p53 [30]. In several mouse models, altered p53 activity
has been associated with premature/accelerated aging under some
circumstances (such as stress) or otherwise with cancer suppression
[for a review see 30]. However, how exactly this balance is achieved
is a topic in need of further elucidation. Insights into the role of p53
in aging also derive from human population studies. A polymorphism
Pro/Arg in codon 72 of the p53 gene results in a slight reduction in
p53 activity and is associated with enhanced cancer risk but also
with increased longevity [80]. Humans carrying the Arg72 allele
have a survival advantage despite a higher risk of cancer in longer living
individuals [81], even if the association seems to be dependent on the
type of cancer and on the genetic background of the population under
study. In this regard, it has recently been reported that the Pro72 geno-
type is more frequent in patients with colorectal cancer with respect to
age-matched controls and centenarians [82]. Evidence from mice and
other mammals suggests that p53 acts as a longevity-assurance gene,
by basically shutting down carcinogenesis [83,84]. Taking this hypothe-
sis into account, one can postulate that the increased age-related
incidence of cancer could be due not only to an accumulation of muta-
tions, but also to a possible age-related decrease in p53-mediated re-
sponses, as previously cited [84]. Seluanov et al. [85] showed an
impairment of p53-induced cellular responses against cytotoxic agents
in aged normal diploid human fibroblasts, but not in young cells. A
decline in p53 responses has also been observed in aged mice after γ-
irradiation, which has been ascribed to the decreased stabilization of
p53 protein due to decreased ATM function [84]. Therefore, this age-
related decline in p53-mediated responses suggests a putative explana-
tion for the correlation between carcinogenesis and the aging process.

p53 and Alzheimer disease: not only a killer

Evidence of the pivotal function of p53 in neuronal death is pro-
vided by data from both in vitro and in vivo models. A strong correla-
tion between p53 expression and excitotoxic neuronal death induced
by glutamate, kainic acid, and N-methyl-D-aspartate has been estab-
lished [86,87]. Also in 1998 our group demonstrated that glutamate-
and kainate-induced neuronal death was p53-dependent [88]. Fur-
thermore, increased p53 immunoreactivity associated with neuronal
death was observed in models of cerebral ischemia stroke, traumatic
brain injury, and epilepsy [see for review 89]. According to these data,
many studies demonstrated that inhibition of p53 prevents cell death
in a variety of neurodegenerative models. For example pifithrin-α, a
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compound that inhibits p53 activity, attenuated neuronal death in
several different rodent models of stroke [90–92] and in kainate-
induced seizure in cultured neurons exposed to DNA-damaging
agents, glutamate, and Aβ [90,92,93]. All these studies, aimed at dem-
onstrating the killer role of p53, share a common feature: use of an
acute toxic insult.

What type of cell death neurons undergo in AD is still a matter of
controversy, but it is clear that there is progressive atrophy of the
brain due to cell and synaptic loss. The leading explanation for the path-
ologic changes associated with AD is the “amyloid hypothesis,” which
holds Aβ as the main pathogenetic factor of AD because the aberrant
metabolism of APP and the subsequent aberrant production and depo-
sition of the peptide in extracellular sites are responsible for a concate-
nate series of events resulting in neurotoxicity and subsequent
neuronal death [94,95]. AD neurodegeneration takes place over many
years, and neuronal death is not the result of a single acute insult, but
is more probably the consequence of many triggers inducing compen-
satory responses over long periods of time until the last detrimental
event occurs. Based on these speculations, we wonder whether high
levels of p53 in certain neurons, as observed in postmortem autopsy
samples from AD patients, are coincidentally related to cell death or
whether they are the results of the adaptive responses mentioned
above. Furthermore, high expression of p53 around Aβ senile plaques
may find another interpretation in addition to that of a marker of oc-
curred death. The pro-oxidant environment induced by Aβ, well estab-
lished in AD pathology [96–99], may contribute to affecting cysteine
residues in the DNA-binding domain of p53, impairing its conforma-
tional structure and finally its functional activity.

Nevertheless, accumulating evidence highlighted various roles for
p53 in addition to the one-sided view of its proapoptotic activity. p53
functions in a stimulus-dependent and cell-type-dependent manner.
This is made possible by the multiple posttranslational modifications
that target p53 on its N- and C-termini, thus resulting in conformational
changes that affect protein/protein interactions with transcriptional co-
factors. The consequences of specific patterns of p53 posttranslational
modifications are also context-dependent, meaning that specific p53
codesmight lead to different biological outcomes depending on the tran-
scriptional context of a given cell or tissue [100]. An intriguing nonapop-
totic role for p53 has been proposed by recent research carried out by Di
Giovanni and co-workers. Surprisingly, p53 has been demonstrated to be
required for axonal outgrowth in primary neurons as well as for axonal
regeneration after neuronal injury in mice, probably through a different
posttranslational pathway [101,102]. In vivo analyses of axonal injury
and regeneration suggested that some "atypical" p53-dependent cellular
functions could depend on specific patterns of p53 posttranslational
modifications, such as acetylation in its C-terminus. In particular, acetyla-
tion of lysine 320 (K320) of p53 is involved in the promotion of neurite
outgrowth and in the regulation of the expression of the actin-binding
protein coronin 1b and the GTPase Rab13, both of which associate with
the cytoskeleton and regulate neurite outgrowth [101]. Furthermore,
acetylated p53 at K372-3-82 drives axon outgrowth and growth-
associated protein 43 (GAP-43) expression and binds specific elements
on the neuronal GAP-43 promoter in a chromatin environment through
CBP/p300 signaling. [103]. Hence, the loss of the p53 wild-type confor-
mation may compromise the brain's ability to overcome a toxic insult
by restoring new axonal connections.

Conformational mutant p53 in aging and Alzheimer disease

Focusing on the study of p53-induced signaling responses in periph-
eral cells of AD patients and age-matched controls, the lack of p53 func-
tional activity has been observed in AD fibroblasts after cytotoxic insults.
Such impairment was demonstrated to be due to conformational
changes in p53 tertiary structure, selectively occurring in AD cells
[63,104]. Furthermore, p53 has been studied in blood cells of aged con-
trols and demented patients, with data demonstrating an age-related
increase in conformational altered p53, which is more pronounced in
ADpatients, to the point that it has been proposed as a putative biomark-
er in the early stages of the disease [105]. Similar results were reported
by Zhou and Jia, who demonstrated a p53-mediated G1/S checkpoint
dysfunction in lymphocytes fromADdue to the expression of the unfold-
ed p53 conformation [106]. Furthermore, Serrano et al. [107] demon-
strated a significant increase in unfolded p53 in older AD transgenic
mice compared with younger APPswe/PS1A246E animals and wild-
type counterparts of comparable age.

Unfolded p53 found in AD fibroblasts has been demonstrated to be
independent of gene mutations on the basis of sequence analysis of
the p53 gene, thus suggesting that one of the peripheral events associ-
ated with the disease is responsible for p53 conformational changes
[63]. The exposure to nanomolar concentrations of Aβ 1–40 and Aβ
1–42 peptides has been found to induce the expression of an unfolded
p53 protein isoform in various cell lines [104,108]. These data suggest
that the tertiary structure of p53 and the sensitivity to p53-dependent
apoptosis are influenced by low concentrations of soluble Aβ. Further-
more, a correlation between Aβ peptides, oxidative stress, and p53 con-
formational changes has been demonstrated within stable transfected
clones expressing APP751 wild-type protein [109]. On the basis of
these findings, low amounts of soluble Aβ have been hypothesized to
induce early pathological changes at the cellular level that may precede
the neurodegenerative process. It is possible that this unfolded p53 con-
formation may participate in AD development and may thus be consid-
ered a specific marker of the early stage of the pathology. As a result of
such a conformational change, p53 partially loses its activity andmayno
longer be able to properly activate an apoptotic programwhen cells are
exposed to a noxious stimulus [63,110,111].

We cannot speculate as to whether conformationally altered p53
found in AD peripheral cells is also present in the brain of AD patients
and what the relevance of such impairment is in terms of neuronal
function. However, accumulating evidence indicates that p53 is per-
turbed in the central nervous system in a number of neurodegenerative
disorders [75,76,112]. Furthermore, past postmortem studies suggest an
involvement of p53 in degenerating neurons in AD. These include de la
Monte et al. [113], showing increased p53 and Fas expression in specific
populations of cortical neurons; Kitamura et al. [114], showing in-
creased amounts of p53 in the temporal cortex, mainly localized in
glial cells; and Seidl et al. [115], showing higher levels of p53 in the fron-
tal and temporal lobes in Down syndrome patients. However, it is not
known whether the increase in p53 observed in these papers occurs
in degenerating neurons or reflects the expression of a conformational
altered isoform of p53 as detected in blood cells and fibroblasts from
AD patients [63,106,116].

What the contribution of a conformational change in a protein to the
aging and neurodegenerative processes may be is still under investiga-
tion. We could also address the issue of whether a generalization of
this phenomenon within the context of the “gain and loss of function”
of protein conformers may be possible. Several studies demonstrated
that conformational mutant p53 loses the ability to regulate the genes
usually activated by wild-type p53 and acquires new transcriptional
properties. As an example, conformational mutant p53 has been found
to regulate some factors that are common targets of cancer mutant
p53. For example, among genes regulated by mutant-cancer-associated
p53, CD44 mRNA was found in those AD B lymphocytes expressing un-
folded p53 [117]. CD44 is a surface antigen expressed by cells of the im-
mune and central nervous system as well as of a variety of other tissues.
Functioning as an adhesionmolecule, CD44 is further involved in driving
immune responses in infected tissues, including the central nervous sys-
tem. Althoughmore studies will need to demonstrate that CD44 is a tar-
get gene of unfolded p53, the correlation between CD44 and unfolded
p53 in ADmay assume an intriguing significance also in terms of the pos-
sible role of the immune system inADpathology. That conformational al-
tered p53 may acquire new transcriptional properties was suggested by
Tassabehji et al. [118], who identified a number of noncanonical target



Fig. 1. The dual role of p53 after a ROS insult. (A) An acute toxic insult, such as oxidative stress but also genotoxic damage, activates the canonic p53 intracellular pathway. After
acute damages, p53 induces cell cycle arrest, transactivating numerous genes, most of which are involved in cell cycle control, DNA repair, and apoptosis. Otherwise, if the damage is
too extensive, p53 activates an apoptotic process via the transactivation of proapoptotic genes. (B) Lack of p53 activity can be due to posttranscriptional modifications altering p53
tertiary structure and preventing binding to specific wild-type p53 DNA sequences. An alteration in oxidative homeostasis, resulting in a subtoxic and chronic ROS exposure,
impairs p53 tertiary structure and induces a shift in unfolded p53 conformation. Unfolded p53 is not able to transactivate the canonical genes of wild-type p53, but may acquire
new transcriptional activity and possibly participate in the development of aging and age-related diseases.
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genes of p53 in human hepatoma cells (Hep G2) after inducing p53 con-
formational changes toward amutant phenotype with Cu2+ compound.

Conclusion

The type of cell death involved in AD is still controversial, but it is
clear that there is progressive atrophy of the brain due to cell and syn-
aptic loss. The average time course of AD is 10 years from first symp-
toms to death. If we consider that a typical apoptotic process takes
roughly 12 h and that few neurons (fewer than 1/10,000 at any given
time) exhibit signs of apoptosis [119], we could speculate that neuronal
death is not the result of a single acute insult. Hence, like cancer, ADmay
be the result of serial insults that alone are insufficient to lead to disease.
It is more probable that the neuronal death observed in AD brains may
be considered the consequence ofmany triggers, inducing compensato-
ry responses through time until the last detrimental event occurs. This
observation is consistent with a “two-hit hypothesis” stating that the
first hit makes neurons vulnerable and the second hit triggers the
whole degenerative process [120]. The first hit may be cell cycle abnor-
malities or oxidative stress. Taking this into account, tolerable levels of
oxidative stress have been proposed to provoke compensatory changes
that lead to a shift in neuronal homeostasis, which is initially reversible
if the oxidative stress is acute. With persistent oxidative stress, such as
that seen in pre-AD and AD cases, which is significant compared to
age-matched controls, it is likely that, after a certain threshold (in
terms of severity and chronicity of oxidative stress), the majority of
neurons recruit permanent adaptive changes but still function normally
or slightly suboptimally in a pro-oxidant environment [119,121,122]. In
such an oxidative environment, proteins highly sensitive to redoxmod-
ulation, including p53, can be compromised [22,60–62]. In particular re-
active oxygen/nitrogen intermediates play, at least, two distinct roles in
the p53 pathway. First, they are important activators of p53 through
their capacity to induce DNA strand breaks [64,123]. Second, they regu-
late the DNA-binding activity of p53 by modulating the redox state of a
critical set of cysteines in the DNA-binding domain, which in turn in-
duces conformational changes [55,66,67,124]. The duration and the de-
gree of ROS signaling can influence one or the other event (Fig. 1). Based
on these speculations, we wonder whether high levels of p53 in certain
neurons, as observed in postmortem autopsy samples from AD patients,
lead to cell death or are the results of those adaptive responses. Howev-
er, we cannot speculate at this time whether conformational altered
p53 found in AD peripheral cells is also present in the brain of AD pa-
tients and what the relevance of such impairment may be in terms of
neuronal function. There are, however, a number of postmortem studies
suggesting an involvement of p53 in degenerating neurons in AD
[113–115]. It is not known, though, whether the increase in p53
observed in these papers occurs in degenerating neurons or reflects
the expression of a conformationally altered isoform of p53 as we
detected in blood cells and fibroblasts from AD patients [63,104,116].

The observation that aging and AD interfere with proteins control-
ling the duplication and cell cycle, such as p53, may lead to the specula-
tion that, in senescent neurons, derangements in proteins commonly
dealing with cell cycle control and apoptosis could affect neuronal plas-
ticity and functioning rather than cell duplication.
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