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Albeit enormous progress having been achieved ​​in both therapy and management of Alzheimer’s 
disease, a unique etiology and an appropriately effective treatment for this neurodegenerative condition 
still remain elusive. Consequently, this disabling pathology is presently recognized as the most common 
cause of chronic dementia among the ageing population, characterized by progressive cognitive decline, 
including memory impairment and deficiencies in recognition, language and skilled movements. Emerging 
evidence concerning the alteration of post-translational modifications (PTMs) supports their implication 
in an attractive new area of investigation potentially implicated in AD pathophysiology. APP, Aβ, tau, 
BACE1, GSK3β and various other proteins related to AD generally undergo PTMs and, interestingly, 
impairment of such physiological processes are being more and more related to AD onset or progression. 
In this study the effects are discussed of PTMs on AD-related proteins and their potential contribution 
to the development of AD. In particular, special concern is placed on the SUMOylation of AD target 
proteins, underlining the association of such PTM with the impairment of intracellular trafficking, protein 
aggregation and degradation, neuronal development and synaptic transmission, classically known to 
be AD hallmarks. Since similar events have also been reported for Parkinson’s disease, polyglutamine 
disorders such as Huntington’s disease, amyotrophic lateral sclerosis and prion disease, the potential role 
is also briefly reviewed of SUMOylation on the etiology of these related neurological diseases.
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improvement and general amelioration of quality of 
life.  A consequence of life elongation is the growing 
frequency of pathologies related to ageing. In fact, in 
2015 more than 47 million people worldwide resulted 

Alzheimer disease and PTMs
Human life expectancy is nowadays largely 

increased in respect to the past as a result of 
the reduced mortality achieved by medical care 
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to synaptotoxicity, axonal degeneration (Nisticò 
et al, 2012) and impaired cellular communication, 
that later turn into gliosis, neurodegeneration and 
widespread neuronal death.  Although various 
processes including aging, gene mutations, 
neuroinflammation, oxidative stress or chronic 
circulatory insufficiency are risk factors for the onset 
and progression of AD (Selkoe, 2001), many other 
molecular changes are involved in AD development. 
Post-translational modifications (PTMs), for 
instance, have been implicated in this emerging and 
interesting field of research and are recently object 
of several scientific studies. 

To date, it has been demonstrated that most of the 
key players in AD are modified by PTMs during the 
disease progression and that these events potentially 
contribute to their functional alteration observed in 
AD.

PTMs are endowed with an utmost physiological 
relevance, since they can modulate the localization, 
interactions and functions of proteins in a quick and 
reversible way (Russell et al, 2014). In particular, 
their fine regulation is critical for the nervous system 
function because PTMs participate in the control of 
synaptic communication, homeostatic modulation 
and general brain functioning (Di Antonio and 
Hicke, 2004; Routtenberg and Rekart, 2005; Lee et 
al, 2014).

Consequently, PTM homeostatic dysfunction 
most probably contributes to the arising of 
pathological conditions, and, in the case of AD, 
possibly PTM dysfunction contributes to cognitive 
alteration and neurodegeneration. Abnormal protein 
phosphorylation, ubiquitination or SUMOylation are 
among the PTMs reported in literature as potentially 
involved in the etiopathogenesis of AD (Lee et al, 
2001; Ross and Poirier, 2004; Nisticò et al, 2014). 

This review particularly focuses on the 
relationships between altered protein SUMOylation 
and AD, with special concern on the proteins mostly 
associated with this chronic neurodegenerative 
disease, notably Aβ and tau. 

SUMOylation pathway
SUMOylation is a reversible post-translational 

modification occurring through the covalent binding 

affected by dementia, the most common pathology 
in the elderly, unfortunately expected to triple by 
2050 (Mayeux and Stern, 2012).The most common 
type of dementia is Alzheimer’s disease (AD), a 
severe neurodegenerative condition characterized by 
the progressive decline of cognitive and behavioral 
functions. It appears clear how this severe pathology 
might have a deep socio-economic impact on society, 
particularly as an early diagnosis or an appropriate 
treatment do not yet exist. It is well known that the 
histopathological hallmarks characterizing AD are 
neurofibrillary tangles (NFTs) and amyloid-β (Aβ) 
aggregates, mostly located in the brain sections 
at post-mortem examinations of AD specimens. 
Brain regions affected include temporal and fronto-
temporal lobes, entorhinal cortex, amygdala and 
hippocampus (Holtzman et al, 2011), which are 
known as brain areas involved in learning processes 
and memory as well as in emotion formation.

Amyloid-β plaques are extracellular structures 
composed of a central core of Aβ40 and Aβ42 aggregated 
peptides, surrounded by dystrophic neurites (Wogulis 
et al, 2005). According to the “amyloid cascade 
hypothesis” of AD, these aggregated and toxic 
peptides are the result of the amyloidogenic cleavage 
of the amyloid precursor protein (APP), a type I 
integral membrane glycoprotein mostly expressed in 
the brain (Mattson, 2004) whose role is not clearly 
defined yet, although it is surely important for the 
development of neurites, synaptic plasticity, cellular 
adhesion and neurons survival (Zheng and Koo, 
2006). On the other hand, neurofibrillary tangles 
are intracellular structures composed of abnormally 
phosphorylated tau protein, assembled into paired 
helical filaments (PHFs) (Grundke-Iqbal et al, 1986). 
Tau is a microtubule associated protein (MAP) 
mainly found in the axons of CNS neurons, having 
a role in both axonal development and microtubule 
stabilization via their polymerization (Mandelkow 
and Mandelkow, 2012). 

When tau becomes hyper-phosphorylated it gains 
a particular conformation that reduces its interactions 
with the cytoskeleton, leading to destabilization and 
depolymerisation of microtubules (Kirkitadze et al, 
2001).

Both NFTs and Aβ aggregates have been linked 
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BACE1, GSK3β and JNK (Feligioni and Nisticò, 
2013). 

From a clinical prospective, it was reported that 
AD patients present altered levels of SUMOylation 
and SUMO-related protein expression. Indeed, 
SUMO3 labelling was found to be increased in post-
mortem brain sections from AD patients, especially 
in the hippocampus, which is the brain region 
responsible for learning and memory and the most 
affected in AD (Li et al, 2003). The protease SENP3, 
which participates in the de-SUMOylation process, 
was shown to be down-regulated in inferior parietal 
lobes of sporadic AD patients (Weeraratna et al, 
2007). Furthermore, the SUMO conjugating enzyme 
Ubc9 has been hypothesized to be responsible for 
AD development. In fact, a genomic analysis of 
Korean patients’ DNA affected by late-onset AD 
showed variations of the Ubc9 gene (UBE2I) that 
might significantly support the risk of developing 
AD for the Korean population (Ahn et al, 2009). 
In AD animal models, instead, controversial 
results were observed in the expression of the 
main components of the SUMOylation pathway. 
Although global levels of SUMO1 or SUMO2/3 
were not altered significantly in that model, however 
several individual SUMO2/3 bands were reported to 
be considerably decreased. Ensuing studies showed 
increased SUMO1 and SUMO2/3 levels in APP 
overexpressing and aged mice (Yang et al, 2012; 
Yun et al, 2013). In addition to this controversy is the 
fact that decreased SUMO2 levels were found in old 
APP mice (17 months), whereas increased SUMO1, 
Ubc9, and SENP1 levels were observed in young 
APP mice (3 and 6 months) (Nisticò et al, 2014).

SUMOylation OF PROTEINS RELATED TO AD

In the last decade, an increasing number of proteins 
associated with AD pathophysiological mechanisms 
has been reported to undergo SUMOylation 
(Martins et al, 2016). In the following paragraph we 
summarize the knowledge on the SUMOylation of 
several proteins known to be related to the formation 
of AD pathological hallmarks. To date, researchers 
are still working to understand whether and to 
what extent SUMOylation is a putative mechanism 

of the 11 kDa Small Ubiquitin-like MOdifier (SUMO) 
peptide to specific lysine residues on target proteins. 
As a result, SUMOylation is implicated in the normal 
protein functionality, regulating transcription factor 
transactivation, protein-protein interactions and 
subcellular localization of certain proteins (Feligioni 
et al, 2015; Sarge and Parke-Sarge, 2009). 

Three SUMO paralogues are known to be 
abundantly expressed in vertebrate brains, namely 
SUMO1, SUMO2 and SUMO3. Since the latter two 
subtypes share about 95% sequence homology, they 
are commonly referred to as SUMO2/3 (Johnson, 
2004).

Similarly to the ubiquitination pathway, the 
SUMOylation process requires three enzymes to 
complete the cycle, namely SUMO-E1 activating 
enzyme, SUMO-E2 conjugating enzyme and 
SUMO-E3 ligating enzyme.  

The pathway starts with the cleavage of the 
C-terminus of SUMO peptides by sentrin-specific 
proteases (SENP), in order to expose a diglycine 
(GG) motif that can be covalently attached, via a 
thioester bond, to a cysteine residue of a SUMO-E1 
activating enzyme (Aos1 and Uba2 heterodimer) in 
an ATP-dependent manner. This complex becomes 
the substrate for the SUMO-E2 conjugating enzyme, 
(Ubc-9) which lastly transports SUMO onto the lysine 
residue of the target protein, generally by means of 
a specific SUMO-E3 ligase. The cycle is completed 
by the reversible removal of SUMO from its target 
substrates, operated by one of the SENP proteases 
(Droescher et al, 2013). For SUMO conjugation, a 
specific consensus sequence has been described, that 
is ѱKxE/D, where ѱ is a bulky hydrophobic residue 
and x can be any amino acid followed by an acidic 
residue. 

Involvement of SUMOylation in AD
Several studies on AD have shown that various 

proteins are subjected to post-translational 
modifications such as phosphorylation, 
ubiquitination, and SUMOylation (Atkin and 
Paulson, 2014; Tenreiro et al, 2014). SUMOylation 
is currently largely studied in Alzheimer’s disease 
since SUMO moieties establish covalent interactions 
with fundamental AD proteins such as AβPP, tau, 
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associated with cognitive deficits. 
It has been found that APP can be SUMOylated 

in vitro with an efficiency of ~34% both by SUMO1 
and SUMO2 at lysines 587 and 595. Covalent 
modifications of APP lysines K587 and K595 by 
both SUMO1 and SUMO2 were reported to decrease 
Aβ aggregation levels in HeLa cells overexpressing 
APP (Zhang and Sarge, 2008), probably due to 
the close spatial proximity and unfavorable steric 
congestion between the β-secretase cleavage site 
and the SUMOylatable lysines on APP (Martins et 
al, 2016). On the other hand, SUMOylation by either 
SUMO1 or SUMO2 is associated with decreased 
levels of Aβ aggregates, suggesting that APP 
SUMOylation could have protective effects against 
the amyloidogenic APP processing. However this 
effect was not observed in overexpressing K587R 
and K595R mutants (Zhang and Sarge, 2008).

Intriguingly, K595 is also site of the well-
known APP mutation (K595N) associated with the 
autosomal dominant Swedish early-onset familial 
form of AD ( Mullan et al, 1992). Therefore, an 
attractive hypothesis could already be formulated 
wherein impeding APP SUMOylation at this 
lysine residue may contribute to the increased Aβ 
production and higher pathogenicity characterizing 
the Swedish mutation (Sarge and Park-Sarge, 2009). 

Controversially, Aβ peptides have been reported to 
directly affect the SUMO machinery in downstream 
signaling pathways, behaving like neurotoxins 
at synaptic sites when at high concentrations 
(Holtzman, 2011; Mucke and Selkoe, 2012).

The potential in vivo effects of Aβ on 
SUMOylation have been investigated by using APP 
overexpressing mice and Tg2576 mouse models. 
No changes were detected in global SUMO1 or 
SUMO2/3 conjugation levels (McMillan et al, 2011), 
albeit in 18-month-old APP/PS1 double transgenic 
mice, unconjugated SUMO1 was found elevated 
and SUMO1 immunoreactivity was enhanced 
and partially co-localized with amyloid plaques in 
respect to control mice (Yang et al, 2012). These 
data suggest that SUMO1 expression can be altered 
by Aβ toxicity. 

A similar increase in free unconjugated 
SUMO2/3 levels was observed in the hippocampus 

contributing to protein misfolding or aggregation ( 
Feligioni et al, 2015).

Tau SUMOylation
AD is classically characterized by high levels 

of misfolded tau protein forming neurofibrillary 
tangles (Goedert et al, 1992). Tau has been reported 
to be a SUMO1 target at lysine K340, a residue 
located within the 4R-tau, one of the interaction 
sides with microtubules (Dorval and Fraser, 2006). 
The in vivo interaction between tau and SUMO1 was 
confirmed by immunohistochemistry experiments in 
which SUMO1 immunoreactivity co-localized with 
phosphorylated tau aggregated in neuritic plaques of 
APP transgenic mice but not in mutant tau transgenic 
mice, indicating that APP processing can take part 
in the SUMO-tau relationship. Conversely, NFTs 
from post-mortem AD brain were found prominently 
ubiquitinated but not immunoreactive for tau-SUMO1 
conjugates (Takahashi et al, 2008). 

Takahashi and co-workers demonstrated that 
proteasomal inhibition significantly decreased tau 
SUMOylation, but increased tau ubiquitination 
(Takahashi et al, 2008). Proteasome impairment 
is a common feature in several aging-related 
neurodegenerative disorders, consequently, as 
Dorval and Fraser suggested, down-regulation of tau 
sumoylation in response to proteasome failure may 
explain why neurofibrillary tangles are not labeled by 
SUMO immunostaining (Dorval and Fraser, 2006). 
This results suggest that tau can also be ubiquitinated 
and degraded by the proteasome through both 
ubiquitin-dependent and ubiquitin-independent 
pathways (David et al, 2002; Shimura et al, 2004). 

Recently, it has been reported that SUMOylation 
of lysine K340 stimulates tau phosphorylation and 
inhibits ubiquitination-mediated tau degradation, thus 
favoring its aggregation (Luo et al, 2014).

APP and Aβ SUMOylation
SUMOylation seems to be involved in the 

modulation of APP processing and/or trafficking 
and subsequently in its proteolytic amyloidogenic 
processing (Hardy and Selkoe, 2002).  Consequently, 
modulation of the cleavage of APP into Aβ could 
potentially reduce Aβ-induced toxicity and could be 
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have also been established between Aβ and GSK3β, 
indicating that Aβ seems to be strictly linked with 
GSK3β activation. The hypothesis that Aβ-mediated 
GSK3β activation could be achieved through Tyr216 
phosphorylation has emerged and an increase of 
pGSK3βTyr216 was found in numerous models of 
Aβ treatment (Hu et al, 2009; Terwel et al, 2008; 
Pajak et al, 2009; Selenica et al, 2013). Pajak et al. 
(2009) revealed a co-localization of pGSK3βTyr216 
and Aβ deposits in PC12 cells overexpressing human 
Amyloid Precursor Protein. 

A recent in vitro study presented a correlation 
between pGSK3βTyr216 and tau phosphorylation 
at PHF-1 epitope, the characteristic GSK3β motif. 
Tyr216 phosphorylation could promote nuclear 
accumulation of pTau at PHF-1 epitope, an early 
event known to be implied in AD pathology. As a 
consequence, any GSK3β inhibitor reducing Tyr216 
phosphorylation could be used to prevent tau 
hyperphosphorylation at the pathological PHF-1 site 
(Noel et al, 2016).

Recently, SUMOylation of GSK3β was 
demonstrated to induce the phosphorylation and 
the subsequent activation of the kinase at Tyr216 
(Eun Jeoung et al, 2008), thus suggesting that 
SUMOylation of protein kinases or phosphatases may 
also contribute to the increased tau phosphorylation 
(Gong and Iqbal, 2008; Wang et al, 2007). Therefore, 
SUMOylation of GSK3β may represent another 
promising target for AD therapy.

IMPLICATION OF SUMOYLATION IN OTHER 
NEURODEGENERATIVE DISEASES

In the last decade, the deregulation of 
SUMOylation homeostasis has been also associated 
with neurodegenerative diseases other than AD. 
Indeed, if SUMOylation in AD contributes to alter 
solubility and proteolytic processing of Aβ and tau 
proteins, a similar activity has been recognized 
for various proteins implicated in the onset and 
progression of several diseases, including Parkinson’s 
disease, Huntington’s disease, Amyotrophic Lateral 
Sclerosis (ALS) and prion disease. 

We here provide an overview of the recently 
unveiled impact that SUMOylation has on the 

of 25-month-old C57BL/6 wild type mice, inversely 
correlating with their behavioral performances. Such 
augmented free SUMO may indicate a diminished 
efficacy of SUMO conjugation and therefore higher 
levels of free unconjugated SUMO moieties (Yang 
et al, 2012).

The expression levels of SUMOylated proteins 
during AD onset and throughout the disease 
progression have also been investigated in order 
to elucidate an age-related correlation of the 
SUMO/deSUMOylation balance. At early stages 
of the pathology (3 and 6 months) Tg2576 mice 
presented an increase in SUMO1 expression and 
conjugation compared to wild type in both cortex 
and hippocampus, but not at later stages (17 months). 
SUMO2 modification was instead decreased in old 
transgenic mice but not in earlier time windows 
(Nisticò et al, 2014). 

Given the differences so far observed, a possible 
opposite functional role has been speculated for 
SUMO1 versus SUMO2 conjugations, wherein 
SUMO1 overexpression may impair synaptic 
function and spine morphology, whereas SUMO2 
might be beneficial against the age-related memory 
decline (Matsuzaki et al, 2015).

GSK3β SUMOylation
Several other proteins, known to be involved in 

signaling pathways crucial to the pathophysiology 
of AD, have been identified as SUMO conjugation 
targets. 

GSK3β,  for instance, plays a pivotal role in the 
pathogenesis of both sporadic and familial forms 
of AD. Glycogen synthase kinase 3β (GSK3β) is a 
serine/threonine protein kinase involved in several 
physiological processes, such as glycogen metabolism 
and gene transcription. It is one of the main kinases 
associated with the hyperphosphorylation of tau and 
plaque-associated microglial-mediated inflammatory 
responses (Martins et al, 2016). GSK3β was shown to 
phosphorylate the majority of sites on tau including 
Ser396/Ser404 (PHF-1) epitope, which is directly 
involved in microtubule destabilization and paired 
helical filament formation in AD brains (Hanger et 
al, 1992; Hanger et al, 1998; Bramblett et al, 1993; 
Takashima et al, 1998). Reciprocal interactions 
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Notably, insoluble α-synuclein aggregates were 
found to be SUMOylated in neuronal cell cultures 
from both Parkinson’s disease and Dementia with 
Lewy bodies affected brains (Feligioni et al, 2015; 
Kim et al, 2011). In addition, endogenous α-synuclein 
was found to be efficiently conjugated in His6-SUMO 
transgenic mice, interestingly confirming that this 
PTM does occur in vivo in the mouse brain under 
physiological circumstances (Krumova et al, 2011). 

Fifteen lysine residues have been localized within 
α-synuclein core repeats, among which K96 is a 
classical SUMO consensus acceptor site (VK96KD), 
whereas K102 is a closely related motif (GK102NE) 
Feligioni et al, 2015). These two sites account for 
more than 50% of the α-synuclein SUMO conjugates, 
as confirmed by mutagenesis assays (Dorval and 
Fraser, 2006; Krumova et al, 2011). 

Increasing evidence highlights the SUMOylation 
of α-synuclein as an important marker in PD 
pathogenesis. Indeed, this PTM seems to abolish fibril 
formation in vitro, with a 50% covalent conjugation 
of a single SUMO moiety being already efficient in 
completely blocking the α-synuclein pathognomonic 
fibrillation (Krumova et al, 2011; Shahpasandzadeh 
et al, 2014). Furthermore, overexpression of 
mutant K96R/K102R α-synuclein in dopaminergic 
substantia nigra pars compacta neurons of a PD 
rodent model substantially exacerbated the protein 
toxicity and its neurodegenerative effect (Krumova 
et al, 2011). These studies are speculative of a 
molecular mechanism wherein SUMOylation may 
act as a modulator of fibril formation, by maintaining 
the aggregation-prone α-synuclein in solution 
(Krumova et al, 2011). 

Interestingly, a site- and isoform-dependent 
effect of SUMOylation on α-synuclein aggregation 
was elucidated by means of protein semi-synthesis 
experiments, indicating that SUMOylation at 
K102 is a better inhibitor of aggregation than the 
modification at K96 and that SUMO1 modification 
is a better aggregation inhibitor than SUMO3 
(Abeywardana and Pratt, 2015).

On the other hand, further investigations found 
that a higher proportion of oligomeric α-synuclein 
species were SUMOylated in vitro, but only upon 
proteasome inhibition (Anderson et al, 2006; 

etiology and progression of these AD-related 
neurological diseases.

SUMOylation impact on α-synuclein 
Parkinson’s disease (PD) is the second most 

common neurodegenerative disorder, characterized 
by the loss of dopaminergic neurons which leads to 
cardinal motor signs, i.e. rigidity, bradykinesia and 
resting tremor (Bose and Beal, 2016). Several genes 
have been associated with the hereditary forms of the 
disease, encoding proteins such as parkin, DJ-1 and 
especially α-synuclein. 

Similarly to tau, α-synuclein belongs to the family 
of natively unfolded neuronal proteins (Schweers 
et al, 1994; Weinreb et al, 1996). It is commonly 
localized at presynaptic terminals (Iwai et al, 1995) 
and implicated in MAP kinase signaling, synaptic 
vesicle trafficking and neurotransmission (Iwata et 
al, 2001; Chandra et al, 2005; Chandra et al, 2004; 
Liu et al, 2004). 

In pathological conditions, generally referred to as 
“synucleinopathies” (including Parkinson’s disease, 
Dementia with Lewy bodies and Multiple System 
Atrophy), α-synuclein can undergo a conformational 
transition from random coil to β-pleated sheet 
conformation, progressively leading to fibrillization, 
formation of oligomers, and accumulation of 
insoluble aggregates and intracellular inclusion 
bodies that represent the hallmarks of this class of 
diseases (Goedert, 2001; Spillantini et al, 1997; 
Kahle et al, 2002; Barghorn et al, 2004; Conway et 
al, 2000). 

α-synuclein is known to be the target of several 
PTMs including SUMOylation (Kim et al, 2011; 
Krumova et al, 2011), which may affect protein 
localization, structure and aggregation-prone 
aptitudes (Feligioni et al, 2015; Goedert, 2001). 
Indeed, various investigations proved the occurrence 
of α-synuclein SUMOylation by means of cell-free 
assays (Krumova et al, 2011) in in vitro cell-based 
assays (Krumova et al, 2011; Oh et al, 2011) and 
co-localization imaging (Kim et al, 2011; Pountney 
et al, 2005). In particular, SUMO1 was found to be 
predominantly conjugated via mono-SUMOylation, 
whereas SUMO2 and SUMO3 could form polymer 
chains of poly-SUMOylation (Matic et al, 2008). 
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inclusions characterizing HD (Li et al, 2000; Toneff 
et al, 2002). Specifically, the fragmented Httex1p 
N-terminus has been identified as an important 
mediator of aggregation, localization and protein 
stability (Thompson et al, 2009; Atwel and Truant, 
2008; Sivanandam et al, 2011; Zheng et al, 2013). 

Both the full-length Htt and the related pathogenic 
fragment can be relevantly regulated by PTMs 
including SUMOylation (Ehrnhoefer et al, 2011; 
Pennuto et al, 2009; Zheng and Diamond, 2012), 
with an effect in the promotion of their stabilization 
(Steffan et al, 2004). Proteomic analysis and cell-
based assays confirmed the relevance of SUMO-
conjugation of aggregated proteins, with K6 and K9 
appearing as primary conjugation sites (Steffan et 
al, 2004; O’Rourke et al, 2013), and with SUMO2 
specifically eliciting a dose-dependent increase in 
insoluble Htt (Tatham et al, 2011). 

In parallel, ubiquitination appeared to reduce 
poly-Q toxicity, presumably by promoting the 
degradation of toxic proteins, and possibly competing 
with SUMOylation for the same lysine residues in 
the amino-terminal domain (Desterro et al, 1998; 
Hoege et al, 2002; Lin et al, 2003). To confirm, HeLa 
cells treated with proteasome inhibitors resulted to 
accumulate conjugated forms of all SUMO paralogs 
in insoluble protein inclusions as well as in the 
accumulation on SUMO2 substrates of lysine-63-
linked polyubiquitin chains (Feligioni et al, 2015; 
Tatham et al, 2011).

A remarkable accumulation of SUMO2-modified 
Htt was also found in the insoluble fractions of post-
mortem striata from HD patients, suggesting that this 
PTM could indeed be relevant in humans to regulate 
the age-related pathogenic accumulation of mutant 
Htt (O’Rourke et al, 2013). Co-localization studies 
implying truncated Htt fragment and His-tagged 
SUMO further supported this hypothesis (Sipione et 
al, 2002).

The consequences of Htt SUMOylation have also 
been investigated by mutation of the target lysines 
K6 and K9 of the Drosophila protein (MacDonald 
et al, 1993). SUMOylation deficient mutant 
substantially prevented degeneration, indicating that 
SUMOylation at these sites may correlate with the 
pathological insult (Steffan et al, 2004). 

Iwatsubo, 2003). Indeed, treatment of mammalian 
cells with the proteasome inhibitor MG-132 
usually leads to the formation of stable and multi-
ubiquitinated protein inclusions that are more easily 
SUMOylated and can ultimately end up in cell death 
(Yuan et al, 2008; Xie et al, 2010). Conclusively, 
SUMOylation might impinge in synucleinopathies 
in two ways, either by inhibiting the propensity of 
α-synuclein to aggregate or by affecting the cell 
degradative machinery and hence the clearance of 
α-synuclein aggregates (Vijayakumaran et al, 2015).

Last but not least, recent studies also suggested 
a role for SUMOylation in mitochondrial dynamics, 
with a clear pivotal implication in PD pathogenesis. 
Indeed, SUMOylation activates DJ-1, thus decreasing 
mitochondrial oxidative stress, while reducing 
the amount of parkin available for mitochondrial 
recruitment. In addition, SUMOylation is known to 
modulate mitochondrial fission via modification of 
the dynamin-related protein 1 (DRP1) (Feligioni et 
al, 2015; Guerra de Souza et al, 2016).

SUMO, Huntingtin and polyglutamine disorders
Similarly to PD, an aberrant accumulation of 

insoluble high-molecular-weight protein complexes 
has been observed in Huntington’s disease (HD), 
another neurodegenerative disorder caused by the 
expansion of a CAG polyglutamine (polyQ) repeats 
within the gene coding for the Huntingtin (Htt) protein 
(MacDonald et al, 1993). As soon as the threshold 
of the minimal polyglutamine repetition length is 
exceeded (generally above 35 to 45 repeats), the 
resultant expanded protein undergoes conformational 
changes and therefore aggregates, forming typical 
“amyloid-like” inclusion bodies (Poirier et al, 2002; 
Steffan et al, 2004) which determine neuronal death 
in specific brain regions, including basal ganglia, 
cerebellum, brainstem and spinal motor nuclei (Ross, 
1995). 

Htt appears to have a neuroprotective function 
by promoting the production of neurotrophic factors 
such as BDNF (Cattaneo et al, 2001). Several 
studies have suggested a role for the proteolytic 
cleavage of  this polyglutamine protein, since only 
antibodies to the N-terminus of Htt, but not at the 
C-terminus, are able to recognize the intranuclear 



8 S. MARCELLI ET AL.

by means of an in vitro SUMOylation assay, human 
SOD1 was found to be a specific substrate of SUMO1 
but not of SUMO2 or SUMO3 isoforms in the 
NSC34 motor neuron cell line (Niikura et al, 2014; 
Cashman et al, 1992). On the other hand, mutated 
G93R and G85R SOD1 proteins were found to be 
also modified by SUMO2 and SUMO3 (Niikura et 
al, 2014) and this modification might modulate the 
degradation process (Niikura et al, 2014; Fei et al, 
2006).

K9 and K75 were identified by means of a 
SUMOplot prediction software (www.abgent.com/
doc/sumoplot) as potential lysine targets for SUMO-
conjugation, subsequently confirmed via mutagenesis 
studies. Particularly, K75R mutation abrogated the 
SUMO1 modification of SOD1, whereas no clear cut 
results were obtained concerning K9R mutations, 
depending upon in vitro versus in vivo assays 
(Niikura et al 2014; Fei et al, 2006). 

Fei and coworkers (2006) found that 
SUMO1ylation at K75 both enhanced SOD1 
stability and promoted its aggregation. Accordingly, 
SUMO1 overexpression was found to support 
SOD1 aggregation, moreover co-localizing with 
the aggregates and with a parallel reduction in the 
levels of free SUMO-1 (Dangoumau et al, 2016). 
These results, however, were not replicated for 
SUMO2 and SUMO3, possibly indicating a role for 
the sole SUMO1 in the pathological process of fALS 
(Fei et al, 2006). To confirm, another more recent 
study underlined that preventing the SUMOylation 
of mutant SOD1 via substitution of lysine 75 
significantly reduced the number of motor neuronal 
cells with aggregates (Dangoumau et al, 2016). 

On the other hand, SUMO3 was identified 
as the principal responsible for the promotion 
and acceleration of fALS-linked mutant SOD1 
aggregation in NSC43 cells by Niikura et al (2014). 
Again, K75R but not K9R mutants showed a 
significant reduction in the rate of aggregation, 
supporting previous findings. In addition, the non-
SUMOylated mutant SOD1 was not detected to 
co-immunoprecipitate with SUMO, while the not-
SUMOylatable not-aggregating wild type SOD1 
actually did. Considering that the majority of the 
SOD1 protein was found in its non-SUMOylated 

Among the SUMOylation enzymes, PIAS1, a 
SUMO E3 ligase, has been elected as a potential 
candidate SUMO ligase for Htt (O’Rourke et al, 2013) 
and therefore suggested as possible therapeutic target 
in HD treatment. PIAS1 was indeed able to regulate 
the accumulation of insoluble Htt polypeptides in 
HeLa cells (O’Rourke et al, 2013). Moreover, the 
genetic reduction of the homologous PIAS enzyme 
in Drosophila proved to be neuroprotective, and a 
reduction of Drosophila SUMO smt3 was effective 
in the same direction (Steffan et al, 2004). 

Finally, SUMO2 activity and expression is 
commonly highly influenced by cellular stress (Saitoh 
and Hinchey, 2000), therefore several studies are 
now focusing on the eventual correlations between 
increased SUMOylation and oxidative stress, known 
to be implicated in the HD pathology (Browne and 
Beal, 2006).

SUMOylation and amyotrophic lateral sclerosis
Amyotrophic Lateral Sclerosis (ALS) is a late-

onset neurodegenerative condition characterized 
by the selective loss of motor neurons, ultimately 
leading to paralysis and death within 2–5 years from 
diagnosis (Zarei et al, 2015). Although most ALS 
cases are sporadic, approximately 20% have been 
linked to familial autosomal dominant mutations 
in the gene encoding the copper-zinc superoxide 
dismutase SOD1, with G93R and G85R being the 
most frequent (Andersen, 2006). The resulting 
SOD1 proteins are supposed to undergo gain-of-
function mutations, acquiring cytotoxic properties 
(Cleveland, 1999; Takeuchi et al, 2002; Guégan et 
al, 2002). 

The major pathologic hallmark of familial ALS 
(fALS) is the aggregation of mutated SOD1, which 
misfolds and forms proteinaceous intracellular 
inclusions (Bruijn et al, 1998; Son et al, 2003; 
Watanabe et al, 2001). 

The exact mechanisms of aggregation still remain 
unclear, however PTMs of SOD1 may also be 
involved. Given the fact that SUMOylation is known 
to regulate protein stability and aggregation-prone 
attitudes (Feligioni et al, 2015), SOD1 SUMOylation 
has been investigated in order to evaluate a potential 
involvement in the pathological process. Notably, 
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et al, 1996), motor function and copper metabolism 
(Nazor et al, 2007; Katamine et al, 1998), as well 
as impaired response to oxidative stress (Collinge, 
2001).

Although the physiological function of cellular 
prion protein and its actual involvement in disease 
remain quite elusive, the central event in prion 
pathogenesis is ascribed to the conformational 
conversion of normal PrPC into the neurotoxic and 
misfolded PrPSc isoform, characterized by a higher 
content of β-sheet structures (Pan et al, 1993; Safar 
et al, 1993; Meyer et al, 1986). Such isoform not 
only propagates itself but also imposes its abnormal 
conformation to the cellular PrPC molecules of the 
host, often ending up in misfolding, decreased 
solubility and aggregation into amyloid-like 
plaques (Aguzzi and Polymenidou, 2004; Chiesa 
and Harris, 2001; Gasset et al, 1992; Meier et al, 
2003). Consequently, prion disease is characterized 
by widespread neurodegeneration, with affected 
individuals exhibiting clinical symptoms of both 
cognitive and motor dysfunctions.

As PrPC is synthesized as a family of four distinct 
isoforms, attention has been focused on the CytPrP 
form, a minor member that segregates outside the 
secretory route and can induce neurocytotoxicity 
(Hegde et al, 1998; Juanes et al, 2009). CytPrP is 
synthesized by alternative initiation of translation 
from a downstream AUG, coding for Met-8 in 
human PrPC [HuPrP(M8)] and for Met-15 in hamster 
[HaPrP(M15)].

Accumulation of CytPrP sensitizes cells to death 
(Ma and Lindquist, 2002; Ma et al, 2002), since 
it spills into the cytosol and accesses the nucleus 
forming insoluble aggregates when the proteasome 
is inhibited (Yedida et al, 2001; Drisaldi et al, 2003).

Interestingly, access to the nucleus has been 
associated to a possible SUMO conjugation of 
this protein. Indeed, HaPrP(M15) isolated from 
nuclear fractions of hamster brain homogenates was 
recognized by anti-SUMO-1 antibodies but not by 
anti-ubiquitin or anti-SUMO 2/3 antibodies, showing 
a variable level of SUMO-1 conjugation (Juanes et 
al, 2009).

Such PTM might underlie the SUMO-mediated 
on/off functional switch of PrPc nuclear population 

form, the authors suggested that SUMO3 conjugation 
of mutant SOD1 may accelerate protein aggregation, 
possibly by recruiting such a large amount of non-
SUMOylated SOD1 protein (Niikura et al, 2014). 

Finally, further studies highlighted the connection 
between oxidative stress and ALS, with special 
concern toward the SUMO2/3 isoform, known to 
have a role in these responses (Tempé et al, 2008; 
Parakh et al, 2013; Nakamura et al, 2012). Therefore, 
it has been proposed that a possible stress-induced 
elevation of SUMO3ylation during ALS might 
accelerate the aggregation of mutant SOD1 in motor 
neurons, consequently activating the cytotoxic 
pathways at the basis of ALS pathophysiology 
(Nakamura et al, 2012). Additional data will be 
required to support this interesting hypothesis, 
further supporting a pivotal role for SUMOylation as 
potential therapeutic target in ALS.

Insights of SUMOylation in prionic diseases
Prion diseases, also known as Transmissible 

Spongiform Encephalopathies (TSEs), are a class of 
self-perpetuating and infectious neurodegenerative 
pathologies (Aguzzi and Polymenidou, 2004), 
including Creutzfeldt-Jakob disease, fatal familial 
insomnia and kuru in humans, scrapie in small 
ruminants (Prusiner et al, 1993), bovine spongiform 
encephalopathy or “mad cow” disease in cattle (Wells 
et al, 1987), chronic wasting disease in deer and elk 
(Williams and Young, 1980), and feline spongiform 
encephalopathy in both wild and domestic cats 
(Wyatt et al, 1991).

TSEs causative agent is supposed to be a “small 
cellular proteinaceous infectious particle” named 
prion (PrPC) (Prusiner, 1982; Caughey and Baron, 
2006; Chiesa and Harris, 2001), encoded by the 
PRNP gene, in the short arm of human chromosome 
20. To date, all known cases of familial prion disease 
co-segregate with PRNP mutations (Sparkes et al, 
1986). 

PrPC is an Asn-linked glycosylated protein 
supposed to play a role in signal transduction and 
metal homeostasis, as well as to act as antioxidant 
and be protective against apoptosis (McKinley et al, 
1991). Indeed, PrP-/- animals show altered synaptic 
function (Richt et al, 2007), circadian rhythms (Tobler 
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Definitely, a broader understanding of 
these mechanisms would lead to undeniable 
pharmacological and clinical benefits, with the 
selective targeting of SUMOylated proteins 
potentially becoming a future therapeutic strategy 
for neurological disorders, including AD.
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thus not simply an emotional reaction to the awareness 
of the dementing diseases (Andersen et al, 2005). 
Soluble forms of beta amyloid peptide (Aβ) have 
been implicated in the development of early memory 
deficits and neuropsychiatric symptoms (Rowan et 
al, 2005). Indeed, it has been hypothesized that the 
insoluble amyloid plaques may represent an early 
mechanism responsible for the sequestering of small, 
diffusible conglomerate of Aβ peptide reported to 
cause impairment in synaptic structure and function 
(Walsh and Selkoe, 2007). Accordingly, in the early 
stages of AD, significant cognitive deficits have been 
directly attributed to soluble Aβ fragments (Cleary 
et al, 2005; Mattson, 2004) and increased levels of 
soluble Aβ oligomers caused synaptic dysfunction 
(Hardy and Selkoe, 2002; Selkoe and Schenk, 

Increasing evidence has linked depressive state to 
the development of neurological disorders such as 
Alzheimer’s disease (AD). In this regard, depression 
has been indicated as a risk factor for AD (Ownby 
et al, 2006; Sun et al, 2008). Indeed, depression is 
common in pre-clinical AD, and may represent 
an early manifestation of this disease before the 
appearance of cognitive impairments (Geerlings et 
al, 2000; Visser et al, 2000). In particular, subjects 
with mild cognitive impairment and depression have 
more than twice the risk of developing Alzheimer-
type dementia than non-depressed patients 
(Modrego and Ferrandez, 2004). It has been reported 
that neuropsychiatric symptoms may represent 
prodromal symptoms of dementia deriving from 
neurobiological changes in specific cerebral regions, 
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multi-subunit protease complex comprised of proteins 
such as presenilin1 or 2 (Cole and Vassar, 2007; 
Hardy and Selkoe, 2002). The action of β-secretase 
on APP leads to the formation of a shorter fragment 
β-secretase-generated C-terminal APP, known as 
β-CTF, that is a substrate for γ−secretase complex, 
which activity results in the production of Aβ peptide 
and APP intracellular domain (known as AICD). 
This pathway is recognized as the amyloidogenic 
pathway associated to synaptic loss (Grabrucker et al, 
2011). APP can also be metabolized by α-secretase, 
thus producing α-CTF that γ−secretase transforms 
into AICD and p3 peptides (Chow et al, 2010). This 
pathway is the non- amyloidogenic pathway since 
α-secretase cuts APP in the Aβ region, thus impeding 
its production (Chow et al, 2010). This pathway has 
been reported to be neurotrophic and neuroprotective 
(Chow et al, 2010), thus many investigations have 
been steered at individuating the mechanism that can 
move APP processing towards α-secretase-mediated 
derivatives, as discussed below.

MONOAMINES IN DEPRESSION AND AΒ 
PRODUCTION

The cathecolaminergic theory of affective 
disorders was first presented in 1965 by Schildkraut 
(Schildkraut, 1995), who stated the crucial role of 
lower central NA availability in the insurgence of 
depression. Later, in 1995 the contribution of 5-HT 
became evident, with the discovery that deficiency 
of brain serotonergic activity leads to increased 
vulnerability to stress (Maes and Meltzer, 1995; 
Mann, 1999). Although such initial monoaminergic 
theory has been revised over time, available 
pharmacological treatment options are still mainly 
based on central NA and 5-HT enhancement. 
Alterations in these neurotransmitter systems have 
also been reported in AD and, in particular, Aβ has 
been shown to modulate and to be modulated by these 
systems. In this regard, we previously found that 
soluble Aβ is able to reduce 5-HT in the prefrontal 
cortex, but not in hippocampus or nucleus accumbens, 
of rats receiving a single intracerebroventricular 
(icv) injection 7 days earlier (Colaianna et al, 2010). 
In good agreement, impairment of the serotonergic 

2003), endorsing the hypothesis that increased 
central soluble Aβ levels may also be implicated in 
the development of non-cognitive AD symptoms. In 
line with these findings, we previously demonstrated 
that soluble Aβ, intracerebrally injected in rats, is 
able to generate a depressive-like state accompanied 
by reduction in serotonin (5-HT) and neurotrophin 
levels (Colaianna et al, 2010) and altered 
hypothalamic pituitary adrenal (HPA) axis response 
and noradrenaline (NA) levels (Morgese et al, 2014). 
It has been hypothesized that cognitive decline and 
mood alterations share common neuropathological 
mechanisms leading to increased vulnerability of 
depressed patients versus AD pathology (Aznar 
and Knudsen, 2011). Alterations in monoamine 
content and increased susceptibility to stress are 
common features of both AD and depression, as 
well as alteration in neuroinflammatory and pro-
oxidative states. The aim of the present review 
was to summarize the main knowledge in regard to 
biological and pathological substrates commonly 
shared between AD and depression with the scope of 
shedding light on new therapeutic approaches.

AMYLOIDOGENIC AND NON-
AMYLOIDOGENIC PATHWAYS

Amyloid β is the main component of the amyloid 
plaques, one of the neuropathological hallmarks 
of AD (Di Carlo et al, 2012). However, mounting 
evidence suggests that Aβ, besides its well-accepted 
neurotoxic activity, may hold physiological roles 
(Hardy and Selkoe, 2002). This peptide, in its 
soluble form, is produced and secreted during normal 
cellular activity and has been shown to modulate 
synaptic activity without overt signs of neurotoxicity 
(Grilli et al, 2010; Mura et al, 2010; Preda et al, 
2008). Physiologically, the neuromodulatory role of 
Aβ would be important for the correct functioning of 
neurotransmitter systems; however, in pathological 
conditions, Aβ-modulating synaptic activity could 
trigger functional alterations on neurotransmission 
(Mura et al, 2012). The Aβ peptide derives from the 
sequential proteolytic cleavage of amyloid precursor 
protein (APP) by β-site APP cleaving enzyme 1 
(BACE1), known as β-secretase, and γ−secretase, a 
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receptor subtype hold antidepressant properties, 
as demonstrated in different depression animal 
models and paradigms, while reduced serotonergic 
tone results in a depressive-like profile (Lucas et 
al, 2007; Zotti et al, 2013). In further agreement, 
genetic depletion of these receptors in mice leads to 
reduced serotonergic spontaneous electrical activity 
and lower content of 5-HT and relative metabolite, 
such as 5-hydroxyindol acetic acid (Conductier et 
al, 2006). Moreover, pharmacological activation 
of 5-HT4 receptors resulted in enhanced short and 
long-term memory function (Meneses, 2007) and 
increased population amplitude spike in the CA1 
region of hippocampus also in transgenic AD model 
(Spencer et al, 2004), suggesting that molecules 
acting on this target may result very useful either in 
depression or AD. On the other hand, 5-HT stimulates 
APP release by activating 5-HT2A and 5-HT2C 
receptor subtypes. Furthermore, polymorphisms 
in gene encoding for 5-HT2A receptors, whose 
binding reduction has been reported in AD brains 
(Versijpt et al, 2003), have been described in AD 
patients affected by major depression (Holmes et al, 
2003). Antagonists of 5-HT2A receptors have been 
shown to induce antidepressant effects (Patel et al, 
2004), and co-administration of these compounds 
with SSRI has been proposed in order to obtain a 
synergistic effect (Patel et al, 2004). In addition, 
transgenic mice deleted of 5-HT2A receptors display 
an altered phenotype with symptoms correlated to 
depression (Popa et al, 2005). In regard to 5-HT2C 
receptors, both agonists and antagonists have been 
proposed for their antidepressant activity (Cryan 
and Lucki, 2000; Cryan et al, 2005; Steardo et al, 
2000). In addition, targeting 5-HT6 receptors is a 
novel therapeutic strategy that is being pursued 
in AD, and a randomized, double-blind, placebo-
controlled study aimed at investigating the efficacy 
and tolerability of the 5-HT6 receptor antagonist, 
SB-742457, in subjects with mild-to-moderate and 
probable AD revealed a safe profile and possible 
utility in improving cognitive symptoms of AD 
(Maher-Edwards et al, 2010). However, antagonists 
of these receptor subtypes have been indicated 
as useful also in the treatment of non-cognitive 
symptoms associated to AD (Garcia-Alloza et al, 

system has been reported in the very early stages of 
AD (Egashira et al, 2005; Kepe et al, 2006; Versijpt 
et al, 2003). Moreover, it is well accepted that 
impaired 5-HT neurotransmission in the prefrontal 
area is central to both depressive disorders (Krishnan 
and Nestler, 2008) and several neurodegenerative 
diseases (Egashira et al, 2005; Mattson, 2004). 
Indeed, post-mortem and clinical evidence indicated 
substantial disruption of the serotonergic system 
in AD (Lanctot et al, 2001; Morgan et al, 1987). 
Furthermore, the risk of developing AD is higher in 
individuals with a history of depression (Kessing and 
Andersen, 2004). On the other hand, post-mortem 
studies performed on AD patients revealed low 
5-HT and relative receptors content (Reynolds et 
al, 1995). It has been shown that the overexpression 
of the APP gene containing the Swedish mutations 
causing familial AD, an in vitro model of familiar 
AD, can affect the sensitivity of the 5-HT1B receptor 
subtype and related systems (Tajeddinn et al, 2016). 
Moreover, clinical evidence revealed that serotonin-
selective re-uptake inhibitors (SSRI) significantly 
improve depressant symptoms and daily activities 
in AD patients (Werner and Covenas, 2015). 
Interestingly, it has been shown that serotonergic 
system activation is able to negatively modulate 
interstitial Aβ content. Indeed, it has been reported 
in transgenic animal models of AD that enhancing 
of 5-HT signalling, including after administration of 
SSRI antidepressants, rapidly reduced Aβ production 
in vivo via activation of extracellular regulated 
kinase (ERK) (Cirrito et al, 2011; Fisher et al, 2016). 
Furthermore, data originating from PET imaging 
study performed in cognitively normal individuals 
and data from retrospective analysis on antidepressant 
use indicated that increased 5-HT signalling 
correspond to lower Aβ accumulation (Sheline et al, 
2014; Vlassenko et al, 2011). In further agreement, 
5-HT4, 5-HT6, and 5-HT7 receptor activation 
leads to reduced interstitial Aβ and simultaneous 
pharmacological blockade of the two receptor 
subtypes, 5-HT4 and 5-HT7, prevented such an effect 
(Cho and Hu, 2007; Fisher et al, 2016). Interestingly, 
the expression of these two receptor subtypes has 
been shown to be reduced with aging (Rodriguez 
et al, 2012). Molecules acting as agonists on 5-HT4 
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been linked to their ability to bind α2AR and to 
function as arrestin-based ligands (Cottingham et 
al, 2015). Β-arrestins, a small family of regulators 
of G protein- coupled receptors, are responsible for 
desensitization or internalization of such receptors 
along with initiation of their own signalling (Jiang 
et al, 2013). Such α2AR/arrestin recruitment leads 
to receptor endocytosis and downregulation of this 
receptor expression after long–term use (Cottingham 
et al, 2015). These effects have been reported for 
several antidepressant compounds of this class 
(Cottingham et al, 2014), with some differences. In 
particular, for amitriptyline, an interaction around 
14-fold stronger with the receptor has been reported, 
and it is has been described as a weaker driver of 
arrestin recruitment, and it preferentially recruits a 
different arrestin subtype, while imipramine uniquely 
holds a slight ability to drive α2AR endocytosis in 
arrestin-null cells (Cottingham et al, 2014). This 
molecular arrestin-related mechanism has been 
evidenced also for desipramine (Cottingham et al, 
2011). Profound alterations in the NA system have 
also been reported in early AD (Haglund et al, 
2006) and it has been found that α2AR activation 
promotes amyloidogenesis by disrupting the cellular 
mechanism that prevents deleterious APP processing 
(Chen et al, 2014). Furthermore, targeting β-arrestin 
is a novel field of research for early treatment of AD. 
High levels of β-arrestin 1 were found in post-mortem 
AD brains, as well as in transgenic animal model of 
AD (Liu et al, 2013). β-arrestin signalling complex 
has also been suggested as a target for antidepressants 
and as a depression marker (Schreiber et al, 2009). 
In addition, an overexpression of β-arrestin 2 in AD 
patients has also been reported. Such overexpression 
leads to increased Aβ production while silencing 
the gene encoding for β-arrestin 2, either in 
transgenic animal model or cell cultures, reduces 
Aβ generation by regulating ɣ- secretase activity 
(Thathiah et al, 2013). In further agreement, deletion 
of β-arrestin-2 was reported of being protective 
toward loss of dendritic spine mediated by Aβ in 
hippocampal neurons (Pontrello et al, 2012). Many 
reports have indicated that Aβ directly interacts with 
the noradrenergic system and, in particular, it has 
been found that Aβ directly binds to β-adrenergic 

2004). Polymorphism of 5-HT6 receptors has been 
associated to altered response to antidepressant 
treatment in major depressive disorder (Lee et 
al, 2005), although contrasting results have been 
reported (Wu et al, 2001).

In order to highlight the mechanism through 
which increased 5-HT signalling may reduce Aβ 
production, it has been shown that blockade of PKA, 
a downstream signalling arising also after 5-HT 
receptor activation, can prevent the Aβ lowering 
effect of SSRI and 5-HT4, 5-HT 6, 5-HT7 agonists, 
indicating the crucial role of this kinase (Fisher et 
al, 2016). Moreover, the same Authors found that 
the reduction in interstitial Aβ induced by SSRI 
was mediated via α secretase-related mechanisms 
(Fisher et al, 2016). The activity of this enzyme 
has been shown to be modulated either by PKA 
(Efthimiopoulos et al, 1996; Robert et al, 2001; 
Xu et al, 1996), or by other kinases such as PKC 
(Buxbaum et al, 1990; Caporaso et al, 1992), ERK 
or phosphatidyl inositol-3 kinase (Mills et al, 1997; 
Solano et al, 2000). This enzymatic machinery is 
shared by other neurotransmitters, such as NA, 
reported to be interconnected to 5-HT and to be 
implicated either in depression or AD. In fact, 
serotonergic system functioning is strictly linked to 
the noradrenergic system. It has been proposed that 
these systems control each other via heteroceptors. In 
particular, inhibitory α2 receptors (α2AR) are present 
at 5-HT terminal levels, while 5-HT3 receptors are 
localized at NA terminals. Thus, a negative feedback 
has been hypothesized, considering that increased 
5-HT levels correspond to NA release, which in turn 
inhibits further 5-HT release via α2AR activation 
(Mongeau et al, 1997). Increased α2AR have been 
found in post-mortem brains of depressed patients 
(Meana et al, 1992; Ordway et al, 1994) and a 
theory of α2AR supersensitivity in depression was 
early postulated (Charney et al, 1981). Upregulation 
of α2AR density was demonstrated by using 
radiolabeled agonists in patients with depressive 
disorders, indicating a selective increase in the 
density of high-affinity conformational state α2AR, 
which can suggest enhanced G protein coupling to 
the receptor (Cottingham and Wang, 2012). The 
antidepressant effect of tricyclic compounds has 
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icv injection of Aβ blunted dopamine (DA) release 
in the prefrontal cortical area (Trabace et al, 2007), 
and it was found that acute Aβ administration 
disrupted the cholinergic control of DA release 
particularly in the nucleus accumbens (Preda et al, 
2008). In addition, in AD patients, drugs able to 
increase dopaminergic function resulted in improved 
cortical neurotransmission and synaptic plasticity, as 
revealed by electrophysiological findings, as well 
as in improved cognitive performances (Koch et al, 
2014; Martorana et al, 2013; Martorana et al, 2009). 
Thus, even if drugs acting on the dopaminergic 
system play a marginal role in the treatment of AD 
and depression, this still remains a field open for 
future investigations.

CHRONIC STRESS AND 
NEUROINFLAMMATION: A BRIDGE 

BETWEEN DEPRESSION AND AD

Chronic stress is considered a widely accepted 
risk factor for the development of depressive 
symptoms. Indeed, high cortisol levels, and thus 
HPA-axis hyperactivity, have been indicated as the 
most frequent alteration occurring in patients 
affected by major depressive disorder (Stetler and 
Miller, 2011). However, in atypical depression, also 
HPA axis hypo-activity has been reported (Gold et 
al, 2002). Among molecular mechanisms proposed 
to explain HPA-dysregulation and depression 
insurgence, alteration in neurotrophin levels has 
been proposed. In particular, low brain derived 
neurotrophic factor (BDNF) levels have been 
described after prenatal stress (Boersma et al, 2014). 
Glucocorticoids have been related to such an effect, 
since corticosterone is able to down-regulate both 
mRNA and protein BDNF content (Schaaf et al, 
1998). In this light, mice over-expressing 
glucocorticoids showed an increased anxiety-like 
behavior (Sarrazin et al, 2009). It has been proposed 
that 5-HT depletion in depression can be related to 
shifting the conversion of tryptophan (TRP), the 
5-HT precursor, into kynurenine (KYN) instead of to 
5-HT (Oxenkrug, 2013; Oxenkrug et al, 2013). On 
the other hand, peripherally released glucocorticoids 
have been shown to induce tryptophan 

receptors (Igbavboa et al, 2006; Wang et al, 2011). 
Wang and Colleagues (2011) demonstrated, in vitro, 
that Aβ may cause desensitization and subsequently 
internalization of β2 adrenergic receptors in 
prefrontal cortical neurons (Wang et al, 2011) and 
the internalization process was dependent on adaptor 
protein arrestin 3 and GTPase dynamin, but not 
arrestin 2. Therefore, these findings indicate that 
many mechanisms are possibly occurring in the 
interaction between Aβ and noradrenergic receptors. 
Furthermore, β2 adrenergic receptor activation has 
been shown to mediate Aβ-induced phosphorylation 
of tau both through in vivo and in vitro studies (Wang 
et al, 2013). Ultimately, polymorphisms in the gene 
encoding for β2 adrenergic receptor have been 
associated with increased risk of developing sporadic 
late onset AD (Yu et al, 2008).

Moreover, still confirming the dual role of 
noradrenergic system in depression and AD, 
alterations in β adrenergic receptors have also been 
reported in depressed patients (Mann et al, 1986). 
Accordingly, it has been reported that activation of 
central β adrenergic receptors, either type 1, 2 or 
3, leads to antidepressant effects (Gu et al, 2012; 
Overstreet et al, 2008; Zhang et al, 2003).

With  regard to the dopaminergic system, 
impairment of its neurotransmission has been 
implicated in many diseases, including depression 
(Schmidt et al, 2001), and several preclinical studies 
have indicated the involvement of dopaminergic 
receptors, either D1, D2 or D3, in antidepressant 
effects (Pytka et al, 2016). In particular, it was 
shown that prefrontal cortical and hippocampal 
areas of AD patients were characterized by lower 
DA receptor expression, either D1-like or D2-like 
subtypes (Kemppainen et al, 2003; Kumar and 
Patel, 2007). The nucleus accumbens was reported 
to be highly affected in AD, since the expression 
of D2-like receptors, dopaminergic transporter and 
tyrosine hydroxylase enzyme were found altered 
in this brain region (Allard et al, 1990; Joyce et al, 
1997; Murray et al, 1995; Rinne et al, 1986). In 
this regard, atrophy of this nucleus was evidenced 
in imaging studies in a cohort of late, but not early, 
onset AD patients (Pievani et al, 2013). In further 
agreement, we have previously shown that an acute 
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response was also evidenced in a transgenic AD 
model after immobilization stress, as well as 
chronically enhanced negative feedback on the axis 
(Justice et al, 2015). The central role of Aβ in 
response to stress is emerging. In particular, it has 
been reported that modern life-like stress and 
psychosocial-stress exacerbate Aβ-pathology 
(Baglietto-Vargas et al, 2015; Srivareerat et al, 
2009). Moreover, in vivo microdialysis experiments 
in a transgenic animal model of AD subjected to 
chronic stress revealed an increase in interstitial Aβ 
levels (Kang et al, 2007). The effect of acute restraint 
stress on Aβ seems mediated by higher neuronal/
synaptic activity in the hippocampus and via CRF. 
Indeed, CRF seems to increase Aβ production by 
regulating ɣ-secretase activity, an enzyme involved 
in APP cleaving (Park et al, 2015). Consistent with 
this hypothesis, dysregulation of the HPA occurs 
early in AD, resulting in increased cortisol levels 
(Hoogendijk et al, 2006; Swaab et al, 2005; Swaab et 
al, 1994), and it has been shown that glucocorticoid 
administration (at concentrations mimicking stress 
response) enhances Aβ formation by increasing 
steady-state levels of APP and β-APP cleaving 
enzyme (Green et al, 2006). In addition, it has been 
reported that in a transgenic AD animal model, 
chronic isolation stress exacerbates Aβ plaque 
deposition (Dong et al, 2004) via enhanced 
corticosterone levels and increased expression of 
glucocorticoid and CRF1 receptors (CRFR1) (Dong 
et al, 2008). Accordingly, genetic increase of CRF 
release accelerates neuropathology and cognitive 
decline in an AD mouse model (Dong et al, 2012). 
Furthermore, chronic CRFR1 antagonists and 
blocking of PKA were able to revert the previously 
reported deleterious effects of chronic isolation 
stress, inducing lower corticosterone and Aβ levels 
in the same animal model (Dong et al, 2014). Chronic 
stress was shown to drive APP processing and to 
induce the amyloidogenic pathway and exogenous 
central Aβ administration triggers APP 
misprocessing, indicating that the actions of Aβ 
mimic those of stress and glucorticoids (Catania et 
al, 2009). In this regard, we recently reported that 
pre-, peri- and post-natal dietary conditions that lead 
to higher vulnerability to stress correspond to 

2,3-dioxygenase (TDO) responsible for converting 
TRP into KYN later converted into kynurenic acid 
(KYNA). In addition, stress can lead to KYN 
production at central level by increasing pro-
inflammatory cytokines, such as interleukin (IL)1-β 
and IL-6, as well as tumor necrosis factor (TNF)-α, 
that have been shown to induce another enzyme, 
indolamine 2,3-dioxygenase (IDO) (O’Farrell and 
Harkin, 2015). In addition, stress-induced 
corticotrophin releasing factor (CRF) release seems 
strictly implicated in enhancing cytokine circulating 
levels derived from activated macrophages either 
centrally or peripherally (Leonard and Song, 2002). 
Moreover, 5-HT has an inhibitory effect on 
glucocorticoids production by acting at amygdaloid 
complex, such deficiency would result in a lack of 
HPA axis inhibition, thus prompting a further 5-HT 
reduction (Oxenkrug, 2013). In this light, 
antidepressant treatment with fluoxetine has been 
shown to attenuate neuroinflammation (Shan et al, 
2016; Valera et al, 2014; Zhang et al, 2012). 
Interestingly, activation of immune response by Poly 
I:C administration in rats was reported to induce 
depressive behavior accompanied by decreased 
BDNF levels in frontal cortex and activated KYN 
pathway (Gibney et al, 2013). Moreover, TRP 
metabolism at microglial level leads to KYN 
metabolites with reactive oxidative and toxic 
properties (Guillemin et al, 2005; Guillemin et al, 
2003a). Microglial dysfunction has been proposed as 
a link between depression and AD (Santos et al, 
2015). In this regard, depression is a highly comorbid 
condition in AD and mild cognitive impairment 
(Apostolova and Cummings, 2008; Steinberg et al, 
2008). However, some Authors have proposed that 
depression is not a risk factor for AD, but rather an 
early symptom (Panza et al, 2010; Richard et al, 
2013). Accordingly, we demonstrated that the Aβ-
induced depressive-like behavior was associated 
with reduced cortical 5-HT and BDNF levels and 
with altered HPA axis activation (Colaianna et al, 
2010; Morgese et al, 2014). We have found that Aβ 
inhibits HPA axis and increases NA release in 
prefrontal cortex and hippocampus of rats, while at 
amigdaloid level NA content was reduced (Morgese 
et al, 2014). Accordingly, blunted acute HPA axis 
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that Aβ injection leads to both increased cortical 
glutamate levels, as revealed by microdialysis 
technique, and memory impairment. Moreover, 
modulation of NMDA receptors with memantine 
prevented such behavioral outcome (Tucci et al, 
2014). Intriguingly, pharmacological modulation of 
NMDA with memantine was suggested as therapeutic 
tool for treatment of depression either linked or not 
to AD (Berman et al, 2000; Reisberg et al, 2003).

OXIDATIVE STRESS IN DEPRESSION AND AΒ

Reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) are constantly produced 
in the processes of respiration and energy 
production. When the neural antioxidant defenses 
of the organism are inadequate, an imbalance 
between pro-oxidant and antioxidant processes 
occurs; free radicals accumulate, disturbing the 
physiological oxidative homeostasis and then 
leading to the so-called oxidative stress. The brain 
is the most vulnerable organ to oxidative damage 
due to its peculiar functions and structures (Li et 
al, 2013). Elevated ROS and RNS levels, such as 
oxygen and hydrogen peroxide-derived or nitric 
oxide-derived peroxynitrites, activate a series of 
neurobiological toxic events that ultimately lead to 
DNA, protein, carbohydrate and fatty acid damage 
with the production of species like 8-hydroxy-
2’deoxyguanosine or 4-hydroxy-nonenal (Li et al, 
2013). It has been proposed that oxidative stress 
can be considered as a dynamic continuum of brain 
response that, depending on internal and external 
conditions, can move toward aging, aging cognitive 
decline, depression, mild cognitive impairment, and 
ultimately to AD (Rodrigues et al, 2014). Concerning 
depression, reduced antioxidant capacity was found 
in a rat model of depression, since low levels of 
reduced glutathione, glutathione peroxidase and 
vitamin C were observed (Eren et al, 2007a). Further 
confirming these correlations, treatment with the 
NA and 5-HT re-uptake inhibitor venlafaxine was 
reported to revert the increased lipid peroxidation 
induced by experimental depressive-like behavior 
in rats (Eren et al, 2007b). Accordingly, duloxetine 
was recently shown to reduce oxidative stress in 

increased plasma Aβ levels (Morgese et al, 2016). In 
our experience, activation of HPA axis, and thus 
increased NA levels, occurs very early after 
exogenous Aβ injection, as early as 2 hours after 
central administration, and is mediated through 
inducible nitric oxide synthase (iNOS) and central 
IL-1 receptors (Morgese et al, 2015). Astrocytic 
iNOS activation was shown to potentiate N-methyl 
D-aspartate (NMDA)-induced neurotoxicity (Hewett 
et al, 1994), and NOS modulation has been linked to 
antidepressant properties of drugs (Wegener et al, 
2004). It has also been reported that NA can regulate 
glial activation (Braun et al, 2014). Furthermore, in 
vitro studies have evidenced a protective effect of 
NA toward toxicity Aβ-induced by increasing 
neurotrophic factor expression via activation of β 
adrenergic receptor signalling cascade (Counts and 
Mufson, 2010; Liu et al, 2015). Thus, we can 
hypothesize that the NA release, in our experimental 
conditions, may represent an early acute protective 
phenomenon occurring after Aβ induction of pro-
inflammatory pathway that in condition of repetitive 
stressor stimuli, such as chronic stress, leads to HPA 
dysregulation. Furthermore, reduced NA 
concentration in locus coeruleus projecting areas 
facilitates the inflammatory reaction of microglial 
cells after Aβ exposure, thus impairing microglial 
migration and phagocytosis, thereby decreasing Aβ 
clearance (Heneka et al, 2010a; Heneka et al, 2010b). 
Interestingly, it has been reported that NA inhibits 
iNOS induction after inflammatory stimuli in 
astrocytes (Feinstein et al, 1993) and microglia 
(Dello Russo et al, 2004). In our preliminary data, we 
found that single icv injection of Aβ increased IL-1β 
at prefrontal level, and this increase is linked to a 
high rate of activated microglia. On the other hand, 
the KYN pathway could be involved taking into 
account the role of TRP metabolites on microglia. 
Indeed, it has been reported that a TRP metabolite, 
quinolinic acid, produced in microglial cells, can 
interact with NMDA receptors, ultimately resulting 
in excitotoxicity and neurotoxicity (Guillemin et al, 
2005; Guillemin et al, 2003b) and Aβ was shown to 
increase IDO mRNA and quinolinic acid production 
in human microglia (Guillemin et al, 2003a). 
Accordingly, our data have recently demonstrated 
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process in turn is considered the triggering factor of 
lipid peroxidation initiation (Butterfield et al, 2002).

As stated in the previous section, 
neuroinflammation plays a prominent role in the 
progression of AD (Rosi et al, 2004) and it should 
be underlined that oxidative stress may trigger an 
active, self-perpetuating cycle of chronic neuro-
inflammation, further promoting oxidative stress and 
in turn leading to irreversible neuronal dysfunction 
and cell death (Maccioni et al, 2009; Mhatre et al, 
2004). In further agreement, several evidences 
indicated that interaction between oxidative stress and 
neuroinflammatory processes drives Aβ generation 
(Agostinho et al, 2010; Candore et al, 2010; Yao 
et al, 2004). Furthermore, it is worth noting that 
increased ROS production is also associated with 
chronic stress. In particular, we previously described 
in a rodent paradigm of chronic psychosocial stress 
a hyperactivation of HPA axis that corresponds to 
a significant increase in ROS production either at 
central or peripheral level (Colaianna et al, 2013). 
This animal paradigm was also shown to induce 
depressive–like behavior (Ieraci et al, 2016). Hence, 
all the reviewed mechanisms linking AD and 
depression seem to be closely correlated.

CONCLUSIONS

In conclusion, in the present review we have 
summarized the main available knowledge that 
indicates possible common neurobiological/
neuropthological bases shared between depression 
and AD. The data retrieved are confluent and their 
merging can help in improving interpretation of 
these comorbid conditions. It is worthy of note 
that, either for AD or depression, despite frenetic 
research having led to densely populated literature, 
the exiguity of pharmacological tools available 
makes mandatory a further effort in order to identify 
novel therapeutic approaches. Therefore, a deeper 
understanding of the molecular basis for co-existence 
of aberrations in the reviewed pathways may 
result in identifying pharmaceutical targets useful 
as adjuvant or combination therapies to improve 
efficacy outcomes, as well as side effect burden, of 
conventional treatment schemes.

the hippocampus and dorsal root ganglion of rats as 
well as fluoxetine (Demirdas et al, 2016). In a mice 
model of stress, reduced catalase and glutathione 
reductase activity in the hippocampus and in the 
cerebral cortex were demonstrated, indicating a 
change in the central antioxidant defense system 
(Moretti et al, 2012). Furthermore, in the same work, 
the Authors showed that antioxidant treatment and 
fluoxetine treatment both reverse depressive-like 
behavior and brain oxidative damage (Moretti et al, 
2012). Likewise, consistent proof of the antioxidant 
effects of antidepressants support the hypothesis 
that their antioxidant properties can contribute to the 
improvement in clinical aspects (Bilici et al, 2001; 
Herken et al, 2007; Khanzode et al, 2003).

On the other hand, oxidative stress has been 
shown as an early feature of AD pathology (Aluise 
et al, 2010; Pallas et al, 2008; Singh et al, 2010) and 
researchers have extensively worked in this way in 
order to possibly elucidate pathogenetic mechanisms 
for AD (Ansari and Scheff, 2010; Gella and Durany, 
2009; Gibson et al, 1999; Srikanth et al, 2011). Protein 
oxidation is a frequently hypothesized potential 
factor in the progression of AD (Bonet-Costa et al, 
2016), along with mitochondrial impairment and 
oxidative stress, considering the role of mitochondria 
in regulating energy and oxygen metabolism (Adiele 
and Adiele, 2016). Mitochondrial defect hypothesis 
in the development of this neurological disorder has 
been supported by clinical findings (Reddy, 2007; 
Reddy, 2006). In fact, mitochondrial dysfunction has 
been linked to synaptic and neuronal stress in AD in 
either post-mortem studies or animal and cell models 
(Du et al, 2010; Moreira et al, 2010; Swerdlow and 
Khan, 2009). In this regard, a recent in vitro study 
showed the beneficial effect of mitochondria-
targeted antioxidant treatment on Aβ-induced 
neuronal mitochondrial depolarization, cytochrome 
c oxidase deactivation, and adenosine triphosphate 
(ATP) deficiency acting by suppressing superoxide 
elevation and intracellular lipid oxidation (Hu and 
Li, 2016).

Several lines of evidence indicate that Aβ induces 
oxidative stress (Butterfield et al, 2013). It has been 
proposed that Aβ can be inserted as oligomers into 
the bilayer and serves as a source of ROS. This 
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Alzheimer’s disease (AD) is an irreversible degenerative disorder characterized by degeneration of 
neurons in different brain areas and by progressive cognitive and functional decline. Various deranged 
mechanisms play a role in the disease process all inducing neuronal death, the inevitable event occurring 
in AD. Novel therapeutic approaches using disease-modifying treatment are being investigated with 
the intention of influencing multiple pathways involved in AD. Because of their putative roles as 
neurotransmitters, neuromodulators, and neuroregulators in the central nervous system, neuropeptides 
have been the object of considerable research. Postmortem studies have provided evidence that several 
neuropeptide-containing neurons are pathologically altered in brain areas of AD patients, as well as 
in the brain of animal models of AD. In addition, altered levels of neuropeptides have been found  in 
cerebrospinal fluid (CSF) of AD patients, getting insights into the potential role of neuropeptides in the 
pathophysiology of AD and offering the possibility to identify novel biomarkers of this pathology. The 
role exerted by neuropeptides seems particularly interesting since they are generally neuroprotective and  
widely distributed in brain areas responsible for learning and memory processes. The present review 
summarizes the recent findings on neuropeptide involvement in AD, with a focus on the contribution 
of thyrotrophin-releasing hormone, cholecystokinin, bradykinin and chromogranin/secretogranin 
family, describing brain distribution and the role played in AD and in cognitive functions, as well as 
their neuroprotective properties. Convincing evidence has been provided for the protective role of 
these neuropeptides against neurodegeneration observed in AD, both in vitro and in vivo, identifying 
neuropeptide receptors as potential therapeutic targets.

 OLD AND NEW EVIDENCE FOR NEUROPEPTIDE INVOLVEMENT 
IN ALZHEIMER’S DISEASE

C. SEVERINI1,2, C. PETRELLA1.2, P. PETROCCHI PASSERI1 and R. POSSENTI3

1Institute of Cell Biology and Neurobiology, CNR, Rome, Italy
2IRCCS Fondazione Santa Lucia, Rome, Italy
3Department of Medicine of Systems, University of Rome Tor Vergata, Rome, Italy

Alzheimer’s disease (AD) is the most common 
neurodegenerative disease, affecting more than 
20 million individuals worldwide. It is clinically 
characterized by memory defeat and cognitive 
impairment, accompanied by neuronal loss in the 
cerebral cortex, hippocampus, basal forebrain, locus 
coeruleus and dorsal raphe and by a significant 
damage of basal forebrain cholinergic neurons in 
brain (Pákáski M, Kálmán J, 2008). 

Histopathologically, the hallmarks of AD are 
the ubiquitous presence of intra-neuronal fibrillary 
tangles and extracellular deposits of beta amyloid 
(Aβ) fibrils in senile plaques. While in physiological 
conditions the phosphorylation-modified tau protein 
stabilizes the axonal microtubules in the central 
nervous system (CNS), in AD tau protein may undergo 
abnormal phoshorylation, hyperphosphorylation and 
some other modifications (nitration, ubiquitination, 
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Neuropeptides are small proteic molecules (from 
3 to 100 amino acids) which mediate or modulate the 
neuronal communication by binding to specific cell 
surface receptors: they can act as true neurotransmitters 
or as neuromodulators (Hallberg, 2015). 

Radioimmunoassay and immunohistochemistry 
have allowed to draw exact distribution maps of 
individual neuropeptides and their receptors in 
the central (CNS) and peripheral (PNS) nervous 
systems. Generally, neuropeptides originate in 
the body of the nerve cell from precursors with 
high molecular weight (pre-pro-peptides), usually 
biologically inactive, whose processing leads to the 
formation of one or more neuropeptides endowed 
with biological effects (Hallberg and Nyberg, 
2003). Once released, neuropeptides can function 
as neuromodulators reaching their receptors at a 
considerable distance from the site of release. For this 
special form of endocrine transmission the concept 
has been proposed of volume transmission (VT) 
and extra-synaptic neurotransmission (Fuxe et al, 
2012), further confirmed by the frequent discrepancy 
observed between neuropeptides and their cognate 
receptor distribution in many brain areas.

This transmission mode expands the classical 
concept of synaptic transmission based on a 
communication point by point and emphasizes the 
capacity of the transmitter molecules, especially 
peptides, to influence large target areas. 

Unlike classical neurotransmitters, inactivated by 
specific synaptic reuptake mechanisms, neuropeptide 
activity is disabled by enzymatic proteolysis 
mediated by various extracellular peptidases, or is 
induced by the decrease of their concentration due to 
dilution. This neuropeptide degradation can lead to 
the formation of fragments that have similar or very 
different biological activities in respect to parent 
peptides (Nyberg and Hallberg, 2007).

Considering the large distribution of 
neuropeptides in the CNS and their ability to 
modulate cognitive functions, it is not surprising that 
numerous neuropeptides are differentially affected 
in AD (Table I).

The role exerted by neuropeptides in AD has 
been recently reviewed. Van Dam et al, (2013) 
summarized pathophysiological mechanisms and 

truncation, shift, prolyl isomerization), leading to 
intraneuronal amassing of tau protein bringing about 
a disruption of neuronal cell communication (Zhao 
et al, 2014).

The amyloid (or Aβ) hypothesis (Hardy and 
Higgins, 1992) has become the dominant model 
of AD pathogenesis, indicating a crucial role for 
the production of Aβ peptides which aggregate 
into oligomers and further deposit as plaques, and 
guiding the development of potential treatments. The 
increased Aβ production leads to an amyloid core 
formation around which neurites, astrocytes, and 
glial cells accumulate, thus forming senile plaques 
and activating an immune system response  (Mrak 
and Griffin, 2001; Tuppo and Arias, 2005).

According to this hypothesis, soluble Aβ oligomers 
are identified as the principal neurotoxic agent in 
AD pathology (Haass & Selkoe, 2007). This so-
called “amyloid hypothesis” was partially modified 
by Selkoe and Hardy (2016), indicating the crucial 
role exerted by neuritic alteration in the immediate 
vicinity of AD plaques, raising the possibility of 
decreased efficiency of neurotransmission along 
them.

The pathophysiology of AD involves disturbances 
and imbalances occurring in a variety of mechanisms. 
Besides Aβ production, neurofibrillary tangle 
accumulation and inflammation, various deranged 
mechanisms, such as chronic oxidative stress, 
mitochondrial dysfunction, hormone imbalance, 
mitotic dysfunction, calcium mishandling, and 
genetic components play a role in the disease 
process, all inducing neuronal death, the inevitable 
event occurring in AD (Anand  et al, 2014). The 
disease has been extensively studied looking for a 
therapy, however acetylcholinesterase inhibitors and 
memantine are the only drugs currently approved 
for treatment, nevertheless providing symptomatic 
treatment without altering the course of the disease. 
As a consequence, it is of great importance to develop 
disease modifying substances that might counteract 
or slow down neurodegeneration.

The role exerted by neuropeptides seems 
particularly interesting since they are generally 
neuroprotective and are involved in learning and 
memory processes.
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         Table I. Changes in neuropeptide levels in AD patients and AD animal models, compared to the corresponding 
controls (healthy patients or wild type animals).

AD human brain AD human CSF AD animal models

Pep tide Levels References Levels References References

TRH ↓
Biggins at al., 1983 (amigdala)
Luo at al., 2002 (hippocampus)
Yong-Hong at al., 2013 (blood)

↑
Pekary at al., 1991 
(TRHGly)

CCK

↓

Perry at al., 1981 (cortex)
Sagar at al., 1984 
(hippocampus)
Mazurek and Beal, 1991 
(cortex) Lofberg at al., 1996 
(cortex)

↓
Diez at al., 2003 
(hippocampus of 
APP23 mice)

↑

Struble at al., 1987 (amyloid 
plaques)
Perry at al., 1981 (amyloid 
plaques)

↑

Diez at al., 2003 
(hippocampus, cortex  
and amyloid plaques 
of V717F mice)

BK ↑

Iores-Marcal at al., 
2006 (BK fragment 
in CSF of Aβ infused 
rats)

CgA ↑

(amyloid plaques):
Marksteiner at al., 2002,  
Rangon at al., 2003,
 Lechner at al., 2004,
 Willis et al 2011

↓

Blennow et al 1995; Eder 
et al 1998; Simonsen 
et al 2007; Perrin et al 
2011; Jahn et al 2011; 
Mattson et al 2012; 
Paterson et al 2014; 
Wildsmith at al. 2014

CgB

↓

Marksteiner et al 2002  
(hippocampus)
Lechner at al. 2004 (cortex)

↓ Eder et al 1998; Mattson 
et al 2010, 2012, 2013

↑

(amyloid plaques):
Marksteiner et al 2002;
 Lechner at al. 2004;
 Willis at al. 2008, 2011

AD human brain AD human CSF AD animal models
Peptide Levels References Levels

SgII

↓
Marksteiner et al 2002  
(hippocampus)
Lechner at al. 2004 (cortex)

↓
Eder et al 1998; Matsson 
et al 2010; Spellman at 
al. 2015

↑

Willis at al., 2008 
(amyloid plaques of 
V717I and  K670M/
N671L mice)

↑

Kaufmann 1998 (amyloid 
plaques, hippocampus, cortex)
 Marksteiner et al 2002 (amyloid 
plaques)  Lechner at al. 2004 
(amyloid plaques)
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with other neurotransmitters in different nerve cell 
types in both CNS and peripheral tissues (Hrabovszky 
and Lipositis, 2008). ProTRH mRNA and TRH 
itself are widely distributed throughout the brain in 
extra-hypothalamic regions, including the olfactory 
system, reticular thalamic nucleus, amigdala, the  
hippocampus, piriform cortex, and striatum, where it 
plays a neuromodulatory role (Jackson and Reichlin, 
1974; Pekary, 1998) (Fig. 1).

TRH has been shown to produce a variety of 
behavioral changes and neuropharmacological 
effects independent of its thyrotrophin-releasing 
properties, by acting via interaction with two 
different membrane receptors. TRH receptor 1 
(TRH-R1) and receptor 2 (TRH-R2) are typical 
G-protein-coupled receptors, coupling to Gq ang 
G11, pertussin-toxin-insensitive G proteins that 
activate PLC-β  (Gershengorn and Osman, 1996). 
Consistent with the endocrine functions, THR-R1 
predominates in hypothalamic nuclei, however, 
is present in brainstem regions and spinal cord 
motoneurons where it is involved in autonomic and 
somatomotor control. THR-R2 mRNA is widely 
distributed throughout the brain with highest levels in 
the thalamus, cerebral and cerebellar cortex, medial 
habenulae, medial geniculate nucleus, pontine 
nuclei, and the entire reticular formation (Heuer et 
al, 2000). TRH  has been proposed to play a role 
in AD.  Significant differences in hypothalamic or 
pituitary functions were observed by Albert et al, 

therapeutic opportunities of vasopressin and oxytocin, 
somatostatin, neuropeptide Y (NPY), corticotropin 
releasing hormone (CRH), urocortin, galanin, 
vasoactive intestinal peptide (VIP), neurotensin, 
opioid peptides, angiotensin and substance P 
(SP). Willis et al, (2011) and Severini et al, (2016) 
reviewed the involvement of chromogranins and SP 
in AD, respectively.

The aim of the present review is to update 
information  on  the activity of old and new 
neuropeptides involved in AD, i.e. thyrotrophin-
releasing hormone, cholecystokinin, bradykinin and 
chromogranin/secretogranin family. 

THYROTROPIN-RELEASING HORMONE

Thyrotrophin-Releasing Hormone (TRH) was the 
first hypothalamic releasing hormone to be isolated 
and characterized. The name TRH derives from its 
action on the anterior pituitary, where it stimulates, 
in vivo and in vitro, not only the synthesis and release 
of thyrotrophin (TSH), but also of prolactin (PRL), 
and in some species also of growth hormone (GH) 
(Joseph-Bravo et al, 2015). TRH is a tripeptide, 
identified in 1969, derived from a 242-amino 
precursor acid protein (ProTRH). In addition to its 
neuroendocrine function, stimulating the thyroid 
gland, TRH has functions of neurotransmitter and 
neuromodulator in both the CNS and PNS. It was 
demonstrated to co-localize and to be co-secreted 

SgIII ↑ Plà at al. 2013 (cortex)

7B2 ↑
Winsky-Sommerer at al., 2003 
(cortex) Helwig et al 2013 
(amyloid plaques)

↑
Helwig et al 2013 
(amyloid plaques  of 
APP/PSEN1 mice)

ProSAAS ↑
Wada et al 2004
Hoshino at al. 2014 (amyloid 
plaques)

↓ Jahn at al. 2011 ↑
Hoshino at al. 2014 
(brain of APdE9 
mice)

VGF Cocco at al. 2010 (cortex) ↓

Carrette el al 2003; Jahn 
at al. 2011; Wujte at al. 
2012; Spellman at al. 
2015; Hottla at al. 2015; 
Hendricson at al. 2015
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functions, suggested a therapeutic potential of 
TRH in AD. It was, in fact, demonstrated that TRH 
administration can improve memory function in AD 
patients (Yarbrough and Pomara, 1985; Mellow et 
al, 1989)  and also in the fimbria-fornix lesioned rat 
model (Bennet et al, 1997).   

Possible mechanisms for TRH neuroprotection 
have been proposed. Among others, it has been 
suggested that a signal transduction pathway linking 
TRH with GSK3β activity and tau phosphorylation 
could be responsible for the formation of 
neurofibrillary tangles associated with dementia of 
AD. By binding to  its  receptor,  mostly  the  TRH-R2  
subunit  receptor, TRH should be able to activate 
the G-protein coupled receptor (GPCR), finally 
triggering the MAPK signal pathway to inhibit 
GSK3β activity and prevent tau phosphorylation 
(Luo and Stopa, 2004).

CHOLECYSTOKININ

Cholecystokinin (CCK), a peptide originally 
discovered as a gastrin-like molecule of the 
gastrointestinal tract, plays an important role in 

(1993) between patients with senile dementia of AD 
type and control subjects undergoing the TRH test, 
while other studies failed to demonstrate a significant 
impairment under TRH stimulation (Gomez et al, 
2000). Other works, focusing on the TRH-TSH-
thyroid axis, confirmed an abnormal function of 
hypothalamic or pituitary functions in AD patients 
showing that, compared to healthy controls, the AD 
patients had significantly lower levels of TRH in the  
blood (Yong-Hong et al, 2013). 

During the last decades, the relationship between 
TRH and AD in human subjects has been extensively 
studied. Increased levels of TRH were found in 
CSF (Pekary et al, 1991), and decreased levels in 
hippocampal regions (Luo et al, 2002) and amigdala 
(Biggins et al, 1983), despite other studies not 
describing significant differences (Yates et al, 1983; 
Bouras et al, 1986; Nemeroff et al, 1989; Banky et al, 
1992). TRH  has been shown to have neuroprotective 
functions in primary neuronal cultures (Koenig et al, 
1996) due, at least in part, to its potent inhibition of 
GSK-3 via PKC-mediated phosphorylation (Luo and 
Stopa, 2004). The neuroprotective activity of TRH, 
together with the known facilitation of cholinergic 

Fig. 1. TRH, CCK and BK precursor sequence and brain distribution. The scheme represents the approximate length 
and the number of amino acids of the precursor of TRH, CCK and BK and their amino acid sequence. The leader signal 
for secretory protein is indicated as light shadowed block. The black blocks indicate the biological active fragments 
identified. In the right panels are shown images of in situ hybridization for the corresponding gene expression in mouse 
CNS (Source from Allen Brain Atlas, mouse.brain-map.org).
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It was demonstrated that CCK enhances memory 
retention and protects cholinergic neurons against 
basal forebrain lesions (Sugaya et al, 1992).

Alterations in the CCK system have also been 
correlated with AD. Indeed, despite the content of 
CCK in the brain of AD patients being generally 
relatively unchanged, in the most severe cases it was 
found to be reduced (Perry et al, 1981; Sagar et al, 
1984; Mazurek and Beal, 1991; Löfberg et al, 1996). 
In addition to reduction in CCK content in brain 
tissues, neuritic plaques in the AD brain have been 
demonstrated to contain CCK (Struble et al, 1987; 
Perry et al, 1981). 

Moreover, the CCK receptors are also affected, 
as a significant down-regulation was demonstrated 
of both CCKA and CCKB receptors in the brain of 
patients with AD and with mild cognitive impairment, 
suggesting that these receptors could play a role in AD 
development (Hokama et al, 2014; Lin et al, 2014). 

Alterations in CCK content have been found also 
in AD animal models. Unlike the decrease in peptide 
levels reported in studies on AD human brain, increased 
levels of CCK were demonstrated in hippocampus 
and cortex, as well as in neuritic plaques of 18- and 
26-month-old transgenic mice overexpressing V717F 
human beta-amyloid precursor protein (Diez et al, 
2000). By contrast, in APP23 mice a decrease in CCK 
immunoreactivity was shown in hippocampal mossy 
fibers (Diez et al, 2003).

BRADYKININ

The kinins bradykinin (BK) and kallidin, also 
called Lys10-BK, are oligopeptides released in 
the plasma or interstitial fluid after the cleavage 
of kininogens by kallikreins, a family of serine 
proteases.  Plasma kallikrein and tissue kallikrein 
1 (KK1) are the main enzymes involved in kinin 
source in blood and tissue, respectively. Kininogen-1 
gene (KNG1) is a glycoprotein that contains the BK 
sequence in its mid portion (Fig. 1).

Kinins are potent vasodilators, promote natriuresis 
and diuresis, and have beneficial cardiovascular 
effects, however, they also promote pain and 
inflammation (Bhoola et al, 1992). Components 
of the kallikrein-kinin system are present in blood, 

the release of pancreatic enzymes, gall bladder 
contraction, and gastric motility.  As recently 
reviewed (Beinfeld handbook 2013 ,738-743), CCK 
is one of the most abundant and widely expressed 
neuropeptides in the brain, essentially as CCK8 amide, 
in the sulphated form.  CCK shares the same five 
carboxyl-terminal amino acids with gastrin, which is 
believed to have evolved from CCK. CCK has been 
shown to be present in microgram quantities in the 
brain, distributed in high levels in the hippocampus, 
amygdala, septum, olfactory tubercles, caudate 
nucleus and the hypothalamus, ventral tegmental 
area and substantia nigra   (Schiffmann et al, 1991) 
(Fig. 1). 

CCK co-localizes with several key 
neurotransmitters and neuromodulators, 
prevalently γ-aminobutyric acid (GABA), as well 
as endocannabinoids, dopamine, serotonin and 
vasoactive intestinal peptide (Hokfelt et al, 1980; 
Somogyi et al, 1984; Kosaka et al, 1985; Katona et 
al, 1999), providing additional evidence for its wide-
ranging role in physiological functions in neuronal 
networks. 

CCK interacts with two G-protein (Gq and G11) 
receptors, activating a variety of intracellular signal 
transduction pathways (Williams et al, 2002). Protein 
kinase C activation is the main signaling for CCKA 
receptor (CCKA-R), while adenylyl cyclase is for 
CCKB receptor (CCKB-R). CCKA-R is relatively 
specific for sulphated CCK8, while CCKB-R 
(identical to the gastrin receptor) interacts also 
with un-sulphated CCK8, CCK4 and  gastrin and 
represents the main CCK receptor in the brain. CCK 
acts as an excitatory neurotransmitter modulating 
the release and function of other neurotransmitters 
and is involved in diverse normal behaviors, such 
as learning and memory, feeding, nociception and 
satiety. The central importance of CCK in neuronal 
networks is also reflected by its involvement in a 
variety of neurological and neuropsychiatric disorders 
including anxiety, panic attacks, schizophrenia and 
epilepsy (Lee and Soltesz, 2011). Several reports 
suggest a modulatory role of CCK in memory 
processing (Flood et al, 1987, Kovács and De Wied, 
1994), an aspect of crucial relevance in AD, in which 
memory and other cognitive functions are impaired. 
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         Additionally, an activation of the contact/kinin 
system in CSF of patients with AD has been reported 
as the result of an anionic interaction of residues 
within the region 1–11 of Aβ1-42 with factor XII, 
inducing kallikrein generation. This finding seems 
to be characteristic for brain of AD patients, since in 
the CSF of patients with neuroimmune inflammatory 
disease (multiple sclerosis, chronic inflammatory 
demyelinating polyneuropathy) there was no 
evidence of increased cleavage of high molecular 
weight kininogen (Bergamaschini et al, 2001).

According to Farrall et al, (2009), the frontal 
cortex of patients with AD shows high levels of 
plasma kallikrein as well as its mRNA. This finding 
and the high enzyme activity suggest that kinin 
production could influence cerebral blood flow and 
vascular permeability altered in AD.

A more direct evidence for BK involvement in 
AD pathology was demonstrated analyzing BK 
release and its processing in brain and cerebrospinal 
fluid (CSF) of rats infused chronically with Aβ 
(Iores-Marçal  et al, 2006). In CSF of animals 
infused with Aβ, BK concentration was significantly 
increased, however, in the brain of Aβ group, only 
a BK fragment was detected. These results suggest 
that the kallikrein-kinin system is activated in 
this AD animal model, and that BK is efficiently 
inactivated by kininases in brain.  Since it was 
reported that in cell cultures BK can increase alpha-
secretase processing of APP, inducing decreased 
Aβ1-40, a major constituent of amyloid plaques, 
BK inactivation could ultimately contribute to the 
increased senile plaque deposits in the rat brain 
(Nitsch et al, 1998).

In addition to the variations in kallikrein-kinin 
enzymatic system, also BK receptors expression 
appeared to be modified in AD, mainly related 
to neuroinflammation (Marceau and Bachvarov, 
1998, Viel and Buck, 2011). Indeed, in cultured 
skin fibroblasts from AD patients an increase in the 
number of BK receptors was reported (Huang et al, 
1995), as well as biochemical abnormalities in B2 
receptor functions (Jong et al, 2002).

Moreover,  increased expression of B1 receptor 
was found in hippocampal astrocytes of AD mice. 
In the same work, the ability of B1R antagonists 

heart, aorta, brown adipose tissue, adrenal and 
lung. In the brain, they  are localized in the cerebral 
cortex, brain stem, cerebellum, hypothalamus, 
hippocampus, and pineal gland, among others. They 
are found surrounding blood vessels, in neurons and 
glial cells (Raidoo and Bhoola, 1998).

In human plasma, BK is rapidly metabolized 
by kininases, among which aminopeptidase P 
and  carboxypeptidase N. However, the major 
degradation pathway of BK involves also kininase II 
and  angiotensin-converting enzyme (ACE), which 
is also responsible for the conversion of inactive 
angiotensin I into the vasopressor angiotensin II 
(Boola et al, 1992).

Biological effects of kinins are produced by 
activation of two transmembrane receptors coupled 
to G proteins (Gα and Gq), namely B1 and B2 
receptor (Regoli and Barabe, 1980).  Most actions 
of kinins are mediated by B2 receptor, which has 
high affinity for BK and is considered a constitutive 
receptor (Regoli et al, 1998). On the other hand, B1 
receptor possesses higher affinity to des-Arg9-BK 
and Lys-des-Arg9-BK and has limited distribution in 
tissues under physiological conditions. However, it 
is mainly expressed in pathological conditions such 
as chronic inflammation, infection or injury (Regoli 
and Barabe, 1980).  Activation of kinin receptors 
induces  phospholipase C stimulation and promotes 
intracellular calcium mobilization, as well as release 
of nitric oxide (NO), especially on neurons and blood 
vessels  (Marceau, Regoli, 2004).

The role exerted by kallikrein-kinin system in 
AD and other neurological disorders was recently 
reviewed (Viel and Buck, 2011; Naffah-Mazzacoratti 
et al, 2014). It was demonstrated that proteolytic 
enzymes levels are altered in AD (Ladror et al, 
1994). Among these, intracerebral kallikrein seems 
to play an important role in the pathogenesis of AD, 
as demonstrated by a reduced kallikrein-like enzyme 
activity, due to a reduction in the gene expression in 
cerebral tissue of AD patients (Aoyagi et al, 1990). 
Likewise, increased expression of kallikrein 10 
and kallikrein 6 were observed in CSF, plasma and 
whole blood of patients with AD, showing a strong 
relationship between the kallikrein-kinin system and 
brain degeneration (Diamandis et al, 2000; 2004).
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activity of ACE inhibitors in AD (Zou and  Michikawa, 
2008). ACE inhibitors (such as enalapril, ramipril 
and many others) are well-established as important 
antihypertensive drugs, liable to block conversion 
of inactive angiotensin I into the vasopressor 
angiotensin II. However, they also increase half-
life of BK, enhancing levels of circulating BK and 
potentiating BK receptors. At least in vivo, ACE 
inhibitor activity is mainly mediated by B2 receptors, 
as demonstrated by the inhibitory effect exerted by 
B2 receptor antagonists (Marceau and Regoli, 2004). 
The ability of ACE inhibitors to modulate the kinin 
system could be responsible, at least in part, for the 
observed neuroprotective activity.

CHROMOGRANIN/SECRETOGRANIN FAMILY

The chromogranin/secretogranin family 
represents an extended but functionally conserved 
family of proteins, including chromogranins 
(chromogranin A and chromogranin B), 
secretogranins (secretogranin II and secretogranin 
III), and related proteins (7B2, NESP55, proSAAS, 
and VGF). They are localized in secretory vesicles 
and are variously distributed in endocrine, neuronal 
and neuroendrocrine cells, as well as in the immune 
system and occasionally in other tissues, subserving 
essential roles in the regulated secretory pathway 
that is responsible for controlled delivery of peptides, 
hormones, neurotransmitters, and growth factors. In 
the brain, they are widely localized in different areas 
(Fig. 2).

The first granins identified were chromogranin 
A (CgA)  and chromogranin B (CgB), purified 
from adrenal medulla, but other proteins were 
successively added to this family, all sharing some 
commune features. They are large acidic proteins, 
sometimes glycosylated or sulphated, having the 
ability to bind calcium and, although very soluble, 
to aggregate in the acidic compartment, inducing the 
formation of dense core granules in the presynaptic 
structures. Granins regulate different functions, 
acting as chaperons for protein sorting, modulating 
prohormone convertase activity and regulating 
secretory vesicle content release. Moreover, through 
the secretory pathway, most of them are proteolitically 

to abrogate amyloidosis and cerebrovascular and 
memory deficits was demonstrated, providing 
evidence for a harmful role for B1R in AD 
pathogenesis (Lacoste et al, 2013), despite other 
experimental data indicating that in Tg-SwDI mice 
B1R activation plays an important role in limiting 
the accumulation of Aβ in AD-like brain (Passos et 
al, 2013).

It was also shown that chronic i.c.v. injection of Aβ1-

40 promotes significant increase in densities of kinin B1 
and B2 receptors, mainly in brain regions related to 
cognitive behavior (Viel et al, 2008). Nevertheless, a 
single i.c.v. injection of aggregated Aβ1-40 induced an 
increase in B1 receptor expression in hippocampus, 
but did not modify B2 expression in the same area  
(Prediger et al, 2008). These variable results suggest 
that the involvement of the kinin system in Aβ toxicity 
could be a function of the quantity of Aβ, as well as a 
function of the exposure time of tissue to the peptide.

On the whole, while B1R is certainly involved in 
neuroinflammation related to AD, B2R preferentially 
seems to mediate neuroprotective effects. Activation of 
B2R by BK was demonstrated to reduce inflammation 
and neuronal death (Noda et al, 2007) and to promote  
neurogenesis (Trujillo et al, 2012). Furthermore, it 
was shown that activation of B2 receptors, but not B1 
receptors, up-regulates mRNA for nerve growth factor 
(NGF) in glial cells, establishing a neuroprotective 
condition (Noda et al, 2007a). 

New advance in the role exerted by BK 
receptors in AD animal models is represented 
by the availability of B1 and B2 knockout mice. 
Following Aβ infusion, B1 knockout mice did not 
show any difference in memory behavior compared 
to control animals with the same treatment, while B2 
knockout mice resulted in a significant reduction in 
memory consolidation (Amaral et al, 2010). These 
data demonstrate that, following chronic infusion 
with Aβ, B1 receptor could play an important role 
in the neurodegenerative process, while B2 receptor 
could have a neuroprotective role. This is further 
confirmed by the increased number of Aβ plaques 
found in B2 knockout mice infused with Aβ, pointing 
to B2 receptor as a potential therapeutic target in AD 
(Caetano et al, 2015).

Another point to be considered is the potential 
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the processing of these large precursor molecules 
in many different neuropeptides, it is difficult to 
recognize the precise identity of these fragments 
because often Authors refer to the whole precursor.

a) Chromogranin A
CgA, a 439-amino-acid protein, was the first 

identified granin and the most extensively studied 
(Winkler and Fischer-Colbrie, 1992). CgA was 
postulated to be an immunostimulator in AD, 
contributing to neuroinflammation started by Aβ 
peptides (Heneka et al,  2010). Indeed, intense 
staining for CgA was demonstrated in about 30% 

processed in different biological active peptides 
that are stored in large dense core granules and 
released upon secretory stimulation (for extensive 
review see Bartolomucci et al,  2011). Despite 
repeated attempts to demonstrate the existence of 
cognate receptors, no evidence for specific granin 
receptors, or the precise mechanisms of action has 
been produced to date. Since granins are largely 
distributed  in the CNS and are involved in synaptic 
functions, several studies investigated the potential 
utility of granins as diagnostic biomarkers for AD 
and other neurodegenerative diseases (Bartolomucci 
et al,  2011, Willis et al,  2011). However, due to 

Fig. 2. Granin precursors sequence and brain distribution. The scheme represents the approximate length and the number 
of amino acids of the precursor of CgA, CgB, SgII, SgIII, 7B2, VGF and ProSAAS. The leader signal for secretory protein 
is indicated as light shadowed block. The black blocks indicate the biological active fragments identified. In the right 
panels are shown images of in situ hybridization for the corresponding gene expression in mouse CNS (Source from Allen 
Brain Atlas, mouse.brain-map.org).
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conserved across evolution and, together with CgB 
is the major soluble constituent of the large dense 
core vesicles of presynaptic structures (Fischer-
Colbrie et al,  1995). Several studies showed an 
increased SgII immunostaining in amyloid plaques, 
while a significant reduction in immunoreactivity 
was described in different brain areas of AD patients 
(Kaufmann, 1998; Marksteiner et al,  2002; Lechner 
et al,  2004). Alterations in SgII content have been 
reported also in animal models of AD. Indeed, in 
brain of transgenic mice overexpressing human 
APP751 with the London (V717I) and Swedish 
(K670M/N671L) mutations, about 40% of amyloid-
beta plaques were associated with SgII, however no 
immunostaining reduction was observed in specific 
brain areas, compared to controls, as otherwise 
reported in AD patients (Willis et al, 2008). 

From SgII processing three major products are 
obtained: Secretoneurin (SN, 33 aa sequence, near 
the N-terminal portion), EM-66 (central portion) 
and Manserin (40 aa sequence, near the C-terminal 
region). Consistent with the decreased level of CgA 
and CgB found in in CSF of AD patients, also SN 
or other SgII fragments were found to be reduced 
(Eder et al,  1998; Matsson et al,  2010; Spellman 
et al,  2015). In addition, SN neuropeptide was 
demonstrated to promote in vitro and in vivo 
neuroprotection after oxygen/glucose deprivation, 
suggesting an anti-apoptotic activity through Jak2/
Stat3 signaling pathway (Shyu et al,  2008).

d) Secretogranin III 
SgIII is an acidic 468 amino acid secretory 

protein, well conserved during evolution, from 
mammals to fish. It has been identified as a specific 
binding protein for CgA, suggesting that it can play a 
central role in secretory granule biogenesis (Hosaka 
and Watanabe, 2010). 

Although different fragments of SgIII have 
been detected in several neuroendocrine cell types 
from various species (Holtious et al,  1996), no 
biologically active peptides derived from SgIII have 
been described. In the cerebral cortex of AD patients 
increased levels of SgIII were observed in  dystrophic 
neurites surrounding amyloid plaques (Plà et al,  
2013). Additionally, SgIII was detected in CSF but 

of Aβ plaques in AD cortical samples, frequently 
surrounded by hyperactivated microglia (Marksteiner 
et al, 2002;  Rangon et al,  2003; Lechner et al,  2004; 
Willis et al,  2011). CgA increase in neuritic plaques 
correlates with an increase in Catestatin (CST, an 
internal fragment of CgA), able to activate pro–
caspase-1 (Wu et al,  2013).

There is evidence that CgA activates microglia 
to a reactive phenotype and stimulates the release of 
microglial cytotoxins, suggesting that this peptide may 
contribute to the continued and neurotoxic activation 
of microglia in AD (Lechner et al,  2004). 

CgA staining increase in the amyloid plaques 
inversely correlates with CgA levels found in the CSF, 
significantly reduced in patients with AD or taupathies 
(Blennow et al,  1995; Eder et al,  1998; Simonsen et 
al,  2007; Perrin et al,  2011; Jahn et al,  2011; Mattson 
et al,  2012; Paterson et al,  2014; Wildsmith et al,  
2014).  Among CgA derived peptides, only Serpin (26 
aa at C-terminal) showed a neuroprotective activity, 
as demonstrated in vitro, in AtT20 neuronal cell line 
(Koshimizu et al,  2011). To date, no neuroprotective 
functions have been identified for Vasostatin, 
Pancrestatin and Chromacin, the other major forms 
of the CgA-derived neuropeptides, endowed with 
neuroendocrine activities.

b) Chromogranin B  
CgB, a pre-pro-protein of 677 amino acids, shares 

several features with CgA, including wide expression 
throughout the endocrine and nervous systems, 
acidic protein backbone, random-coil structure, 
and heat stability. CgB is abundantly expressed 
in many neurons and peptidergic endocrine cells 
(Bartolomucci et al,  2011).

Immunostaining of post-mortem brains from AD 
patients showed positive CgB reactivity in amyloid 
plaques, more prominent in hippocampal regions 
(Marksteiner et al,  2002; Lechner et al,  2004; Willis 
et al,  2008, 2011), while levels of CgB peptides in 
CSF of AD patients were significantly decreased, 
compared to control subjects (Eder et al,  1998; 
Mattson et al,  2010; 2012; 2013). 

c) Secretogranin II 
SgII is a 617 amino acid pre-pro-protein highly 
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         that N-proSAAS or proSAAS-like molecules are 
trapped within the tau fibrils and accumulated in 
tau inclusions in the AD patients brains (Wada et 
al,  2004).  In addition, in the brain of 12-month-old 
APdE9 mice, and in the cortex of human AD affected 
brain, proSAAS immunoreactivity co-localizes with  
amyloid plaques deposits (Hoshino et al,  2014).

Like other granins, ProSAAS fragments were 
found decreased in CSF of AD patients in respect to 
healthy subjects, suggesting that they could represent, 
together with other neuropeptides, biomarkers for 
AD (Jahn et al,  2011).  As previously reported for 
7B2, additional evidence for the role of ProSAAS in 
AD was demonstrated by the amyloid anti-aggregant 
activity of an internal ProSAAS fragment (ProSAAS 
97-180), shown to efficiently prevent the fibrillation 
of Aβ1-42, in vitro (Hoshino et al,  2014). In the same 
study, the Authors reported that the recombinant, 
as well as the endogenously synthesized proSAAS, 
was able to prevent the neurotoxic effect of Aβ1-42 in 
Neuro2a cells.

g) VGF
The large secretogranin VII, early named VGF, 

is a 615 amino acid protein precursor of several 
biological active peptides. A dozen of them have been 
detected in CSF of patients with neurodegenerative 
diseases. In CSF of AD patients, both an N-terminal 
fragment and an internal peptide (VGF 365-375) 
were found to be decreased (Carrette el al, 2003; 
Jahn et al,  2011; Wujte et al,  2012; Spellman et al,  
2015; Hottla et al,  2015; Hendricson et al,  2015), 
suggesting that VGF could be a potential biomarker 
for this disorder. Moreover, in parietal cortex from 
patients with AD, a reduction in different VGF 
peptides was shown (Cocco et al,  2010), whereas 
an increase of VGF expression was reported in 
peripheral T cells in patients with AD, compared to 
aged healthy controls (Busse et al,  2015). 

Interestingly, it was demonstrated that VGF-
derived peptides exert important neuronal 
stimulatory activity. TLQP-62 (C-terminal VGF 
peptide) has an antidepressant activity (Lin et al,  
2014), increases neuronal electrical excitability in 
hippocampus neurons (Takker-Varia et al,  2007), 
while TLQP-21 (a smaller C-terminal VGF peptide) 

no significant differences between AD patients and 
control subjects were reported (Perrin et al,  2011).

e) 7B2
The smaller granin 7B2 (212 amino acids) is 

perhaps the most evolutionarily conserved member 
of the granin family, containing a C-terminal peptide 
acting as inhibitor of the prohormone convertase 2 
(PC2), responsible for the proteolytic processing of 
many precursor proteins, among which neuropeptides 
precursors (Mbikay et al,  2001). Alterations, often 
conflicting, in PC2 and 7B2 levels have been shown 
in AD brain, related to a dysregulation in the level 
of different neuropeptides. A marked decrease in 
the ratio of the PC2 precursor to the total enzymatic 
pool was observed in the frontal cortex of AD 
patients, corresponding to an increase in the binding 
protein 7B2 (Winsky-Sommerer et al,  2003). On 
the contrary, other studies reported increased levels 
of PC2 in AD brain, while no differences were 
detected in the levels of 7B2 (Yakovlera et al,  2007). 
Likewise, no significant differences were found in 
the 7B2 immunoreactivity in various  brain regions 
obtained from patients with AD and from control 
subjects (Iguchi et al,  1987).  

More recently, in the hippocampus and substantia 
nigra of human AD-affected brains, as well as in 
the brains of APP/PSEN1 mice, 7B2 was found 
highly co-localized with Aβ plaques and α-synuclein 
deposits (Helwig et al,  2013). In the same work it 
was demonstrated that 7B2 efficiently prevents in 
vitro fibrillation and formation of Aβ aggregates, 
establishing this neural protein as an anti-aggregation 
chaperon associated with neurodegenerative diseases. 
In addition, recombinant 7B2 efficiently blocked the 
neurocytotoxic effect of Aβ1-42, significantly increasing 
cell viability of Neuro-2A cells (Helwig et al,  2013). 

f) ProSAAS
ProSAAS granin is a 260 amino acid precursor 

protein suggested to function as peptide precursor 
only in higher vertebrates (Bartolomucci et al,  
2011). Like 7B2, it has been suggested to regulate the 
activity of the pro-hormone convertase PC1 (Lee et al,  
2004). The potential role exerted by proSAAS in the 
pathogenesis of AD was suggested by the evidence 
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Deficiency of kallikrein-like enzyme activities in cerebral 
tissue of patients with Alzheimer’s disease. Experientia 
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family: structure, function, and biomedical implications. 
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Bennett GW, Ballard TM, Watson CD, Fone KC 
(1997) Effect of neuropeptides on cognitive function. Exp 
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system in Alzheimer’s disease. Mech Ageing Dev  122: 
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Bioregulation of kinins: kallikreins, kininogens and 
kininases. Pharmacol Rev 44: 1-80.
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Perry RH, Edwardson JA (1983) Post mortem levels of 
thyrotropin-releasing hormone and neurotensin in the 
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depression. J Neurol Sci 58: 117-22.
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marker for synaptic degeneration in Alzheimer’s disease? 
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protects from apoptosis cerebellar granule cells 
after potassium deprivation (Severini et al,  2008). 
Moreover, in primary cortical and hippocampal 
cell cultures, TLQP-21 showed a neuroprotective 
activity against Aβ toxicity, while other fragments 
had minor or no neuroprotective effect (Possenti R., 
unpublished data).  

So far, only for TLQP-21 peptide a receptor has 
been recently discovered, identifying the variously 
distributed complement C3a receptor-1 (C3AR1) 
as a target for TLQP-21 (Hannedouche et al,  2013; 
Cero et al,  2014).

CONCLUSIONS

AD has become a great clinical problem in our society 
and the prevalence of AD is likely to increase among 
the aging population worldwide. To date, no treatment 
has been found that could slow down the progression 
of the disease or that could prevent cholinergic cell 
death, as the current therapeutic approach to AD is of 
a symptomatic type. Since the pathology of AD is very 
complex and different pathomechanisms are involved,  
the ultimate goal of a sustainable disease-modifying 
treatment in AD is to slow down disease progression 
by addressing the neurodegenerative processes, 
acting at multiple pathways. The role exerted by 
neuropeptides seems particularly interesting since 
they are generally neuroprotective, widely distributed 
in brain areas responsible for learning and memory 
processes, and their levels are altered in both human 
disease and in animal experimental models. Since 
neuropeptides could represent biomarkers of disease 
progression, this seems of great potential utility for 
AD because of inherent difficulties assessing brain 
function and finding a diagnosis in this pathology. In 
addition, convincing evidence has been provided for 
the protective role of several neuropeptides against 
neurodegeneration both in vitro and in vivo, identifying 
neuropeptide receptors as potential therapeutic targets.
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Hundreds of millions of people currently suffer from diabetes in the world and the epidemiological 
perspective regarding diabetes and its complications in the medium period is somewhat frightening. 
Among other end-organ damage, diabetes induces brain cell sufferance and neurodegeneration, 
associated with cognitive decline, a disease state referred to as “diabetic encephalopathy” (DE). In Type-1 
diabetes, always emerging during childhood and adolescence, when the brain is in a crucial development 
stage, the diabetes-induced brain damage leads to lower IQ and poor cognitive performances. Type-2 
diabetes, associated with the cluster of risk factors of the metabolic syndrome and interacting with the 
physiological aging process, participates in the development of major forms of senile dementia, including 
Alzheimer’s disease. Therapies aimed at controlling hyperglycemia and the insulin metabolism do not 
guarantee the reversal of established DE symptomatology, making diabetes-associated cognitive decline 
a disease still lacking effective therapeutic approaches. In this review, the clinical studies characterizing 
cognitive and structural abnormalities induced by diabetes are briefly reviewed. Then we study the 
mechanisms of central neurodegeneration induced by the disruption of glucose and insulin homeostasis, 
investigated by using animal models of both Type-1 and Type-2 diabetes.
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The metabolism of the brain is strictly dependent 
on glucose as the energy source and the brain itself is 
the greatest glucose consumer among all body organs. 
On average, the adult brain is 2% of total body weight 
but his oxygen and glucose consumptions in the 
resting awake state are respectively 20% and 25% of 
their total body disposal (Mergenthaler et al, 2013). 
The fact that the energy metabolism of the brain is 
almost purely based on glucose oxidation is also 
indicated by the respiratory quotient, that in the brain 
is nearly 1 (Sokoloff, 1999). Glucose is transported 
from plasma into the brain by facilitated diffusion 
across the blood-brain barrier. Different types of 
glucose transporters (GLUTs) participate in this 

process and, among them, GLUT-1 and GLUT-3 are 
the major subtypes involved in glucose transportation 
across the blood-brain barrier (Duelli et al, 1994; 
McKinney, 2005; Rao et al, 2006; Chen and Zhong, 
2013; Mergenthaler et al, 2013). Within the brain, 
glucose is either oxidized to produce ATP, essential 
as energy supply for neurons and non-neuronal cells, 
and for neurotransmitter synthesis (Mergenthaler 
et al, 2013) or used to synthesize glycogen, that is 
stored in astrocytes (Phelps, 1972; Mergenthaler et 
al, 2013). Substrates alternative to glucose could be 
also used as energy supplier in particular conditions, 
such as ketone bodies in infants (Brekke et al, 2015) 
or glycogen and amino acids after extended fasting 
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production. Thus, patients with T1DM require 
treatment with insulin to achieve normoglycemia and 
to survive (Daneman, 2006). Most of T1DM patients 
develop microvascular complication before midlife, 
associated with complications such as retinopathy, 
nephropathy and peripheral neuropathy (Daneman, 
2006). 

In T2DM the principal defect is insulin resistance, 
lately associated with a relative insulin deficiency 
(Stumvoll et al, 2005). Beside an important genetic 
component, lifestyle and obesity seem to be main 
pathogenic factors for T2DM. Type 2 diabetes 
accounts for 90% to 95% of all diagnosed diabetes 
cases and the incidence of T2DM strongly increases 
with age. Insulin resistance is often associated with 
a pattern of metabolic and vascular abnormalities, 
namely obesity, dyslipidemia, hypertension and 
chronic pro-inflammatory state, which form a 
cluster of risk factors called metabolic syndrome 
(Eckel et al, 2005). All of these abnormalities 
represent a separate risk factor for the development 
of cerebral complications associated with cognitive 
decline. In this review we will only focus on the 
proper “diabetic” abnormalities (i.e. hyper- and 
hypoglycemia, hypo- and hyperinsulinemia, insulin 
resistance) but it should be taken into account that 
the association of proper “diabetic” risk factors with 
one or more of the previously cited “metabolic” 
factors could worsen the outcome of an eventual 
cerebral complication in diabetic patients. 

Pre-diabetes is a condition in which a person 
has elevated blood glucose levels but does not 
meet diagnostic criteria for diabetes. People with 
prediabetes can have impaired fasting glucose or 
impaired glucose tolerance, or both and are likely to 
develop a frank diabetes in a relatively short time. 
Since hyperglycemia is an important risk factor 
for the development of central neurodegeneration 
(discussed in a further section of the text), 
prediabetes represent a clinical condition in which a 
mild cognitive impairment associated with brain cell 
damage can develop (S Roriz-Filho et al, 2009; Yau 
et al, 2010).

Diabetic encephalopathy
The progressive alterations in cerebral function 

in adults (Chen and Zhong, 2013).
Thus, the brain’s high-energy consumption and 

its dependence on glucose metabolism, makes it 
particularly vulnerable to disturbances in glucose 
homeostasis, such as those observed in pre-diabetic 
states and during diabetes. In this review, we 
will briefly summarize the relevant clinical data 
on the characteristic of mild to severe cognitive 
impairments observed in diabetic patients. For a more 
comprehensive and detailed insight into the clinical 
features of the so-called “diabetic encephalopathy” 
(DE) we refer the readers to the huge amount of 
literature published in the last 25 years (reviewed, 
among others, in: Dejgaard et al, 1991; Gispen and 
Biessels, 2000; Desrocher and Rovet, 2004; Biessels 
and Gispen, 2005; Brands et al, 2005; Mijnhout et al, 
2006; Biessels et al, 2008; Chen and Zhong, 2013; 
Cameron, 2015; Moheet et al, 2015). We will then go 
into the research aimed at elucidating the distinctive 
behavioral, functional, structural and molecular 
features of diabetic brain, as revealed by using 
animal models of diabetes. We will attempt to touch 
the main aspect of a multifaceted and heterogeneous 
topic, indicating both the seminal as well as the most 
updated bibliographic references, to be used by the 
reader interested in further in-depth analysis over 
part or the whole general argument.

COGNITIVE IMPAIRMENT IN DIABETES

Diabetes
Diabetes mellitus is a heterogeneous metabolic 

disorder characterized by hyperglycemia. In 2013 
about 380 million people worldwide suffered for 
diabetes (Shi and Hu, 2014), with an estimates of 
642 million people affected by 2040 (http://www.
diabetesatlas.org/ ) and an increase in the proportion 
of diabetic people >65 years of age. Two main types 
of diabetes mainly account for these epidemiological 
data: Type-1 and Type-2 diabetes mellitus (T1DM 
and T2DM respectively).

T1DM generally develops at a young age 
(children, early adulthood) and accounts for 5% to 
10% of all cases of diabetes.  T1DM results from 
autoimmune beta-cell destruction in the pancreas 
and is characterized by a complete lack of insulin 
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et al, 2015). This reflects the selective vulnerability 
of developing brain to dysregulation in glucose 
homeostasis (Ryan et al, 1993; Brands et al, 2005; 
Moheet et al, 2015). The main cognitive domains 
affected in children and adolescents with T1DM are 
spatial intelligence, information-processing speed, 
psychomotor efficiency, memory, attention and 
executive function (Biessels et al, 1994; Desrocher 
and Rovet, 2004; Brands et al, 2005; Ho et al, 2008; 
Moheet et al, 2015). Interestingly, longitudinal studies, 
evaluating the progression of cognitive decline in adult 
T1DM patients, revealed that an efficient glycemic 
control always block it or slow it down, impeding its 
progression toward  more severe forms of cognitive 
deficit and dementia (Ott et al, 1999; Moheet et al, 
2015). From a structural standpoint, imaging studies 
indicated, as main neuropathological correlates 
of T1DM in adults, a global cerebral atrophy, a 
significant decrease of grey matter volume and 
density in the cortex and hippocampus and increased 
occurrence of white matter hyper-intensities (WMH), 
probably related to ischemic lesions (Ho et al, 2008; 
Moheet et al, 2015; Nunley et al, 2015). Moreover, 
de-organization of cortical networks was also found 
in T1DM patients, positively associated with the 
occurrence of microvascular complications (Lyoo 
et al, 2013; Ryan et al, 2015; van Duinkerken et al, 
2016).

Studies on T2DM patients revealed that the 
main cognitive processes affected by diabetes are 
verbal fluency and mental speed, executive function, 
processing speed, memory (Biessels et al, 2008; 
Umegaki, 2014; Moheet et al, 2015). In elderly 
T2DM patients the cognitive impairments may be 
more pronounced, and can interfere with day-to-day 
functioning. In addition, the incidence of dementia 
appears to be doubled in elderly subjects with diabetes 
(Ott et al, 1999; Cole et al, 2007; Umegaki, 2014). 
Reduced efficiency of brain networks and longer white 
matter path length were also described in middle-
aged T2DM patients (Kim et al, 2016). It is worth 
noticing that several, if not all, of the clinical studies 
on aged T2DM patients are more probably biased by 
the concomitant presence of one or more risk factors 
belonging to the above-cited metabolic syndrome. 
This makes difficult the direct association of cognitive 

and structure that occur in association with diabetes 
are mainly referred to as “diabetic encephalopathy” 
(DE) (Dejgaard et al, 1991; Mijnhout et al, 2006).
The diabetes-associated cognitive dysfunctions have 
been first described in the early 1920’s (Miles and 
Root, 1922) and the term “diabetic encephalopathy” 
introduced in the 1950 (De Jong, 1950). The first 
structural evidence for DE was produced in 1966, 
when a peculiar pattern of diffuse degenerative 
abnormalities of the cerebral tissue were found in a 
post-mortem study on the brains of young long-term 
T1DM patients, likely dependent upon angiopathy and 
a primary diabetic factor (Reske-Nielsen et al, 1966). 
The term diabetic encephalopathy has been subject 
to some controversy, and a decade ago Mijnhout and 
colleagues (Mijnhout et al, 2006) proposed the term 
“diabetes-associated cognitive decline” (DACD) 
to describe the state of mild to moderate cognitive 
impairment solely attributable to diabetes. They also 
put forward the correct observation that pathogenic 
research on DACD (or DE) should focus on T1DM, 
since in T2DM several biases are introduced by the 
co-morbidity with metabolic syndrome-associated 
risk factors (Mijnhout et al, 2006).

Manifestations of diabetic encephalopathy 
include changes in several cognitive domains. While 
it has been recognized that both T1DM and T2DM 
lead to a significant acceleration of the “physiologic” 
brain aging process (Biessels et al, 2002; Biessels et 
al, 2008;  S Roriz-Filho et al, 2009; Sims-Robinson 
et al, 2010; Wang et al, 2014), the pattern of cognitive 
impairment differs between the two diabetes types, 
and so is also for some structural abnormalities 
revealed by neuroimaging studies.  

Different types of diabetes affect different cognitive 
processes 

Human studies on T1DM should be categorized 
at least according to the age of patients enrolled. 
Indeed, T1DM insurgence is prevalent in young 
people and infants and the outcome influenced by the 
age of onset, the duration of diabetes, the efficacy of 
glycemic control and the presence of microvascular 
complication. Cross sectional analysis on children 
evidenced that the early the onset, the worse the 
cognitive impairment (recently reviewed in: Moheet 
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cognitive impairment, structural pathological 
changes, functional defects in signal conduction and 
neurotransmission, dysfunction of synaptic plasticity, 
alteration in the neurogenesis, dysregulation of 
general homeostatic balance in brain cells and 
tissue, abnormal functionality of molecular systems 
(i.e. neurotrophins) supporting and regulating 
the maintenance of brain cell phenotypes and 
functionality. The use of animal models allowed 
characterizing almost all of these features of DE.

Animal models of DE
Several animal models have been developed 

and used extensively in diabetes research (Rees and 
Alcolado, 2005) (Table 1). The study of the effects 
of perturbed or disrupted glucose homeostasis, 
associated with insulin deficit (or reduced insulin 
signaling) on the development of cognitive deficits 
and on the underlying mechanisms of DE, has made 
main use of the streptozotocin (STZ) and the BB rat 
models of T1DM (Rees and Alcolado, 2005; Sima et 
al, 2009). 

STZ is a pancreatic beta-cells cytotoxic agent, 
which could be injected systemically to deplete 

impairments with the peculiar features of T2DM (i.e. 
insulin resistance and hyperglycemia). However, 
studies on pre-diabetic patients indicated that, even 
in absence of co-morbid factors, insulin resistance 
per-se is sufficient to generate significant impairment 
in intellectual functioning, verbal memory and 
psychomotor efficiency (S Roriz-Filho et al, 2009; Yau 
et al, 2010). As for structural abnormalities evidenced 
by neuroimaging, the WMH also characterize the brain 
of T2DM patients, indicating microvascular sufferance 
in the brain (van Harten et al, 2007; de Bresser et al, 
2010; Brundel et al, 2014). Brain atrophy with reduced 
gray and white matter volume was also reported, with 
the temporal lobe and hippocampal region being the 
more susceptible to damage (den Heijer et al, 2003; 
Brundel et al, 2014). Again, structural analysis of 
the brain of pre-diabetic adolescents, also revealed 
reduced white matter volume and reduced white and 
grey matter microstructural integrity (S Roriz-Filho et 
al, 2009; Yau et al, 2010).

ANIMAL STUDIES

The effects of diabetes on the brain encompass 
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Table I. Animal models of diabetes used to study brain and neurobehavioral dysfunctions.

Model Glucose Insulin

Type 1 
Diabetes

i.p. STZ + -

NOD mouse + -

BB/Wor rat + -

Akita mouse + -

Type 2 
Diabetes

Zucker fa/fa rat + +

Diabetic Zucker rat + +

db/db mouse + +

OLETF rat + +

GK rat + +

Brain insulin 
resistance i.c.v. STZ + +

The presence of hyperglycemia is common in all of the diabetes animal models, independently of the genetic profile. i.p.: 
intra-peritoneum. i.c.v.: intra-cerebroventricular.(+): increased plasma and/or brain levels. (–): decreased plasma and 
brain levels.
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Behavioral studies on animal models of DE
The cognitive performance of diabetic rats 

have been extensively tested in the Morris Water 
Maze (MWM). MWM is a test for spatial learning 
that involve several cognitive components such as 
selective attention, building of internal representation 
of external environment, storage and retrieval of 
information, problem solving (Bannerman et al, 
1995). STZ rats showed impaired performances in 
the MWM starting ten weeks after STZ treatment 
(Biessels et al, 1996; Kamal et al, 2000). Continuous 
delivery of insulin by subcutaneous insulin pellets 
prevented the learning deficits if insulin treatment 
was started at the onset of diabetes, but not if 
insulin delivery was started after the learning 
ability was just impaired (Biessels et al, 1998). 
Moreover, an interaction between diabetic cognitive 
impairment and aging was also reported, since aged 
rats performed worse than young-adult rats after 
diabetes of the same duration (Kamal et al, 2000). 
Prolonged latencies in the MWM were also found in 
8 months old BB rats (Li et al, 2002), associated with 
hippocampal neuron apoptosis and deregulations in 
IGF and insulin signaling.

Other behavioral paradigms have been also tested 
in STZ and BB rats. STZ rats displayed decrease 
in social interaction and increased fear-related and 
anxiety-related behavior (reviewed in: Reagan, 
2012)., while BB rats exhibited impaired working 
and reference memories when tested in the radial 
arm maze (Sima et al, 2009).

Learning and memory deficits have also been 
reported in some, but not all, the studies examining 
hippocampal-dependent behavior in T2DM models 
(Reagan, 2012), but a correlation between cognitive 
impairment and hyperglycemia or insulin resistance 
is rather difficult, if not impossible. In general, the 
outcome of behavioral test in diabetic animal seems 
to be strictly dependent on the patho-physiological 
features of the animal model, and the particular 
behavioral test, those related to hippocampal 
function and plasticity being the more explored and 
more consistent in results.

Synaptic plasticity and neurotransmission
Since hippocampus plays a crucial role in spatial 

insulin-producing cells in a dosage-dependent way. 
The nitrosurea moiety of STZ is responsible for its 
toxicity on pancreas insulin-producing cells, which 
is probably mediated through a decrease in NAD 
levels and the formation of intracellular free radicals. 
The GLUT-2 glucose transporter is responsible 
for STZ transport across the cell membrane, thus, 
since the GLUT-2 is not expressed at the blood-
brain barrier, direct effects of STZ on the brain after 
systemic administration are unlikely (Biessels and 
Gispen, 2005). Like diabetic patients, STZ-diabetic 
rats develop end-organ damage affecting the eyes, 
kidneys, heart, blood vessels, and peripheral nervous 
system. STZ model has been used as a model of 
DE, since it induces behavioral dysfunction similar 
to human DE (You et al, 2009) and, among others, 
alterations in the brain cholinergic system (Welsh and 
Wecker, 1991), deregulations of brain neurotrophins 
(Sposato et al, 2007; Soligo et al, 2015), alterations 
of Tau metabolism (Clodfelder-Miller et al, 2006). 

Biobreeding rat also known as the BB rat is 
an inbred laboratory rat strain that spontaneously 
develops autoimmune Type 1 Diabetes (Rees and 
Alcolado, 2005). The strain was derived from a 
colony of outbred Wistar rats that spontaneously 
develop hyperglycemia and ketoacidosis. They have 
been used to study the effects of cerebral ischemia 
on diabetic brain (Sutherland et al, 1992), some 
mechanisms of the impaired central insulin/insulin 
growth factor (IGF) signaling (Li et al, 2005) and the 
therapeutic role of insulin C-peptide replacement in 
DE (Sima et al, 2008; Sima et al, 2009).

Animal models of spontaneous T2DM have been 
also used, although the genetic defects that underlies 
the development of diabetes-like pathology is not the 
primary defect encountered in human T2DM. Most 
of these animal models of T2DM are characterized 
by dysregulations in lipid metabolism and often 
by insulin resistance. Among them mouse and rats 
defective for leptin receptor (db/db mouse and 
Zucker rats) and rats characterized by obesity and 
impaired glucose tolerance secondary to the reduced 
expression of cholecystokinin-2 receptor gene, the 
Otsuka Long-Evans Tokushima fatty (OLEFT) rats 
(Biessels and Gispen, 2005; Rees and Alcolado, 
2005).
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STZ rats after 12 weeks of diabetes is reduced (Reisi 
et al, 2009) suggesting another mechanism through 
which glutamatergic tone may be modulated in the 
hippocampus of STZ rats.

Other neurotransmitter systems, i.e. GABA 
and acetylcholine (Ach), could be involved in the 
diabetes-induced alteration in synaptic plasticity. Both 
GABA and Ach modulates glutamatergic neurons 
excitability and plastic response after glutamate-
based neurotransmission in the hippocampus (Teles-
Grilo Ruivo and Mellor, 2013), and represent the 
neurochemical connection between the septal nuclei 
and the hippocampus. A deficit in Ach metabolism 
in the brain of STZ rats (Welsh and Wecker, 1991) 
and a cholinergic receptor dysfunction and decreased 
GABAergic neuroprotective inhibitory function in the 
hippocampus of STZ rats have been reported (Sherin 
et al, 2012). Thus, the deficit in synaptic plasticity in 
STZ rodents is attributable to dysregulations in the 
whole circuitry generating and modulating the LTP 
and LTD. 

Electrophysiological studies in experimental 
models of T2DM failed to demonstrate consistent 
alterations in synaptic plasticity. Some of them 
indicated that T2DM animals exhibit deficits 
in LTP (Gerges et al, 2003; Alzoubi et al, 2005; 
Stranahan et al, 2008), others have failed to observe 
electrophysiological changes (Belanger et al, 2004). 
The differences in the physiological characteristics of 
the T2DM animals used in these studies most probably 
account for these apparently incongruent findings. 

Structural deficits
Diabetes-induced neuroanatomical deficits, because 

of increased neuronal vulnerability, play an important 
role in the development of altered neuroplasticity, 
and in the electrophysiological properties of neurons. 
The diabetes-induced increase in neuronal apoptosis, 
especially in the hippocampus, has been described in 
a great number of studies in  STZ-treated rodents  and 
in the BB model (extensively reviewed in: Sadeghi et 
al, 2016). STZ-treated rodents also exhibit structural 
deficits in the neuronal processes, directly correlated 
with the deficit in plasticity and electrophysiological 
properties. STZ-induced diabetes provokes dendritic 
atrophy of hippocampal CA3 pyramidal neurons 

learning and memory (Eichenbaum et al, 2007), the 
hippocampal synaptic plasticity has been studied by 
several groups as a neuro-functional correlate of the 
impaired cognitive performance in behavioral tasks. In 
particular, long-term potentiation (LTP) and long-term 
depression (LTD) has been studied in hippocampal 
slices from STZ-treated rodents. Both LTP and LTD 
are generated by increased postsynaptic calcium 
concentration (Yang et al, 1999), and represent 
respectively an activity-dependent strengthening or 
reduction in the efficacy of neuronal synapses. A deficit 
in the N-methyl-D-aspartate (NMDA) glutamate 
receptor-dependent LTP in the dentate gyrus, CA1 
and CA3 fields of the hippocampus has been reported, 
with a gradual increase over time and a maximum 
expression 12 weeks after diabetes induction (Biessels 
et al, 1999; Kamal et al, 1999). As for behavioral 
tests, insulin treatment prevents the development but 
is less effective against existing LTP deficits (Biessels 
et al, 1998). On the other hand, expression of LTD is 
enhanced in the CA1 field of hippocampi from diabetic 
rats (Kamal et al, 1999; Artola et al, 2005).

The mechanisms underlying the alterations in 
hippocampal synaptic plasticity in STZ-diabetic 
rats seem to be mostly related to glutamatergic 
neurotransmission and postsynaptic deficits in 
membrane excitability and/or in the intracellular 
signaling generated by LTP and LTD induction 
(Biessels et al, 2002). Reduced impulse conduction 
velocity was found in presynaptic fibers (Candy and 
Szatkowski, 2000), while paired-pulse facilitation in 
the CA1 field is unaffected (Biessels et al, 1996). LTP/
LTD deficits in diabetic rodents are associated with 
both reductions in glutamate receptors NMDA- and 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA)-mediated currents in the hippocampus 
(Gardoni et al, 2002; Kamal et al, 2006). AMPA 
receptor binding activity and functional activities is 
reduced in the hippocampus of STZ rats (Chabot et al, 
1997; Kamal et al, 2006). Additionally, NR2B NMDA 
subunit is decreased in the hippocampus of STZ rats 
12 weeks after diabetes induction  and Ca+/CaM-
stimulated phosphorylation of hippocampal NR2A 
and NR2B subunits expressed in the post-synaptic 
density is reduced (Gardoni et al, 1999). Additionally, 
the basal level of glutamate in the dentate gyrus of 
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number of animal models of T2D (Ho et al, 2013). 
Zucker rats and their db/db mice analogous T2DM 
model, have decreased hippocampal cell proliferation 
and lower levels of neuronal differentiation compared 
to their non-diabetic counterparts (Stranahan et al, 
2008; Yi et al, 2009). Studies on other models of 
T2DM did not produce results consistent with those 
presented above, and this could be ascribed to the 
heterogeneity of risk factors active in inducing the 
neuroplasticity defect (Ho et al, 2013).

Neurotrophic deficit
Increasing evidences have been produced about a 

generalized neurotrophic deficit produced by diabetes 
in the brain (Sima and Li, 2005; Sima, 2010) (Fig. 1). 
The decreased trophic support to brain cells is due to 
a deficit in neurotrophic insulin signaling (discussed 
below) and to a dysregulated production and signaling 
of a class of factors called neurotrophins (NTs). NTs 
are structurally related molecules derived from a 
common ancestor gene (Hallbook, 1999). Two NTs, 
brain-derived neurotrophic factor (BDNF) and nerve 
growth factor (NGF) have been mainly investigated 
in the diabetic brain, since they are heavily involved 
in the generation and maintenance of hippocampal 
synaptic plasticity, in the trophic support to the 
central cholinergic, dopaminergic and glutamatergic 
systems and in general as neurotrophic correlates for 
learning and memory related behavior (Chaldakov et 
al, 2009; Ho et al, 2013; Hempstead, 2014). NTs and 
their precursors, proNTs, are both biologically active 
(Hempstead, 2014). The binding of BDNF or NGF to 
their tyrosine kinase (Trk) cognate receptors generates 
an intracellular signaling cascade supporting cell 
survival and phenotypic maintenance, neurogenesis 
as well as the generation of synaptic plasticity 
and of its neurobehavioral correlates (Lim et al, 
2003; Allen and Dawbarn, 2006; Soule et al, 2006; 
Frielingsdorf et al, 2007; Gottmann et al, 2009) (Fig. 
1). The challenge of proNTs to the p75NTR-sortilin 
receptor complex, on the other hand, induces neuronal 
sufferance and apoptosis and impaired neurogenesis 
and synaptic plasticity (Lu, 2003; Guo et al, 2013; 
Hempstead, 2014; Yang et al, 2014; Chen et al, 2016). 
Thus impaired proNTs production, maturation and 
signaling could play an important role in generating 

as well as dendritic atrophy and decreases in spine 
density in CA1 pyramidal neurons (Reagan, 2012), 
and in the entorhinal and sensory cortices (Zhou et 
al, 2013). STZ-induced dendritic changes include 
synaptic reorganization in the dentate gyrus and the 
CA1 region of the hippocampus (Grillo et al, 2005). 
Decreases in spine density have also been observed 
in the dentate gyrus of db/db mice (Stranahan et al, 
2009). Diabetes-induced deficits in morphological 
plasticity also include decreased dendritic length and 
spine density in the pre-frontal cortex of STZ rats 
(Martinez-Tellez et al, 2005). 

Other measures of increased neuronal vulnerability 
have been identified in the hippocampus of diabetic 
rodents including reductions in cell proliferation and 
neurogenesis (Jackson-Guilford et al, 2000; Revsin et 
al, 2005; Beauquis et al, 2006; Beauquis et al, 2008). 
The process of neurogenesis consists of proliferation 
of new cells from progenitors, differentiation into 
astrocytes, oligodendrocytes or neurons, and survival 
and incorporation of newborn cells into target 
regions. Neurogenesis in the dentate gyrus supports 
the acquisition and consolidation of memories in the 
hippocampus and guarantees hippocampus structural 
plasticity across the lifespan (Leuner and Gould, 
2010). STZ-induced diabetes consistently decreases 
hippocampal cell proliferation and neurogenesis 
(recently reviewed in: Ho et al, 2013). Cell proliferation 
is impaired as early as 4 weeks after STZ with an 
almost immediate reduction in immature neuronal 
differentiation. Newly generated cells in STZ rats also 
shown a reduced rate of survival, (Zhang et al, 2008). 
Thus, STZ-induced diabetes consistently decreases 
hippocampal cell proliferation and survival and also 
affects neuronal differentiation, probably contributing  
to impaired learning and memory based on the results 
from cognitive tests (Ho et al, 2013). Interestingly, 
results consistent with those obtained on STZ-treated 
rodents were also obtained using a genetic model of 
T1DM, the nonobese diabetic (NOD) mice (Beauquis 
et al, 2008). Beside the impaired cell proliferation and 
neuronal differentiation, NOD mice also display a pre-
existing disposition towards decreased hippocampal 
neurogenesis long before conversion into a diabetic 
state (Beauquis et al, 2008).

Hippocampal neurogenesis has been studied in a 
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2008; Sima et al, 2009) T1DM models. Moreover, 
the proNGF content increased after STZ treatment 
and the ratio between NGF and proNGF decreased 
in the brain of diabetic rats (Soligo et al, 2015), 
suggesting an impaired maturation of the NT and a 
signaling shifted toward neuronal sufferance.

PATHOGENESIS OF DIABETIC 
ENCEPHALOPATHY AND ITS LINK TO 

DEMENTIA

Patients with diabetes have nearly twofold higher 
risk to develop vascular dementia or Alzheimer’s disease 
(AD) (for a review see: Sims-Robinson et al, 2010). 

the diabetic brain phenotype. 
Plasma BDNF levels decrease in humans with 

T2DM and was inversely associated with fasting 
plasma glucose, but not with insulin (Krabbe et al, 
2007). BDNF produced by cerebrovascular tissue 
decreases early after induction of diabetes in STZ-
treated rats (Navaratna et al, 2011) and is less 
expressed in hippocampal neurons, compared with 
healthy rats (Liu et al, 2013). There are clues that 
the trophic BDNF signaling through its receptor 
TrkB diminished in STZ-treated rats (Navaratna et 
al, 2013). NGF and its receptor levels were found 
decreased in both STZ (Sposato et al, 2007; Rocco 
et al, 2013; Soligo et al, 2015) and BB (Sima et al, 
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Figure 1 Fig. 1. Neurotrophic signaling produced by insulin and neurotrophins in the brain. The signaling cascades generated by 
tyrosyne kinase receptors share common downstream mediators (i.e. Akt) and regulate brain cell proliferation, survival, 
differentiation, and functions. All these physiologic cellular and tissue functions are dysregulated by diabetes, and 
contribute to the cognitive impairment and the diabetic encephalopathy.
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diabetic complications (Singh et al, 2001). RAGEs, 
galectin-3 (a proatherogenic molecule), and the 
polyol pathway activation are all increased in diabetic 
rat brains, with concomitant increase in the activity 
of the glyceradehyde-3-phosphate dehydrogenase, 
indicating elevated oxidative stress (Aragno et 
al, 2005). Proinflammatory and brain injury gene 
markers modulated by AGEs, were also up-regulated 
in the hippocampus of diabetic rats (Sims-Robinson 
et al, 2010). 

These phenomena also contributes to 
microvascular changes, which leads to microinfarcts 
and WMH, which in turn result in cognitive 
decline and dementia (S Roriz-Filho et al, 2009).  
Indeed, diabetes is associated with a basal chronic 
systemic inflammatory state that in turn induces 
endothelial dysfunction, platelet hyperactivity and 
the microvascular complications responsible for the 
development of neuropathy and retinopathy (S Roriz-
Filho et al, 2009). Thickening of capillary basement 
membrane has also been demonstrated in the brain of 
diabetic patients, together with increased clinical sign 
of brain ischemia (S Roriz-Filho et al, 2009). 

Overall these hyperglycemia-induced effects might 
be responsible for the “accelerated brain aging” that 
occurs in subjects and animals with diabetes (Kamal 
et al, 2000; Biessels et al, 2002; Biessels and Gispen, 
2005). Indeed, hyperglycemia, causing accumulation 
of AGEs and ROS, may trigger a cascade of events 
that leads to neural aging and brain atrophy.

Insulin as a neurotrophic factor
Beside its action in regulating glucose 

homeostasis, insulin, through the challenge of the 
tyrosine kinase insulin receptor (IR) exert a proper 
neurotrophic action on brain neurons (Fig. 1). It is 
worth noticing that the insulin structurally-related 
insulin-growth factor  (IGF) binds the insulin 
receptor triggering the same downstream intracellular 
signaling cascade. Thus, this “neurotrophic” system 
could be addressed as the insulin/IGF system. Insulin 
is either transported across the BBB and produced 
by brain cells (Schwartz et al, 1992), targeting IR-
expressing cells, especially in the hippocampus, 
cerebral cortex, hypothalamus, cerebellum and 
olfactory bulbs (Cole et al, 2007). By challenging 

Impaired metabolic parameters, such as hyperglycemia, 
hyperinsulinemia and insulin resistance, positively 
correlate with the development of dementia. Elevated 
blood glucose levels increase the risk of dementia in 
both diabetic and nondiabetic individuals by 40% and 
18%, respectively (Crane et al, 2013). These findings 
indicate that fluctuations in blood glucose levels could 
negatively influence brain function, even in the absence 
of T2D or impaired glucose tolerance. As stated in 
the first chapters of this review, only pure “diabetic” 
factors will be discussed here. Nevertheless, beside the 
direct effects on nerve cells of deregulation in glucose 
and insulin function (Cole et al, 2007; Sims-Robinson 
et al, 2010; Mergenthaler et al, 2013), several risk 
factors associated with diabetes have been investigated 
as players in central neurodegeneration occurring in 
diabetic patients. Among others, dysfunction of calcium 
metabolism and mitochondrial activity, dyslipidemia, 
hypercholesterolemia and genetic alterations of the lipid 
transporter apolipoprotein E (APOE) seems to play 
major roles in the development of neurodegeneration 
and dementia, especially in T2DM, and in its link with 
AD (Cole et al, 2007; Sims-Robinson et al, 2010; Dar 
et al, 2014; de la Monte and Tong, 2014).

Hyperglycemia-mediated cell damage
Hyperglycemia causes patho-physiological 

processes, including oxidative stress, advanced 
glycation end-products (AGE) formation and 
microvascular pathology (Biessels et al, 2002) (Fig. 
2). Excessive glucose availability in the brain results 
in an increased flux of glucose through the polyol and 
hexosamine pathways, disturbances of intracellular 
second messenger pathways and an imbalance in the 
generation and scavenging of reactive oxygen species 
(ROS), and the formation of AGEs (Brownlee, 2001). 
These latter are a group of molecules formed by 
irreversible, non-enzymatic reactions between sugars 
and the free amino groups of proteins, lipids and 
nucleic acids. Auto-oxidation of glucose leads to the 
formation of oxygen radicals, which are intermediates 
in the AGE pathway (Hunt et al, 1988). The formation 
and accumulation of AGEs are normal during aging, but 
are exacerbated in patients with diabetes (Brownlee, 
1995). The link of AGE to its receptor (RAGE) induces 
a series of biological processes that cause further 
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players in the development and progression of AD 
(namely amyloid-β and tau, see below), regulates 
neurotransmitter receptors intracellular and plasma 
membrane traffic and is able to promote neurite 
outgrowth and axonal regeneration in vitro (S Roriz-
Filho et al, 2009). It is thus conceivable that both 
hypo-insulinemia (T1DM) and insulin resistance 
(T2DM) could affect neuronal metabolism and be of 
main pathogenic importance in the development of 
DE. However, as will be explained in more details 
in a subsequent chapter, also hyperinsulinemia 
could result in brain toxicity, linked to the lack of 
amyloid-β degradation (Farris et al, 2003) (Fig. 2).

Alzheimer’s disease: a type of “diabetes”?
Numerous epidemiological studies have linked 

diabetes, especially T2DM, with an increased risk 

IR, in the brain insulin produces marked effects on 
food intake behavior, is implicated in the central 
regulation of autonomic function and modulates 
synaptic transmission, learning and memory 
(Schwartz et al, 1992; Zhao et al, 1999). Most 
of these action are exerted by stimulating the 
auto-phosphorylation of the IR, which initiates 
several intracellular signaling cascades that 
involve phosphatidylinositol 3-kinase (PI3K) 
and the activation of Akt and de-activation of 
glycogen synthase 3 (GSK3) (Cole et al, 2007) 
(Fig. 1). These downstream signaling pathways 
are common to other neurotrophic factors, such as 
BDNF and NGF (Fig. 1), and their de-regulation 
in diabetes accounts for a generalized neurotrophic 
deficit (see above). Insulin signaling in neuronal 
cells is able to affect the metabolism of two major 
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Figure 2 

Fig. 2. Pathogenetic mechanism activated by diabetes, leading to brain cell sufferance and diabetic encephalopaty. 
Hyperglycemia and abnormally high glucose levels characterize both T1DM and T2DM, which deleteriously affect cellular 
metabolism. T2DM is also characterized by reduced insulin signaling and increased (at least during its development) 
insulin levels, generating a neurotrophic deficit (see Fig. 1) and the production of hyperphosphorylated tau and of Aβ 
oligomers and plaques.



63European Journal of Neurodegenerative Diseases

protein (APP) metabolism and increased production 
of amyloid-β, the main component of the senile 
plaques and of neurotoxic fibrils in AD, has been 
described in animal models of diabetes and, similarly 
to what has been found for tau protein, diabetes 
exacerbates the AD-like symptoms in APP transgenic 
rodents (Liu et al, 2008; Jolivalt et al, 2010; Jung et 
al, 2010; Li et al, 2010; Wang et al, 2010; Cai et al, 
2011; Liu et al, 2011; Currais et al, 2012; Devi et 
al, 2012; Subramanian and John, 2012). Tau gene 
expression and phosphorylation are regulated by 
the insulin/IGF signaling (Schubert et al, 2004; de 
la Monte et al, 2011). Tau hyper-phosphorylation in 
diabetic animals is due to deactivation of the PI3K 
and Akt pathways and overactivation of kinases 
like the GSK3, related, among other neurotrophic 
signaling deficits, to a defect in the IR signaling (de 
la Monte and Tong, 2014). Moreover, insulin inhibits 
intracellular degradation of amyloid-β by competing 
as a substrate for their common clearance mechanism, 
the insulin-degrading enzyme (IDE) (Gasparini et al, 
2002), which has also been found decreased in the 
brain of AD patients (Cook et al, 2003).

CONCLUSIONS

Clinical and preclinical models studies, starting 
in the early 1920’s and with great intensity and 
effort since the 1980’s, have accumulated evidences 
about the distinctive features and the pathogenesis 
of the damage that disrupted glucose and/or insulin 
homeostasis causes to the brain (Moheet et al, 2015). 
The need for an intensive research effort on this topic 
arise from the terrific data about the current incidence 
and future perspectives of the diabetes epidemics and 
the social costs that diabetes and its complication 
actually produces and will generate in the near 
future (Shi and Hu, 2014). Both T1DM and T2DM 
induced hyperglycemia and led to brain damage, 
neurobehavioral and cognitive deficits (Biessels et al, 
2008; Reagan, 2012; Crane et al, 2013). Differences in 
insulin availability and in compensatory mechanisms 
between the two main types of diabetes accounts for 
the differences in how brain cells and functions are 
damaged. Since T1DM lacks insulin while T2DM is 
characterized by hypofunctional IRs, overproduction 

of developing Alzheimer’s disease (AD) (Ott et al, 
1999; Sims-Robinson et al, 2010; Dar et al, 2014). 
In animal model of DE, several biochemical and 
molecular alterations have been demonstrated, that are 
undoubtedly very similar or equal to those observed 
in humans or in animal models of AD (Freude et al, 
2005; Clodfelder-Miller et al, 2006; Planel et al, 2007; 
Malone et al, 2008; Kim et al, 2009; Kroner, 2009; 
Qu et al, 2011; Rocco et al, 2013; Zhou et al, 2013; 
de la Monte and Tong, 2014). Impairment in cerebral 
glucose utilization and energy metabolism occurs very 
early in AD patients and may precede or accompanying 
the initial signs and symptoms of dementia (Gispen 
and Biessels, 2000; Biessels, van der Heide et al, 
2002). Impairments in the insulin signaling pathway 
in the brain have been implicated in AD and aging 
(Rivera et al, 2005). AD is characterized by both 
insulin deficiency and insulin resistance within the 
brain, leading to the definition of AD as an insulin-
resistant brain state (Hoyer, 1998). In recent years AD 
has been also referred to as “type 3 diabetes” (Rivera 
et al, 2005; Steen et al, 2005) and an animal model 
specifically developed to mimic the development of 
an AD-like pathology by inducing a brain insulin 
resistance through intra-cerebroventricular injection 
of STZ (Mayer et al, 1990).

The mechanisms underlying the connection 
between diabetic brain state and the development of AD 
have been in part exposed in this chapter and concern 
with the toxicity of high glucose levels and the possible 
deleterious effects of abnormal insulin signaling, 
the increased oxidative and pro-inflammatory status 
of diabetic brain. Moreover, some direct connection 
exist between these diabetic features and some of the 
specific molecular hallmarks of AD. Several animal 
studies demonstrated an AD-like metabolism of tau 
protein and the amyloid-β in diabetic rodents. Tau is 
hyperphosphorylated in the brain of diabetic rodents 
(Freude et al, 2005; Clodfelder-Miller et al, 2006; 
Planel et al, 2007; Kim et al, 2009; Rocco et al, 2013). 
Furthermore, experimental diabetes in animal models 
of AD exacerbates the hyperphosphorylation of tau (Ke 
et al, 2009; Jolivalt et al, 2010; Qu et al, 2011), that is 
the prodromal of its aggregation in the neurofibrillary 
tangles (NFT), one of the main structural abnormalities 
found in AD brain. Deregulated amyloid-precursor 
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or control the central neurodegenerative damage 
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Nerve Growth Factor (NGF) is a therapeutic candidate for Alzheimer’s disease. Due to its pain-inducing 
activity, in current clinical trials NGF is delivered locally into the brain by neurosurgery, but data on the 
efficacy of local NGF delivery in decreasing β-amyloid deposition are not available. To reduce the NGF 
pain-inducing side effects, thus avoiding the need for local brain injection, we developed painless NGF 
(hNGFp), inspired by the human genetic disease HSAN V. hNGFp has identical neurotrophic potency 
as wild type human NGF, but a ten-fold lower pain sensitizing activity. The results of a recent new 
study (Capsoni et al 2016) shed new light on the neuroprotective mechanism by hNGFp and are highly 
relevant for the design of NGF-based clinical trials. In that study we mimicked, in the 5xFAD mouse 
model, the intraparenchymal delivery of hNGFp used in clinical trials and found it to be ineffective in 
decreasing Aβ plaque load. On the contrary, the same dose of hNGFp delivered intranasally, which was 
instead widely biodistributed in the brain and did not induce pain, showed a potent anti-amyloidogenic 
action and rescued synaptic plasticity and memory deficits in this aggressive neurodegeneration model.  
This result has significant implications for the interpretation of the results of NGF clinical trials in 
AD and for their design. As for the mechanism of the potent and broad neuroprotection by hNGFp, it 
was found that hNGFp acts on glial cells, modulating inflammatory proteins such as the soluble TNFα 
receptor II and the chemokine CXCL12. The rescuing effects by hNGFp are mediated by CXCL12, 
since pharmacological inhibition of CXCL12 receptor CXCR4 occludes most hNGFp effects. These 
findings have significant therapeutic implications which are discussed in this article: i) they establish 
that a widespread exposure of the brain is required for NGF to fully exert its neuroprotective actions; ii) 
they identify a new anti-neurodegenerative pathway, linking hNGFp to inflammatory chemokines and 
cytokines, as a broad target for new therapeutic opportunities for neurodegenerative diseases. 

GLIAL CELLS MEDIATE THE BROAD NEUROPROTECTIVE AND 
ANTI-AMYLOIDOGENIC ACTIONS OF PAINLESS NGF IN THE BRAIN

 VIA THE CXCL12 CHEMOKINE

S. CAPSONI1 and A. CATTANEO1,2

1Bio@SNS Laboratory of Biology, Scuola Normale Superiore, Pisa, Italy
2Rita Levi-Montalcini European Brain Research Institute (EBRI), Roma, Italy

NGF and AD
A selective vulnerability of basal forebrain 

cholinergic neurons (BFCNs) contributes to cognitive 
decline in Alzheimer’s Disease (AD) patients (Bartus 
et al, 1982; Whitehouse et al, 1982). BFCNs depend 
on the neurotrophin Nerve Growth Factor (NGF) 
(Levi-Montalcini, 1952; Levi-Montalcini, 1987) for 

their maintenance and survival (Mufson et al, 1999). 
For this reason, the clinical application of NGF as 
a therapeutic agent for AD is being pursued, with 
a strong rationale, that goes well beyond its well-
established actions on BFCNs, and is based on a 
broad anti-amyloidogenic action of NGF (Mufson 
et al, 1999; Capsoni and Cattaneo, 2006; Capsoni et 
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NGF (hNGF), but a ten-fold lower pain sensitizing 
activity (Capsoni et al, 2012; Malerba et al, 2015). 
hNGFp has therefore a broader therapeutic window 
than hNGF and is currently undergoing preclinical 
IND enabling studies, including manufacturing under 
GMP conditions, towards its clinical testing on man. 

A recent study (Capsoni et al 2016) addresses two 
important questions that have significant implications 
towards the development of therapeutic strategies for 
clinical applications of NGF and of painless hNGFp.  
In the present paper, we i) summarize the main 
findings of that study and ii) discuss the implications 
of those results for the current ongoing clinical trials 
with human NGF as well as for the forthcoming 
clinical trials with painless hNGFp. 

Capsoni et al (2016) l studied the efficacy of 
hNGFp in counteracting neurodegeneration and 
behavioral deficits in the aggressive mouse model 
5xFAD (Oakley et al, 2006), starting the treatment 
at an age when the pathology is already evident, a 
situation that would be similar to a human clinical 
trial on AD patients. Previous studies had shown 
that intranasal delivery of hNGFp to AppxPS1 mice 
induced a dramatic reduction of the amyloid plaque 
load, accompanied by a rescue of the learning and 
memory deficits, in the Morris water maize (Capsoni 
et al 2012). 

LACK OF EFFICACY OF 
INTRAPARENCHYMAL hNGFp 

In this paper Capsoni et al addressed the question 
whether the local intraparenchymal delivery of NGF 
to the NBM decreases Aβ plaque load, by locally 
delivering hNGFp close to the NBM of 5xFAD 
mice, mimicking the intraparenchymal delivery route 
current tested in NGF clinical trials. Very surprisingly, 
it was found that hNGFp, despite inducing cholinergic 
sprouting in the ipsilateral NBM, determined no 
decrease of the Aβ plaque load in the cerebral 
cortex. Thus the local delivery close to NBM is not 
sufficient for hNGFp to exert an anti-amyloidogenic 
effect, despite a clear action on cholinergic neurons, 
suggesting that a more widespread distribution of 
hNGFp in the brain might be required to reduce Aβ 
deposition.

al, 2011; Cattaneo and Calissano, 2012). However, 
due to the poor biodistribution of NGF to the brain 
after systemic delivery (Poduslo and Curran, 1996) 
and, most importantly, to its potent pro-nociceptive 
activity after systemic (Petty et al, 1994) and 
intrathecal (Malcangio et al, 2000) administration, 
current NGF clinical trials on AD are based on the 
neurosurgical injection of NGF-secreting cells or of 
viral vectors carrying the NGF gene (Tuszynski et 
al, 2005; Mandel, 2010; Eriksdotter-Jonhagen et al, 
2012), close to the nucleus basalis of Meynert (NBM). 
These trials report a positive effect on BFCNs and on 
cognition, which warrant further consideration of the 
NGF therapeutic approach, but the outcome of the 
NGF treatment on AD hallmarks, such as amyloid 
pathology, were not described in treated patients 
(Tuszynski et al, 2005; Mandel, 2010; Eriksdotter-
Jonhagen et al, 2012; Ferreira et al, 2015; Karami et 
al, 2015). In preclinical testing, after a local infusion 
for three months of NGF in non-human primate 
brains, Aβ deposition was found to be identical 
to that in age-matched controls (Tuszynski et al, 
1998). Moreover, the highly invasive neurosurgical 
procedure involved in this form of NGF therapy, 
even if promising, is unlikely to become generally 
applicable to the large numbers of patients affected 
by dementia.

Painless NGF
Thus, to fully exploit the therapeutic potential 

of NGF, we sought to reduce the pain-inducing side 
effects of NGF. To this aim, we developed painless 
NGF (hNGFp), a double mutant form of NGF 
(hNGFP61S/R100E) inspired by the human genetic 
disease Hereditary Sensory Autonomic Neuropathy 
type V (Einarsdottir et al, 2004). hNGFp harbors 
the mutation R100E, to reduce the pro-nociceptive 
activity of NGF (Covaceuszach et al, 2009; Capsoni et 
al, 2012; Malerba et al, 2015) and a second mutation 
(P61S), allowing its specific immunodetection against 
endogenous  NGF.  hNGFp is a TrkA biased agonist, in 
that it effectively binds and activates TrkA, although 
with a different signaling profile, while its binding 
affinity to p75NTR is strongly reduced (Covaceuszach 
et al, 2010; Capsoni et al, 2012). hNGFp has identical 
neurotrophic potency as wild type (WT) human 
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than its local administration in determining a robust 
decrease of Aβ deposition. Thus, a more widespread 
action of hNGFp in the brain is required to achieve 
a pharmacological effect. The robust decrease of 
Aβ production after intranasal delivery of hNGFp 
to 5xFAD mice correlates functionally with a full 
rescue of synaptic plasticity deficits in the entorhinal 
cortex as well as of memory deficits in behavioural 
paradigms.

MODULATION OF MICROGLIA AND 
ASTROCYTE MORPHOLOGY AND ACTIVITY 

BY hNGFp

What is the cellular basis of the anti-amyloidogenic 
actions of hNGFp in 5xFAD mice? In these mice, 
Aβ is produced mainly by cortical neurons, mainly 
pyramidal neurons, which do not express TrkA 
receptors. Hence, these neurons cannot be the first 
targets of the potent anti- amyloidogenic action of 
hNGFp. We considered unlikely that activation of 
BFCNs by hNGFp is sufficient to induce the potent 
anti-amyloidogenic response observed, also because 
the 5xFAD mice do not have a cholinergic deficit. 
Thus, we postulated that microglia and/or astrocytes 
might be the cells mediating hNGFp actions. These 
cells are potential target cells for NGF (De Simone 
et al, 2007; Cragnolini et al, 2009; Cragnolini et 
al, 2012). In cortical microglia of WT mice, both 
p75NTR and total TrkA were undetectable in vivo, 
while they were readily detectable in cultured WT 
primary microglia. Both receptors were instead 
well expressed in the cortex of PBS-treated 5xFAD 
mice. Interestingly, a similar increase in p75NTR 
and TrkA microglia expression could be observed in 
brain sections from Alzheimer’s disease patients. 

After hNGFp treatment, p75NTR 
immunoreactivity in 5xFAD cortical microglia was 
decreased, while TrkA immunoreactivity remained 
high. 5xFAD mice showed a higher number of large 
microglial cells, characterized by a lower number 
of ramifications, in respect to WT mice. hNGFp 
decreased the number and the size of microglia 
cells and partially restored their morphological 
complexity. 

5xFAD microglia cells are engulfed by different 

INTRANASAL DELIVERY OF hNGFp IS 
WIDELY DISTRIBUTED THROUGHOUT 

THE BRAIN AND DETERMINES A STRONG 
NEUROPROTECTION

To investigate whether a broader exposure 
of the brain to hNGFp might be more effective, 
hNGFp was delivered intranasally, a non-invasive 
way to introduce neurotrophic factors to the brain 
at pharmacologically and therapeutically relevant 
doses (Capsoni et al, 2002b; De Rosa et al, 2005; 
Capsoni et al, 2009; Capsoni et al, 2012; Thorne and 
Frey, 2001; Lochhead and Thorne, 2012; Capsoni 
et al 2002a; Malerba et al, 2011). A biodistribution 
study of hNGFp after intranasal delivery, exploiting 
an ELISA protocol which selectively detects the 
P61S tagging mutation (Covaceuszach et al, 2009; 
Malerba et al, 2015) showed that after intranasal 
administration, hNGFp widely distributes to brain 
areas relevant to the neuropathology, such as the 
cerebral cortex and hippocampus, while its systemic 
levels are below the detection threshold. Thus, the 
intranasal delivery route, together with the use of 
hNGFp, allows delivering higher concentrations of 
the neurotrophin to maximize a broad exposure of 
the brain, while minimizing the potentially painful 
consequences of systemic build-up. Indeed, after 
intranasal delivery, hNGFp determines a robust 
decrease of the amyloid plaque load in different 
brain areas, as well as a general decrease of soluble 
and insoluble Aβ42 and Aβ40, and of Aβ oligomers 
(AβOs). This reduced plaque load after intranasal 
hNGFp administration is caused, at least in part, 
by a reduction of the pro-amyloidogenic APP 
processing. To test the specificity of hNGFp action, 
increasing doses of brain-derived neurotrophic 
factor (BDNF) were intranasally administered to 
5xFAD mice, but even much higher doses of BDNF 
were found not to determine rescue of Aβ plaque 
load nor of behavioural memory deficits, despite a 
robust sprouting of cholinergic fibers in the NBM, 
indicating that BDNF reached the brain targets. It 
was therefore concluded that hNGFp has potent 
anti-amyloidogenic actions that are not shared by 
another neuroprotective neurotrophin and that the 
intranasal delivery of hNGFp is much more effective 
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Fig. 1. Scheme of the proposed neuroprotective mechanism by hNGFp. Under normal conditions (a), astrocytes 
and microglia do not express TrkA receptors and contribute to maintain neuronal homeostasis and welfare. In the 
neurodegenerating brain (b), astrocytes and microglia start expreressing TrkA and changing the p75NTR/TrkA ratio in 
favor of p75NTR, possibly as a protective reaction against neurodegeneration. After intranasal administration, hNGFp 
acts primarily on microglia and astrocytes (c), leading to a decreased availability of TN a to neurons, that in turn, 
possibly together with other undefined factors, mediate an increase of neuronal CXCL12 levels. This results, by as yet 
undefined mechanisms, in the downstream reduction of APP processing and broad neuroprotection and restoration of 
neuron-to-glia homeostasis.
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increases the levels of the soluble TNFα receptor 
II (sTNFRII) (an extracellular decoy of TNFα), of 
macrophage inflammatory protein 1α and 1γ (MIP-
1α and MIP-1γ) and of CXCL12 (also known as 
SDF-1α).

The focus was put on the CXCL12 chemokine, 
which has been shown to modulate Aβ expression 
(Parachikova and Cotman, 2007; Laske et al, 2008a; 
Laske et al, 2008b). Surprisingly, it was found 
that CXCL12 expression was not up-regulated 
by hNGFp treatment in 5XFAD microglia, but in 
neurons. Which factor could modulate CXCL12 
expression in neurons? A possible microglia-derived 
candidate was identified in TNFα, since its levels are 
known to be regulated by NGF (Marshall et al, 1999; 
Prencipe et al, 2014). It is known that CXCL12 can 
be upregulated by reduced levels of TNFα (Zhang 
et al, 2008; Bockstal et al, 2011) in non-neuronal 
cells and, consistently, Capsoni et al showed that 
the incubation of WT and 5xFAD cultured cortical 
neurons with TNFα decreases CXCL12 expression, 
providing a link between TNF signaling and neuronal 
CXCL12.  Also, hNGFp treatment reduced the 
expression of TNFα in 5xFAD microglia. Likewise, 
hNGFp reduced TNFα expression in WT microglia 
cultures, treated with AβOs. Altogether, data 
presented point to the reduction of microglia-derived 
TNFα signaling as the mechanism whereby hNGFp 
treatment increases neuronal CXCL12 expression. 

Does CXCL12 mediate the rescuing effects of 
hNGFp on memory deficits and on amyloidogenic 
APP processing in 5xFAD mice?  5xFAD mice were 
therefore co-treated with hNGFp and AMD3100, 
an inhibitor of CXCL12 receptor CXCR4, which 
is expressed on neurons, astrocytes and microglia 
(Guyon, 2014). The treatment of 5xFAD mice with 
AMD3100 completely occluded and counteracted 
the rescuing effects of hNGFp on memory deficits, 
on Aβ plaque load and on the levels of AβO. 
AMD3100 was also found to block the hNGFp-
induced modulation of presenilin 1 and BACE1 
levels and the formation of APP processing products, 
as well as the reduction of intracellular Aβ induced 
by hNGFp in microglia cells.

These data demonstrate that CXCL12 mediates 
most of the actions of intranasally delivered hNGFp 

Aβ species. hNGFp induced a robust decrease of both 
Aβ and AβO immunoreactivity in cortical microglia 
of 5XFAD mice. 

Cortical astrocytes from WT mice, similarly 
to microglia, do not express p75NTR and TrkA 
at detectable levels in vivo, but do so in culture. 
A significantly increased astrocytic p75NTR 
immunoreactivity was found in PBS-treated 
5xFAD mice, which was decreased after hNGFp 
treatment. TrkA immunoreactivity in astrocytes was 
undetectable both in WT and PBS-treated 5xFAD 
mice, but a robust increase in astrocytic TrkA 
was observed after hNGFp administration. Most 
importantly, an increased expression of both p75NTR 
and TrkA in astrocytes could also be detected in 
Alzheimer’s disease brain sections. 

As for astrocyte morphology, 5xFAD mice 
showed extensive astrogliosis, characterized by 
an increase in the volume of individual astrocytes, 
which was reduced after hNGFp treatment. In 
addition, similarly to microglia, the treatment with 
hNGFp decreased Aβ and AβO immunoreactivity in 
5xFAD astrocytes. 

hNGFp is a preferential TrkA binder, in respect 
to p75NTR (Covaceuszach et al, 2010). hNGFp 
shifts the expression of NGF receptors towards TrkA 
on both cell types. Since, in PBS-treated 5xFAD 
mice, TrkA is expressed primarily on microglia and 
not in astrocytes, microglia cells might represent 
the primary target of hNGFp action and astrocytes 
may represent a secondary target. In any event, an 
increased degradation of cellular Aβ forms taken 
up by microglia and astrocytes might significantly 
contribute to the overall reduction of Aβ deposition 
after hNGFp treatment. 

THE CHEMOKINE CXCL12 IS A MEDIATOR 
OF hNGFp NEUROPROTECTIVE AND ANTI-

AMYLOIDOGENIC ACTIONS IN 5XFAD MICE

To investigate the mechanism whereby hNGFp 
determines the rescue of Aβ deposition and memory 
deficits, Capsoni et al postulated that hNGFp 
might modulate the expression of microglia-
derived cytokines and chemokines. A cytokine and 
chemokine profiling revealed that hNGFp treatment 



76 S. CAPSONI ET AL.

pain sensitizing activity, forcing current clinical 
trials in Alzheimer’s disease patients to an invasive 
intraparenchymal delivery (Tuszinski et al, 2005; 
Eriksdotter-Jonhagen et al, 2012). To facilitate the 
therapeutic uses of NGF, we designed the mutant 
hNGFp, that has identical neurotrophic properties 
to hNGF, but a significantly lower pain-sensitizing 
activity (Capsoni et al, 2012; Malerba et al, 2015).  
The Capsoni et al (2016) study demonstrated 
the remarkable efficacy of intranasally-delivered 
hNGFp in counteracting neurodegeneration and 
behavioral deficits in the aggressive mouse model 
5xFAD (Oakley et al, 2006), starting the treatment 
at an age when the pathology is already well evident, 
similar to a prospective clinical situation. On the 
other hand, a continuous local intraparenchymal 
delivery of hNGFp, close to the NBM, mimicking 
current NGF clinical trials in AD patients, failed to 
rescue neurodegeneration, despite a clear sprouting 
of BFCNs. This suggests that the neuroprotective 
actions of hNGFp cannot be mediated by the 
cholinergic system, also because, at this age, 5xFAD 
mice have no cholinergic deficit. This also shows 
that the known pro-cholinergic activity of hNGFp (in 
common with that of NGF) is an additional bonus of 
this neurotrophic and neuroprotective treatment. The 
anti-neurodegenerative action of hNGFp is highly 
specific for this neurotrophin, since it is not exerted 
by the related neurotrophin BDNF (not even at a 
100-fold higher dose than hNGFp), strengthening 
the conclusion that the broad neuroprotective action 
of hNGFp is not mediated by BFCNs, which respond 
to both NGF and BDNF (Hefti et al, 1993; Mufson 
et al, 1999). The superior properties of hNGFp over 
those of BDNF are highly significant, since the latter 
neurotrophin is being considered as a therapeutic 
candidate for the treatment of AD and dementias 
(Nagahara and Tuszynski, 2011). 

Moreover, the results of the Capsoni 2016 
study show that the potent neuroprotective and 
anti-amyloidogenic actions of hNGFp require a 
widespread and global biodistribution of hNGFp 
in relevant brain regions, such as that obtained by 
intranasal delivery. This has the important implication 
that the clinical outcome of the NGF-based clinical 
trials, which are currently forcedly being performed 

in 5xFAD mice. In keeping with this conclusion, 
CXCL12 treatment of 5xFAD cultured cortical 
neurons also decreased AβO immunoreactivity in 
neurons, while it protected WT neurons from cell 
death induced by incubation with 7PA2 AβOs (Walsh 
et al, 2002).

In conclusion, the paper by Capsoni et al 
(2016), summarized above, demonstrates that 
hNGFp exerts its neuroprotective actions in 5xFAD 
mice via microglia and astrocytes, which under 
neurodegenerative conditions express TrkA. More in 
detail, hNGFp would act on microglia as its primary 
cellular target in the brain, lowering the overall 
TNFα signaling by microglia, thereby inducing 
neuronal CXCL12. This chemokine would then be 
an obligatory mediator of the neuroprotective and 
anti-amyloidogenic actions of hNGFp in 5xFAD 
mice. 

Overall, these new data support the emerging 
concept that the neuroprotective actions of NGF 
in the brain go well beyond BFCNs (Capsoni and 
Cattaneo, 2006; Cattaneo et al, 2008; Capsoni et al, 
2011; Cattaneo and Calissano, 2012) and demonstrate 
that the potent anti-amyloidogenic actions of hNGFp 
are exerted also in the absence of an overt cholinergic 
deficit of BFCNs. Most important, the study 
establishes glial cells (both astrocytes and microglia) 
as a broad target for hNGFp actions in the brain, and 
identifies the chemokine SDF1 as a key mediator of 
the neuroprotective and anti-amyloidogenic actions 
of hNGFp with significant clinical and therapeutic 
implications. 

DISCUSSION

The clinical use of NGF as a therapeutic agent 
for Alzheimer’s disease has a strong mechanistic 
rationale that goes beyond its well established 
actions on BFCNs and involves a direct anti-
amyloidogenic action (Mufson et al, 1999; Capsoni 
and Cattaneo, 2006; Capsoni et al 2011; Cattaneo 
and Calissano, 2012). Thus, NGF homeostasis in 
the brain is crucially regulated and a disruption or 
alteration of this homeostasis is an upstream driver 
of Alzheimer’s neurodegeneration. However, the 
clinical uses of NGF are hampered by NGF potent 
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Alzheimer’s disease brains (Parachikova and 
Cotman, 2007; Laske et al, 2008a; Laske et al, 
2008b). Capsoni et al (2016) tested the hypothesis 
that CXCL12 might mediate the neuroprotective 
actions of hNGFp and, by exploiting the AMD3100 
inhibitor of the CXCL12 receptor CXCR4, provided 
compelling evidence that CXCL12 mediates the 
pharmacological effects of hNGFp in 5xFAD mice. 

Based on these data, we can draw a picture 
whereby hNGFp would act primarily on microglia 
and astrocytes in the neurodegenerating brain, 
leading to a decreased availability of TNFα to 
neurons that, possibly with other undefined factors, 
in turn mediates an increase of neuronal CXCL12 
levels and the downstream reduction of APP 
processing, increased clearance of Aβ  and broad 
neuroprotection and restoration of neuron-to-glia 
homeostasis (Fig. 1). 

How exactly CXCL12 exerts these downstream 
neuroprotective actions remains to be seen. One 
could envisage that this chemokine, produced by 
neurons, acts on microglia and astrocytes to re-
establish a correct neuron-glia homeostasis. In any 
event, this chemokine should mimic many of the 
actions of hNGFp in the 5XFAD as well as in other 
models. Thus, besides being a neurotrophic factor, 
NGF can be considered a neurokine, a concept put 
forward two decades ago by Levi-Montalcini (Levi-
Montalcini et al 1996).

Altogether, the new Capsoni 2016 study adds 
a strong mechanistic rationale to the clinical uses 
of hNGFp in neurodegenerative diseases, and 
demonstrates microglia and astrocytes as cellular 
targets mediating its strong neuroprotective actions. 
Notably, glial cells mediate the rescuing effect by 
hNGFp, via the CXCL12 chemokine, identifying 
a new anti-neurodegenerative pathway that might 
become a target for new therapeutic opportunities for 
Alzheimer’s and other neurodegenerative diseases. 
Thus, we demonstrate a direct causal reciprocal 
link between neurotrophins and neuroinflammatory 
molecules, mediated by glial cells, under clinically 
very relevant conditions. The broad neuroprotective 
actions of hNGFp, via glial cells, open the therapeutic 
potential of painless hNGFp to a large number of 
neurodegenerative conditions beyond, but including, 

by the local injection of NGF or of NGF secreting 
cells. Despite the fact that the encouraging results 
of those trials have motivated the authorization by 
regulatory authorities for their further continuation 
and for further patient recruitment, the results 
obtained by the Capsoni 2016 study suggest that the 
outcome of those trials could have been much more 
positive if a more global exposure of the brain to 
NGF could have been achieved. Of course, the “dark 
side of the moon” of NGF, namely its pain sensitizing 
activity, does not allow for this more global exposure. 

These results provide a very important motivation 
for the use and further development of painless NGF, 
thanks to its increased therapeutic window and to 
the cellular basis for its actions in the brain. The 
Capsoni 2016 study demonstrates that microglia 
and astrocytes mediate hNGFp actions. In 5xFAD 
brain, both microglia and astrocytes express TrkA 
and p75NTR receptors with a p75NTR/TrkA ratio 
in favor of p75NTR. This imbalance is changed by 
hNGFp, which shifts the expression of NGF receptors 
towards TrkA on both cell types. Previous studies 
have shown that microglia take up both soluble and 
insoluble forms of Aβ in vitro and in vivo (Bolmont 
et al, 2008; Lee and Landreth, 2010) but also that 
phagocytosis may not be effective in compensating 
the continuous deposition of Aβ (Bolmont et al, 
2008; Sierra et al, 2013). Similarly, astrocytes have 
been shown to take up Aβ in vitro and in vivo (Wyss-
Coray et al, 2003) with a feed-forward mechanism 
driven by cytokines and Aβ42, eventually leading to 
Aβ production also in these cells (Zhao et al, 2011). 
The dramatic overall reduction of Aβ deposition 
after hNGFp is carried out, at least partially, by a 
reduced APP amyloidogenic processing, and also by 
an increased degradation of cellular Aβ forms taken 
up by microglia and astrocytes. 

The observed increase in the microglia-derived 
TNFα decoy sTNFαRII, leads to a reduced TNFα 
signaling by microglia, which upregulates the 
neuronal expression of the chemokine CXCL12, 
which has well-established neuroprotective 
(Guyon and Nahon, 2007; Li et al, 2012) and anti-
amyloidogenic actions (Parachikova and Cotman, 
2007; Laske et al, 2008a; Laske et al, 2008b). 
Most importantly, CXCL12 is downregulated in 
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Alzheimer’s disease, where an action through 
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actions to restore a correct neuronal homeostasis.
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Emerging interest has recently focused on markers of oxidative stress and neuroinflammation in 
neurodegenerative disorders as abnormal redox homeostasis, oxidative stress and altered antioxidant 
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The lengthening life span of the world’s 
population is causing a dramatic increase in the 
prevalence of neurodegenerative diseases such as 
Parkinson’s (PD) and Alzheimer’s (AD) (Kim et al, 
2016; Li and Le, 2013). 

A major complication of normal “healthy” ageing 
is the increasing risk for age-related diseases like 
cardiovascular diseases, diabetes mellitus, and 
dementia that can adversely affect the quality of life 
in general, increasing the risk of co-morbidities and 

mortality. The burden caused by ageing-associated 
pathologies is therefore obvious (Kenion et al, 1993; 
Judy et al, 2013). At a cellular and molecular level, 
“ageing” can be defined as a progressive deterioration 
of physiological functions ultimately leading to 
systemic dysfunction and death (Nkuipou-Kenfack 
et al, 2014). This might include the accumulation 
of senescent cells thereby limiting regenerative 
abilities (Nkuipou-Kenfack et al, 2014b). Ageing 
is a complex systemic process and the major 
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disability, caregiver burden, and premature death. 
It represents the most prevalent cause of dementia 
and its incidence rates exponentially increase with 
increasing age (Ziegler-Graham et al, 2008). The 
number of Americans living with AD is rapidly 
increasing. An estimated 5.4 million Americans of 
all ages have AD in 2016. One in nine people aged 
65 years and older has AD and by mid-century, 
someone in the United States will develop the 
disease every 33 seconds (Brookmeyer et al, 2007). 

It is now accepted that “neuroinflammation”, 
is a common feature of neurological and 
neurodegenerative diseases and that controlling the 
degree of neuroinflammation may delay or prevent 
the onset of neurodegenerative disorders (Schwartz 
and Deczkowska, 2016). Efficient functioning of 
maintenance and repair processes seems to be crucial 
for both survival and physical quality of life. This is 
accomplished by a complex network of the so-called 
longevity assurance processes, which are composed 
of several genes, termed vitagenes (Calabrese et al, 
2010b). Modulation of the “neuroinflammation” 
process and enhancing the endogenous cellular 
defence mechanisms via the sirtuin, Nrf2 and related 
pathways that integrate adaptive stress responses 
may represent an innovative approach to therapeutic 
intervention in diseases causing chronic tissue 
damage, such as in neurodegeneration (Calabrese 
et al, 2012). Dietary olive polyphenols, especially 
hydroxytyrosol (HT), have been demonstrated in 
vitro and in vivo to be potent anti-inflammatory 
(Bitler  et al, 2005), partially via the modulation of 
the NF-kb cellular pathway (Richard et al, 2011) as 
well as neuroprotective through the activation of 
hormetic pathways, including sirtuins and vitagenes. 
The present paper introduces the potential use of olive 
polyphenols (hydroxytyrosol) as neuroprotective 
agents and their potential effect on the hormetic dose-
response concept including its scientific foundations, 
toxicological and pharmacological implications, and 
its applications in the field of neuroprotection and 
their mechanistic foundations. 

PARKINSON’S DISEASE

Parkinson’s disease (PD), the second most 

gap in ageing research remains the insufficient 
knowledge about pathways shifting from normal 
“healthy” ageing to disease-associated pathological 
ones (Campisi, 2013; Lopez-Otin et al, 2013). 
Oxidants, at a basal level, are essential for redox 
signaling and modulation of stress responses, such 
as vitagenes, which are associated to an increase in 
cell survival, but at higher levels, reactive molecular 
species are detrimental contributing to aging 
and the pathogenesis of numerous aging-related 
diseases (Dattilo et al, 2015; Calabrese et al, 2015; 
Calabrese et al, 2015). Mitochondrial dysfunction 
is characteristic of several neurodegenerative 
disorders, and evidence for mitochondria being a 
site of damage in neurodegenerative disorders is 
partially based on decreases in respiratory chain 
complex activities as in PD, AD, and Huntington’s 
disease (Calabrese et al, 2001). Such defects in 
respiratory complex activities, possibly associated 
with oxidant/antioxidant balance perturbation, are 
thought to underlie defects in energy metabolism 
and induce cellular degeneration (Cornelius et al, 
2013; Calabrese et al, 2010; Mancuso et al, 2007). 
PD is a progressive neurodegenerative disorder with 
onset typically occurring in the sixth or seventh 
decade of life. The main clinical features of PD, 
namely bradykinesia, rigidity and tremor, result from 
dopamine depletion in the striatum, due to nigral 
neuronal loss. Although a number of hypotheses for 
the pathogenesis of PD have been proposed, including 
defective DNA repair mechanisms, specific genetic 
defects, viral disorders, lack of a neurotrophic 
hormone, or toxic compounds present in the 
environment, none, however, completely explains 
the cascade of events responsible for the cause and 
the course of the disease (Vaubel et al, 2016). A loss 
in nigral dopaminergic neurons is normally observed 
during the course of normal aging, and when a 
pathological process adds to this and neurons are lost 
beyond the threshold of 80% of the neurons present 
at birth, PD can develop. However, increasingly, both 
genetic and epidemiological evidence now point to 
a maternal mitochondrial origin of PD (Goldstein 
et al, 2015, Goldstein et al, 2016). AD is also a 
progressive neurodegenerative disorder leading 
to cognitive decline, neuropsychiatric symptoms, 
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metabolism, mitochondrial dysfunction and 
neuroinflammation in PD are also believed to 
contribute to the increased ROS levels in the 
substantia nigra (Dias et al, 2013). Consistent with 
the notion that oxidative stress contributes to PD 
pathology, high levels of lipid peroxidation, 
increased protein oxidation, and depletion of 
glutathione are common in the substantia nigra of 
PD brains (Danielson and Andersen, 2008; Zhang et 
al, 2016). In vivo, ROS is continuously produced and 
can be eliminated by cellular antioxidant mechanisms 
such as superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GPx), and reduced 
glutathione (GSH). When the balance between ROS 
production and elimination is disrupted, extra ROS 
causes oxidative stress that impairs normal cellular 
function. In patients or animal models of PD, SOD 
and CAT are increased, whereas GPx and GSH are 
decreased (Rajasankar et al, 2009), indicating ROS 
imbalance and oxidative stress. Based on these 
observations, it has been proposed that antioxidants 
may be a possible approach against PD. However, 
none of the antioxidants, including vitamin E, 
vitamin C, Coenzyme Q10, green tea polyphenols, 
and docosahexaenoic acid (Chen et al, 2007; Fahn, 
1992; Goldstein et al, 2015) have provided 
convincing data of significant therapeutic efficacy. 
The failure of the antioxidant therapeutic trials 
indicates that oxidative stress might be just one of 
the contributing factors to PD pathogenesis, and 
antioxidants alone are not sufficient to halt the 
pathological progression in PD. Equally important, 
antioxidant bioavailabilty and capacity to cross the 
blood brain barrier may be important factors in 
supporting their therapeutic activity. A large body of 
evidence supports the role of free radicals in the 
pathogenesis of the disease (Hyun et al, 2002). 
Levels of lipid hydroperoxides are increased 10-fold 
in the SN in PD (Hyun et al, 2002). Decreased 
glutathione peroxidase and catalase activities 
associated to increased SOD activity lead to 
increased levels of hydrogen peroxide (Dexter et al, 
1991; Zhang et al, 2016). This, in dopaminergic cells 
is primarily produced by MAO via deamination of 
dopamine and also non-enzimatically by autoxidation 
of dopamine. Hydrogen peroxide, by reacting with 

common late-age onset neurodegenerative disease, is 
a degenerative disorder affecting 1-2% of the 
population after the age of about 50 years (Beitz, 
2014; Eriksen et al, 2003; Campolo et al, 2016). 
Currently, no disease modifying therapy is available 
except for the symptomatic alleviating treatment. 
Two cardinal pathological features of PD are the 
presence of Lewy body and Lewy neurites in 
remaining neurons and the selective loss of 
dopaminergic neurons in the substantia nigra pars 
compacta (SNpc) (Bellucci et al, 2016; Rodriguez-
Oroz et al, 2009). The latter is believed to be the 
cause for major motor symptoms in PD patients, 
including tremors, rigidity, bradykinesia, and 
impaired balance. L-DOPA therapy, as major 
currently available PD therapy, is able to alleviate 
motor symptoms (Olanow, 2015), however no 
disease modifying therapy able to prevent 
dopaminergic neuron loss or halt the 
neurodegenerative progression in PD currently 
exists. Among all PD cases, over 90% of all PD is 
sporadic, while approximately 10% represent 
familial cases associated with mutations in various 
genes (Zimprich et al, 2004; Jawed et al, 2016). 
Although a number of hypotheses, including 
defective DNA repair mechanisms, specific genetic 
defects, viral disorder, lack of a neurothrophic 
hormone or toxic compounds present in the 
environment, have been proposed, none completely 
explains the cascade of events responsible for the 
cause and the course of the disease. Oxidative stress 
is commonly believed to be the underlying cause of 
cellular dysfunction and cell death in both sporadic 
and familial PD (Blesa et al, 2015), although the 
precise etiology of PD remains elusive. The nigral 
dopaminergic neurons appear to be highly vulnerable 
to oxidative stress due to high production of reactive 
oxygen species (ROS), as by-products of dopamine 
(DA) metabolism and to high iron concentration 
(Zucca et al, 2015). DA is easily oxidized to dopamine 
quinone (DAQ) (Sulzer and Zecca, 2000; Jawed et 
al, 2016), which reacts with sulfhydryl groups in 
cysteinyl proteins to form Michael adducts and 
generate ROS through redox cycling (Cornwell and 
Ma, 2007; Hastings, 2009; Segura-Aguilar et al, 
2014; Wang et al,  2006). In addition to DA 
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process that requires cysteine for synthesis, thus 
competing with g-glutamyl cysteine synthetase 
which utilizes cysteine for GSH synthesis. Under 
these circumstances the GSH system in the SN could 
result in a position of increased demand and 
decreased synthetic capability, hence contributing to 
the high vulnerability of this region to peroxidative 
injury (Calabrese et al, 2001; Calabrese et al, 2002; 
Calabrese et al, 2004). This is confirmed by the study 
of Perry et al, which showed that GSH levels in the 
SN were significantly lower than other brain regions 
(Perry et al, 1982). Moreover, a 40% decrease has 
been also reported in GSH in the SN of PD, associated 
to significant increase in oxidized glutathione (Sian 
et al, 1994; Goldstein et al, 2015). Recently, it has 
been demonstrated in PD patients that the proportion 
of dopaminergic neurons with immunoreactive NF-
kB (nuclear factor -kB) in their nuclei was more than 
70-fold than in control subjects (Hunot et al, 1997). 
A possible relationship between the nuclear 
localization of NFkB in mesencephalic neurons of 
PD patients and oxidative stress in such neurons has 
been shown in vitro with primary cultures of rat 
mesencephalon, where translocation of NF-kB is 
preceded by a transient production of free radicals 
during apoptosis induced by activation of the 
sphingomyelin-dependent signalling pathway with 
C2-ceramide (France-Lanord et al, 1997). The data 
suggest that this oxidant-mediated apoptogenic 
transduction pathway may play a role in the 
mechanism of neuronal death in PD (Moore et al, 
2003; Dawson and Dawson, 2002; Mc Naught et al, 
2001; Schapira et al, 1990). Moreover, a potential 
role for exocytotoxic processes in PD has been 
strengthened by the observations that there appears 
to be a mitochondrial encoded defect in complex I 
activity of the electron transport chain (Schapira et 
al, 1990). An impairment of oxidative 
phosphorylation will enhance vulnerability to 
excitotoxicity (Xin et al, 2000; Goldstein et al, 
2016). Substantia nigra neurons possess N-methyl-
D-aspartate receptors and there are glutamatergic 
inputs into the substantia nigra from both the cerebral 
cortex and the subthalamic nucleus. After activation 
of excitatory amino acid receptors, it has been 
suggested that there is an influx of calcium followed 

reduced forms of transition metals, e.g., iron (II) or 
copper (I), gives rise to the powerful oxidant 
hydroxyl radical and oxidative damage to nigral 
membrane lipids, proteins and DNA ensues. The role 
of iron in brain oxidative injury, has been extensively 
considered (Mattson et al, 2002). Dexter et al. 
(Dexter et al, 1991) reported a 31-35% increase in 
the total iron content in parkinsonian SN compared 
to control tissue, which was associated to decreased 
levels of the  iron storage protein ferritin, contrasting 
with a significant decrease of iron binding protein 
levels in the CSF. A shift of iron II/iron III ratio in 
the SN from almost 2:1 in the normal brain to 1:2 in 
the parkinsonian brain (Li and Dryhurst, 1997).  
Hence, a distinct possibility exists that excessive 
free radical generation occurs in this region, leading 
to the death of nigral neurons. In addition, substantia 
nigra is a dopamine-rich brain area, and catechols, 
including DOPA and dopamine, have been 
demonstrated to be cytotoxic in vitro, presumably by 
formation of covalent bonds between their quinone 
forms and macromolecules of vital importance, 
primarily represented by thiol groups (Spencer et al, 
2002; Zhang et al, 2016). In fact, an intermediate in 
the autoxidation of catechols to quinone is the free 
radical semiquinone. Both autoxidation steps 
generate reduced forms of molecular oxygen, such 
as superoxide anion and hydrogen peroxide, which 
in addition to hydrogen peroxide produced by the 
MAO-dependent catabolism of dopamine, contribute 
to maintain considerably levels of the highly reactive 
hydroxyl radical which, reacting with free thiol 
groups, may contribute to the decreased levels of 
GSH and correspondent increase in GSSG found in 
the SN (Calabrese et al, 2002; Calabrese et al, 2004). 
This is of special importance considering that nigral 
cells also contain neuromelanin, a pigmented 
substance related to lipofuscin and derived from 
dopamine. Neuromelanin has been demonstrated to 
have high affinity for iron III, and this iron-melanin 
interaction might have pathogenetic implications. In 
fact, the synthesis of neuromelanins from dopamine 
is known to produce more oxidative damage than the 
synthesis from other catecholamines (Spencer et al, 
1994; Goldstein et al, 2016) and, in addition, 
neuromelanins polymerize from pheomelanin in a 
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mtDNA defect was most likely heteroplasmic and 
associated with parallel changes in mitochondrial 
membrane potential (Calabrese et al, 2007b). 

Furthermore, a large body of evidence supports 
the role of free radicals in the pathogenesis of PD 
(Mancuso et al, 2007). The role of iron in brain 
oxidative injury has been extensively considered 
(Zecca et al, 2004; Sun YM et al. 2016). Dexter 
et al. (Dexter et al, 1991) reported a 31-35% 
increase in the total iron content in parkinsonian SN 
compared to control tissue, which was associated 
with decreased levels of the iron storage protein 
ferritin, contrasting with a significant decrease of 
iron binding protein levels in the CSF, a shift of 
iron II/iron III ratio in the SN from almost 2:1 in 
the normal brain to 1:2 in the parkinsonian brain (Li 
and Dryhurst, 1997). Hence, a distinct possibility 
exists that excessive free radical generation occurs 
in this region, leading to the death of nigral neurons. 
In addition, substantia nigra is a dopamine-rich 
brain area, and catechols, including DOPA and 
dopamine, have been demonstrated to be cytotoxic 
in vitro, presumably by formation of covalent bonds 
between their quinone forms and thiol groups on 
important macromolecules. In fact, an intermediate 
in the autoxidation of catechols to quinone is the 
free radical semiquinone. Both autoxidation steps 
generate reduced forms of molecular oxygen, such 
as superoxide anion and hydrogen peroxide, which 
in addition to hydrogen peroxide produced by the 
MAO-dependent catabolism of dopamine, contribute 
to the production of increased levels of the highly 
reactive hydroxyl radical, which reacting with free 
thiol groups may contribute to the decreased levels of 
GSH and corresponding increase in GSSG found in 
the SN. This is of special importance considering that 
nigral cells also contain neuromelanin, a pigmented 
substance related to lipofuscin and derived from 
dopamine. Neuromelanin has been demonstrated to 
have high affinity for iron III, and this iron-melanin 
interaction might have pathogenic implications. In 
fact, the synthesis of neuromelanins from dopamine 
is known to produce more oxidative damage than 
the synthesis from other catecholamines (Zucca et 
al, 2015) and, in addition, neuromelanins polymerize 
from pheomelanin in a process that requires cysteine 

by activation of neuronal nitric oxide (NO) synthase, 
which can then lead to the generation of peroxynitrite 
(Bechtold and Brown, 2003). Consistent with such a 
mechanism, studies of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine neurotoxicity in both mice and 
primates have shown that inhibition of neuronal NO 
synthase exerts neuroprotective effects, raising the 
prospect that excitatory amino acid antagonists for 
neuronal NO synthase inhibitors might be useful in 
the treatment of PD (Dawson and Dawson, 2002; 
Dawson and Dawson, 1995).

	
Mitochondria and Parkinson’s disease

Mitochondrial involvement in PD has long been 
established with the identification of complex I 
deficiency in the substantia nigra (SN) (Calabrese et 
al, 2007b). In respect to this, it has been proposed that 
PD patients may have inherited higher proportions of 
mutant mitochondria leading to specific ETC defect 
and increased pathogenic susceptibility. The presence 
of complex I deficiency in PD raises the possibility 
to determine whether this is caused by an mtDNA 
defect. Platelets are derived from bone marrow 
megakaryocytes and thus have respiratory chain 
complexes with both nuclear and mtDNA encoded 
subunits. Circulating platelets can be used to generate 
cells without mtDNA (by exposure, as mentioned 
above, over several passages to ethidium bromide). 
The cells can survive in a medium supplemented 
with pyruvate and uridine. These cells can serve 
as recipient for a donor of mtDNA, for instance 
enucleate cells or platelets containing mitochondria 
but not nuclei, thus replicating in a cellular system 
(called a cybrid) mtDNA and mtDNA encoded ETC 
subunits from the donor and nuclear DNA encoded 
subunits from the host cells. If a respiratory defect 
is present in the donor mitochondria then it will be 
perpetuated in the cybrids following fusion, thereby 
providing evidence for a direct mitochondrial 
causality. Studies performed applying this model to 
investigate the origin of complex I deficiency in PD 
platelets have demonstrated a significant complex 
I deficiency in the mixed cybrids from PD patients 
compared to cybrid controls.  These studies have 
also indicated that in PD a mtDNA defect caused 
the mitochondrial deficiency and, in addition, that 
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formation of NO-derived oxidants peroxynitrite and 
hydroxyl radical (Hare et al, 2013). However, further 
studies are warranted to elucidate the intracellular 
cascade of events leading to cell death in disorders 
showing slow progression over many years, such as 
PD.

ALZHEIMER’S DISEASE 

Alzheimer’s disease is also a progressive 
neurodegenerative disorder leading to cognitive 
decline, neuropsychiatric symptoms, disability, 
caregiver burden, and premature death. It represents 
the most prevalent cause of dementia and its incidence 
rates exponentially increase with increasing age 
(Ziegler-Graham et al, 2008). One in nine people aged 
65 and over has Alzheimer’s disease and by mid-
century, someone in the United States will develop the 
disease every 33 seconds. These numbers will escalate 
rapidly in coming years, as the baby boom generation 
has begun to reach age 65 and beyond, the age range 
of greatest risk of Alzheimer’s. By 2050, the number 
of people aged 65 and older with Alzheimer’s disease 
may nearly triple, from 5.2 million to a projected 13.8 
million, barring the development of medical 
breakthroughs to prevent or cure the disease. Previous 
estimates based on high range projections of 
population growth provided by the U.S. Census 
suggest that this number may be as high as 16 million. 
The disease is predicted to affect 1 in 85 people 
globally worldwide by 2050 (Brookmeyer et al, 
2007). The neuropathological hallmarks of AD, in 
mouse models and postmortem patient brains, are 
diffuse amyloid plaques – which are frequently 
surrounded by dystrophic neurites - and intracellular 
neurofibrillary tangles, respectively constituted by 
amyloid β (Aβ) and hyperphosphorylated microtubule-
associated protein tau (Lalla et al, 2013). In addition, 
dominant mutations were found in the Amyloid 
Precursor Protein (APP) gene and in the presenilin 1 
and 2 genes (PSEN1 and PSEN2), which encode for 
components of gamma-secretase, leading to EOAD 
(Giri et al, 2016). APP is cleaved by beta-secretase 
and gamma-secretase sequentially to generate Abeta 
1-40 and Abeta 1-42 amyloid peptides, respectively, 
which accumulate forming the amyloid plaques 

for its synthesis, thus competing with g-glutamyl 
cysteine synthetase which utilizes cysteine for GSH 
synthesis. Under these circumstances, the GSH 
system in the SN could find itself in a position of 
increased demand and decreased synthetic capability, 
and hence contribute to the high vulnerability of this 
region to peroxidative injury. This is supported by 
the study of Perry et al, which showed that GSH 
levels in the SN were significantly lower than in 
other brain regions (Perry et al, 1982). Moreover, a 
40% decrease in GSH content in the SN of PD has 
been also reported to be associated with a significant 
increase in oxidized glutathione (Mischley et al, 
2013). Recently, it has been demonstrated in PD 
patients that the proportion of dopaminergic neurons 
with immunoreactive NF-kB in their nuclei was 
more than 70-fold than in control subjects (Hunot 
et al, 1997). A possible relationship between the 
nuclear localization of NF-kB in mesencephalic 
neurons of PD patients and oxidative stress in 
such neurons has been shown in vitro with primary 
cultures of rat mesencephalon, where translocation 
of NF-kB is preceded by a transient production of 
free radicals during apoptosis induced by activation 
of the sphingomyelin-dependent signalling pathway 
with C2-ceramide (Hunot et al, 1997). These data 
suggest that this oxidant-mediated apoptogenic 
transduction pathway may play a role in the 
mechanism of neuronal death in PD (Hunot et al, 
1997). PD can also be produced experimentally 
after exposure to the neurotoxin N-methyl-4-phenyl-
1,2,3,6-tetrahydropiridine (MPTP) which causes 
a parkinsonian syndrome in humans and non-
human primates after concentration of the active 
metabolite of MPTP (MPP+) into dopamine neurons. 
Mitochondrial sequestration of MPP+ occurs via 
electrochemical gradient where it then selectively 
inhibits complex I. This inhibition leads in turn to 
loss of mitochondrial membrane potential and ATP 
depletion. Inhibition of complex I by MPP+ is 
associated also with diversion of electrons through 
complex II, which is known to produce 7 times more 
free radicals than the normal flux through complex I 
(Meyer et al, 2016). In addition, MPP+ neurotoxicity 
in isolated cells is dependent on p53 and nitric oxide 
synthase (NOS) which causes significant rises in the 
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chemicals that change the balance of oxidants/
antioxidants in favor of the oxidation (Valavanidis et 
al, 2009; Yamamori et al, 2012); the latter includes 
overproduction of reactive oxygen intermediates by 
the mitochondrial electron transport chain. ROS can 
also act as necessary signaling molecules (Dickinson 
et al, 2011, Finkel  et al, 2011; Brieger et al, 2012). 
However, when the rate of free radical generation 
exceeds the capacity of antioxidant defenses, oxidative 
stress ensues with consequential severe damage to 
cellular components, such as DNA, proteins and 
lipids, and plays a pivotal role in leading an irreversible 
cellular damage (Tramutola et al, 2016a; Calabrese et 
al, 2012). In the process of aging and neurodegenerative 
diseases, the decline of normal antioxidant defense 
mechanisms increases the brain’s vulnerability to 
oxidative stress. ROS have the ability to modify 
crucial molecules in the cell, including proteins shown 
to be involved in neurodegenerative diseases. 
Misregulation of ROS, due to either mitochondrial 
dysfunction, age, or both, has been implicated in 
numerous neurodegenerative diseases (Li Zuo et al, 
2015). AD brain has been reported to be under 
oxidative stress that may play an important role in the 
pathogenesis and progression of AD (Swomley et al, 
2015; Chakrabarti, 2013). Several lines of evidence 
support a fundamental role for oxidative stress-
mediated event in the pathogenesis of the disease. 
Amyloid-β-peptide (1-42) has been shown to induce 
protein oxidation in both in vitro and in vivo studies 
(Tramutola, 2016; Levault, 2015; Di Domenico, 
2016). The production of ROS and its involvement in 
AD pathogenesis are also supported by the high level 
of lipid peroxidation found in the brain of AD patients, 
as well as by the increased levels of HNE found 
postmortem in their cerebrospinal fluid (CSF) (Di 
Bona et al, 2010). In addition, β-amyloid-induced 
damage promotes the generation of ROS, causing cell 
death and neurodegeneration, and induces also glial 
activation, thus causing local inflammation. 
Furthermore, oxidative stress promotes apoptosis of 
neurons of the brain and gene duplication without cell 
division, leading to aneuploidy and DNA damage 
(Querfurth et al, 2010). Oxidative stress can damage 
DNA, also causing breakage of the filaments and large 
deletions, and can affect different enzymatic and 

(Mendiola-Precoma et al, 2016; Huang et al. 2016). 
Research since the discoveries of amyloid β (Aβ) and 
tau has provided detailed information on molecular 
pathogenetic events, yet little is known about the cause 
of Alzheimer’s disease and no cure is available 
(Scheltens et al, 2016). Emerging evidence suggests 
that inflammation has a pivotal role in the pathogenesis 
of various neurological disorders, and understanding 
of interactions between the immune system and the 
nervous system might be key to the prevention or 
delay of most late-onset CNS diseases. 
Neuroinflammation, a specialized immune response 
of the nervous system, has been related to the onset of 
some chronic degenerative diseases of the central 
nervous system (CNS) characterized by a progressive 
neuronal death in specific regions of the CNS. This 
neuronal loss seems to be the cause of motor and 
cognitive deficits that characterize neurodegenerative 
diseases. Brain inflammation has been linked to many 
of these diseases, including amyotrophic lateral 
sclerosis (ALS), multiple sclerosis (MS), PD and, 
particularly, AD (Calabrese et al, 2010;  Trovato et al, 
2016). An increasing number of studies have proposed 
a strong correlation between reactive oxygen species 
(ROS)-induced oxidative stress dysfunction of protein 
metabolism and the pathogenesis of AD. Indeed, the 
brain has a large potential oxidative capacity but a 
limited ability to counteract oxidative stress (Cobb et 
al, 2015;  Tramutola et al, 2016, Chiurchiù et al, 2016). 
One possible vehicle for deposition and accumulation 
of Aβ in AD is oxidative stress, mediated by the 
production of reactive oxygen species. In biological 
systems, ROS are a category of important free radicals, 
such as superoxide and hydroxyl radicals produced as 
a by-product of oxidative phosphorylation in the 
mitochondria’s electron transport chain, with smaller 
amounts originating from cellular membrane, 
endoplasmic reticulum and peroxisomes (Federico et 
al, 2012; Murphy, 2009, Santos et al, 2009). ROS are 
physiologically present at minimal concentration 
within the cell, and in normal conditions there is a 
steady-state balance between pro-oxidants and 
antioxidants, which is necessary to ensure optimal 
efficiency of antioxidant defense. The body can be 
exposed to ROS directly from exogenous and 
endogenous sources. The first include drugs and toxic 
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GSH levels in human tissues normally range 
from 0.1 to 10 millimolar, most concentrated in the 
liver (up to 10 mM) while plasma concentration is in 
the micromolar range. Oxidative stressors that can 
deplete GSH include ultraviolet and other radiations, 
viral infections, environmental toxins, heavy metals, 
inflammation and dietary deficiencies of GSH 
precursors and enzyme cofactors. The sulfhydryl 
(-SH) group on the cysteinyl portion confers a strong 
electron-donating character. As electrons are lost the 
molecule becomes oxidized, and two such molecules 
become dimerized by a disulfide bridge to form 
glutathione disulfide or oxidized glutathione (GSSG). 
This linkage is reversible upon re-reduction. GSH is 
under tight homeostatic control both intracellularly 
and extracellularly. A dynamic balance is maintained 
between GSH synthesis, its recycling from GSSG, 
and its utilization. GSH synthesis involves two closely 
linked, enzymatically controlled reactions that utilize 
ATP. First, cysteine and glutamate are combined, by 
gamma-glutamyl cysteinyl synthetase. Second, GSH 
synthetase combines gamma-glutamylcysteine with 
glycine to generate GSH. As GSH levels rise, they 
self-limit further GSH synthesis; otherwise, cysteine 
availability is usually rate-limiting. GSH recycling 
is catalyzed by glutathione disulfide reductase, 
which uses reducing equivalents from NADPH to 
reconvert GSSG to 2GSH. The reducing power of 
ascorbate helps to conserve systemic GSH. GSH is 
used as a cofactor by multiple peroxidase enzymes, 
to detoxify peroxides generated from oxygen radical 
attack on biological molecules, to reduce oxidized 
centers on DNA, proteins, and other biomolecules, 
and glutathione S-transferases (GST) to conjugate 
GSH with endogenous substances and to exogenous 
electrophiles and diverse xenobiotics. Direct attack by 
free radical and other oxidative agents can also deplete 
GSH, despite the homeostatic glutathione redox cycle 
attempts to keep GSH restored (Anathy et al, 2012). 
The liver is the largest GSH reservoir. GSH equivalents 
circulate in the blood predominantly as cystine, the 
oxidized and more stable form of cysteine. Cells 
import cystine from the blood, reconvert it to cysteine 
and from it synthesize GSH. Conversely, inside the 
cell GSH helps to re-reduce oxidized forms of other 
antioxidants such as ascorbate and alpha-tocopherol 

mitogenic pathways (Von Bernhardi et al, 2012; 
Butterfield et al, 2006). Furthermore, brain 
mitochondrial-derived oxidative stress occurs at the 
early stage of AD, contributing to AD pathogenesis. 
With the progression of the disease, amyloid (Aβ) 
enters mitochondria promoting superoxide formation 
and consequently inducing oxidative stress, which 
then triggers redox-mediated changes in cell signaling, 
such as c-Jun NH2-terminal kinase (JNK)–Mitogen-
activated protein kinases (MAPKs) pathway, 
associated to activation of nuclear factor-kB (NF-kB) 
and release of pro-inflammatory IL and cytokines 
(Peng et al, 2016). Currently, treatment of Alzheimer’s 
disease’s patients involves drugs that are only able to 
reduce symptoms or delay the progression of the 
disease, such as cholinesterase inhibitors and drugs 
that target the glutamatergic system. It also known 
that unhealthy dietary structure and nutritional status 
affect the progression of AD. Therefore, a nutritional 
intervention should be considered as an important part 
of a therapeutic approach aimed at decreasing the 
complications of AD as well as slowing down AD 
progression. Extra virgin olive oil, an integral 
ingredient of the “Mediterranean diet,” has been 
shown to exert benefits against the risk of mild 
cognitive impairment. Consistent with this notion, 
different antioxidant strategies are being studied and 
are intended not only to reduce the deleterious ROS 
activity, but also to promote the regenerative capacity 
of the adult brain (Lee et al, 2010). Oxidative stress 
has been extensively studied in neurologic diseases 
including AD, PD, MS, ALS and dementia (Andersen, 
2004). This is not surprising since neuronal cells are 
especially susceptible to oxidative stress and 
subsequent cellular damage (including cell death). In 
a disease such as Alzheimer’s, oxidative stress/
oxidative damage is felt to play a key role in the loss 
of neurons and the progression to dementia. Recent 
studies have shown increased glutathionylation of 
specific proteins in AD patients compared with control 
subjects (Newman et al, 2007). The exact function of 
this reversible oxidative modification is unknown. 
Further studies investigating the specific in vivo 
effects of S-glutathionylation in oxidative stress are 
important to determining the role of S-glutathionylation 
in the AD brain and neurodegenerative disorders. 
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by likely increasing the levels of oxidative stress 
in this organelle. Depletion of brain GSH has been 
shown to result in decreases in mitochondrial enzyme 
activities in as well as losses in ATP production in 
the aging murine brain. Based on these notions, one 
of the ways to counteract oxidative stress-mediated 
disruption of GSH homeostasis - a central feature 
of neurodegeneration - is to replenish the GSH pool 
either by increasing the synthesis of the tripeptide 
or by slowing its degradation. There are several 
studies where administration of precursors of GSH 
metabolism, such as γ-glutamyl cysteine, have been 
used to increase the levels of GSH in rat brains (Schulz 
et al, 2000). Similarly, precursors of cysteine synthesis 
have been administered in various animal models 
to accelerate cysteine production in the brain thus 
increasing GSH levels. GSH replacement can also be 
achieved by administering thiol reagents such as GSH 
itself or GSH analogs. GSH cannot easily penetrate the 
blood brain barrier due to the presence of the cysteine 
SH group and is not efficiently absorbed into neuronal 
cells in the brain (Kannan et al, 1999). Hence, rather 
than GSH, modified forms of GSH such as GSH 
analogs have generally been used in vivo. Recently, 
Butterfield et al. demonstrated that the xanthate 
D609 – acting as a GSH mimetic – protected against 
amyloid beta (1-42)-induced oxidative damage in 
primary neurons and isolated synaptosomes (Perluigi 
et al, 2006-Sultana et al, 2006). Further studies are in 
progress to test the use of GSH or related molecules 
in GSH metabolism as therapeutics in the treatment 
of neurodegenerative diseases to elicit an increase in 
brain GSH levels.

HORMESIS AND CELLULAR STRESS 
RESPONSE

The brain is a complex network consisting of a 
massive number of interacting components, whose 
functional organization ultimately derives from 
integration of plasticity systems and environmental 
factors. Within this context, where more than 86 
billion neurons, 1 quadrillion synaptic connections, 
and 1 trillion bit/second equivalent plasticity processes 
take place, hormesis defines thresholds of adaptive 
responses for a given as potentially harmful stimulus 

(Meister, 1994). GSH is an extremely important cell 
protectant by directly quenching reactive free radicals 
and GSH/GSSG balance is crucial to maintain cellular 
homeostasis and survival. GSH is the essential cofactor 
for many enzymes which require thiol-reducing 
equivalents, and helps to keep redox-sensitive active 
sites on enzymes in the necessary reduced state. 
Other thiol cell systems - the metallothioneins, 
thioredoxins, and other redox regulator proteins - are 
ultimately regulated by GSH levels and the GSH/
GSSG redox ratio. Glutathione status is a highly 
sensitive indicator of cell functionality and viability. 
In humans, GSH depletion is linked to a number of 
disease states: as intracellular GSH becomes reduced, 
the cell functionality is progressively reduced (Fisher-
Wellman et al, 2013). 

GSH is present in the brain in millimolar 
concentrations (Dringen, 2000). Although there are 
some reports favoring the transport of GSH across the 
blood brain barrier and their uptake into brain cells, it 
still needs to be established whether these play a role 
in GSH homeostasis in the brain (Peterson et al, 2013). 
Nevertheless, the constituent amino acids of GSH may 
cross the blood brain barrier and be utilized for GSH 
synthesis in the brain following the same pathway as 
described above. Several reports employing different 
techniques have shown the presence of GSH both in 
neurons and glial cells (Maybodi et al, 1999), but the 
concentration of GSH appears to be higher in brain 
astrocytes compared to neurons. Apart from the 
antioxidant functions of GSH in the brain, extracellular 
GSH has been hypothesized to have additional 
functions as a neurotransmitter (Janaky et al, 2008), 
neurohormone, in the detoxification of glutamate and 
in leukotriene metabolism (Dringen, 2000). It has 
been observed that there is an age-dependent depletion 
in intracellular GSH in the cerebrospinal fluid during 
aging in humans (Samuelsson et al, 2011). Studies 
from others have shown that aged mice have a 30% 
decrease in levels of GSH compared with younger 
animals. Since the brain requires extensive ROS 
detoxification, it is evident that a decrease in GSH 
content could increase oxidative damage, making 
the brain more susceptible to neurological disorders 
(Bharath et al, 2005). Decreased GSH availability in 
the brain is believed to promote mitochondrial damage 



90 V. CALABRESE ET AL.

pharmacology (Calabrese et al, 2010; Calabrese et al, 
2007b; Calabrese et al, 2008b, 2008c). The enhanced 
recognition of hormesis has occurred principally 
because traditional dose-response models, such as the 
threshold model, have not been able to account for the 
occurrence of non-random biological activity below 
well-established thresholds of response (Calabrese 
et al, 2013; Calabrese et al, 2016a; Calabrese et al, 
2016b). These biphasic dose-response relationships, 
referred to here as hormesis from the Greek meaning 
to excite, display a low-dose stimulation with very 
specific quantitative features for the amplitude and 
width of the enhanced response and a high-dose 
inhibition (Calabrese and Blain, 2011). Despite 
the current interest in hormesis by the toxicology 
community, quantitatively similar hormetic-U-
shaped dose responses have long been recognized 
by researchers to be involved with factors affecting 
memory, learning, and performance, as well as 
nutritional antioxidants and oxidative stress-mediated 
neurodegenerative responses in cellular models for 
various diseases such as Alzeheimer’s and Parkinson’s 
(Calabrese, 2008a). Several lines of in vitro evidence 
have implicated ROS in the pathogenesis of neuronal 
death (Calabrese et al, 2010) and different markers of 
oxidative stress are found in postmortem examination 
of brains from patients with many neurodegenerative 
disorders. DNA oxidation, protein oxidation, and 
lipid peroxidation have been reported in brain regions 
containing neurofibrillary tangles and senile plaques 
from Alzheimer’s disease patients (Calabrese et 
al, 2009). However, also dopaminergic neurons in 
the substantia nigra of brains of patients suffering 
from Parkinson’s disease also exhibit hallmarks of 
oxidative stress (Calabrese et al, 2010). The oxidative 
stress hypothesis for neurodegeneration postulates 
that cumulative oxidative damage over time explain 
the late life onset and the slow progressive nature of 
neurodegenerative disorders (Calabrese et al, 2007a). 
The CNS is especially vulnerable to free radical 
damage as a result of its high oxygen consumption 
rate, its abundant lipid content, and the low levels 
of antioxidant enzymes compared with other tissues 
(Calabrese et al, 2009; Calabrese et al, 2011; Calabrese 
et al, 2012). These age-related effects, associated with 
genetic and environmental risk factors, may provide 

which at low dose has the capacity of promoting 
beneficial changes associated to adaptive plasticity 
mechanisms (Calabrese et al, 2010; Du et al, 2016). 
Signaling by reactive oxygen species, produced 
during aerobic metabolism, follow the mechanistic 
determinism of hormetic laws, whereby at low 
levels free radical generation regulate a wide array 
of physiological responses, whereas when exceeding 
generation occurs, such as in abnormal cell metabolism 
conditions, cell function and viability are under threat 
(Calabrese et al, 2011). Thus, an increase in ROS 
formation with the associated disruption of redox 
homeostasis results in the alteration of biologically 
relevant mechanisms involved in neuronal plasticity 
(Calabrese et al, 2012; Dattilo et al, 2015). As a basic 
principle of a hormetic phenomenon, restoration of 
disrupted homeostasis can induce adaptive conditions 
associated with higher level of stress tolerance than 
the prior stage. Due to the ability of cells to respond, 
counteracting both external and internal sources of 
stress, cellular hormesis defines a general phenomenon 
whereby a mild stress-induced stimulation results 
in biologically beneficial effects, whereas cell death 
represents a final process where failure in adaptation 
or unsuccessful adaptation occur (Calabrese et al, 
2015a; Calabrese et al, 2015b).

The dose-response concept is often ignored in 
the assessment of disease processes, inclusive of 
neurovascular disorders. However, dose-response 
dynamics and effects are inherently involved with 
normal physiological processes in development and 
aging, and enable cellular adaption(s) and function in 
response to various types and levels of stress (Segev-
Amzaleg et al, 2013). Of particular note for this review 
is that analysis of many of these processes reveals a 
hormetic, biphasic dose-response pattern. Hormesis 
defines a biphasic dose or concentration response 
relationship that may be induced via the actions of 
endogenous agonists or in response to numerous types 
of stress agents or conditions such as thermal change, 
hypoxia, traumatic injury, psychological challenges 
as well as stress induced by exercise, specific dietary 
regimes and other lifestyle activities (Calabrese, 
2007a; Calabrese, 2008a; Calabrese and Baldwin, 
2002). The concept of hormesis has emerged as a 
significant dose-response model in toxicology and 
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Lewy bodies exhibited in their proximity maximum 
HO-1 immunoreactivity (Yu et al, 2013). As with AD 
(Schipper, 2000), upregulation of HO-1 in the nigral 
dopaminergic neurons by oxidative stress was shown 
(Shipper et al, 1998). Hemin, an inducer of HO-
1, effectively inhibited experimental autoimmune 
encephalomyelitis (EAE, an animal model of the 
human disease MS) (Yingru et al, 2001). In contrast, 
tin-mesoporphyrin-IX, an inhibitor of HO activity, 
markedly exacerbated EAE (Yingru et al, 2001). 
These results suggest that endogenous HO-1 plays 
an important protective role in EAE and MS. 
Particularly interesting is the role played by HO-1 in 
AD, a neurodegenerative disorder which involves a 
chronic inflammatory response associated with both 
oxidative brain injury and beta-amyloid-associated 
pathology. Significant increases in the levels of HO-1 
have been observed in AD brains in association 
with neurofibrillary tangles, and also HO-1 mRNA 
was found increased in AD neocortex and cerebral 
vessels (Smith et al, 1994). HO-1 increase was not 
only in association with neurofibrillary tangles, 
but also co-localized with senile plaques and glial 
fibrillary acidic protein-positive astrocytes in AD 
brains (Schipper et al, 2006). In addition, Takeda 
et al. explored the relationship between HO-1 and 
tau protein, this latter being the major component 
of intraneuronal neurofibrillary tangles in AD. In 
transfected neuroblastoma cells overexpressing HO-
1, the activity of this enzyme was increased, and 
conversely, the level of tau protein was significantly 
decreased when compared with antisense HO-1 or 
vector transfected cells (Takeda et al, 2000). The 
suppression of tau protein expression was almost 
completely counteracted by zinc-deuteroporphyrin, 
a specific inhibitor of HO activity (Takeda et al, 
2000). The activated forms of extracellular signal-
regulated kinases (ERKs) were also decreased in 
cells overexpressing HO-1 although no changes in 
the expression of total ERKs were observed (Takeda 
et al, 2000). Taken together, all these findings do not 
allow to single out a product of HO activity as the 
main neuroprotective factor; rather a complex puzzle 
of regulatory interactions between heme degradation 
products and cellular pathways involved in cell 
death/survival is hypothesized.  

an emerging mechanism for the high incidence of 
neurodegenerative disorders in the elderly. 

Consistent with this evidence, particular attention 
has been paid to study the neuroprotective properties 
of endogenous agonists such as beta-amyloid, 
antioxidants, iron chelating and anti-inflammatory 
agents with particular regard to polyphenols (Puzzo 
et al, 2012). According to the principles of hormesis, 
appropriate endogenous agonists such a beta 
amyloid, as well as stressful agents, including drugs, 
toxins and natural substances, when given at low 
doses may elicit a positive response.  This protection 
may occur as part of normal metabolism as in the 
case of endogenous agents or via the induction of an 
adaptation to or protection from the stressor, whereas 
at higher concentration the toxic effect prevails 
(Calabrese et al, 2015; Calabrese et al, 2016c). 

HEME OXYGENASE SYSTEM AND 
NEURODEGENERATIVE DISORDERS

The role of ROS and RNS in the pathogenesis 
of neurodegenerative disorders has been clearly 
demonstrated (Islam et al, 2016; Bhat et al, 2015, 
Jomova et al, 2010; Uttara et al, 2009). With regard 
to the contribution of HO-1 in neurodegeneration, 
there is no consensus in literature. In fact, it is not to 
be questioned that HO-1 is neuroprotective, but there 
is evidence of a detrimental effect of this enzyme 
in neural tissues, probably due to the possible toxic 
effects of CO and iron (Motterlini and Otterbein, 
2010). Due to its strong antioxidant properties and 
wide distribution within the CNS, HO-1 has been 
proposed as a key enzyme in the prevention of brain 
damage (Calabrese et al, 2009). In transgenic mice 
over-expressing HO-1, the neuroprotective effect of 
this enzyme in a model of ischemic brain damage 
has been demonstrated in neurons and attributed the 
HO-1 beneficial effects, due to an increase of pro-
survival molecules such as cGMP, bcl-2, bilirubin-
biliverdin redox cycle and the iron-sequestering 
protein, as well as to a reduction of pro-apoptotic 
p53 (Beschorner et al, 2000; Ren et al, 2011; Alfieri 
et al, 2013). Up regulation of HO-1 in the substantia 
nigra of PD patients has been demonstrated. In these 
patients, nigral neurons containing cytoplasmic 
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HT administration. Additionally, GSH depletion 
and HO-1 and NQO-1 up-regulation observed in 
AD mice in response to Aβ-induced oxidative 
stress, were reversed by HT. Remarkably, APP/PS1 
mice showed NFkB/MAPK-dependent activation 
of NLRP3 inflammasome with increased IL-6 
and COX-2 expression, which were significantly 
decreased by HT administration (Peng et al, 2016). 

Moreover, in the general metabolism of 
dopamine by monoamine oxidase (MAO), 
oxidative-deamination of dopamine generates 
DOPAL (3,4-dihydroxyphenylacetaldehyde), 
which is further oxidized to the carboxylic acid 
(3,4-dihydroxyphenylacetic acid, DOPAC) by 
aldehyde dehydrogenase. Although DOPAC is the 
major metabolite of dopamine in brain, a small 
portion of DOPAL is reduced to DOPET by aldehyde 
or aldose reductase (Rodríguez-Morató et al, 2015).  
DOPAL is a highly reactive neurotoxic metabolite, 
suggested to operate in vivo in the pathogenesis of 
PD (Goldstein et al, 2015). In AD, disruption of 

In human trials, higher adherence to the 
Mediterranean diet was associated with the reduced 
cognitive decline and the risk of AD (Safouris et al, 
2015). The beneficial effects of extra virgin olive 
oil in preventing and delaying the onset of AD and 
declining the severity of its symptoms had been 
found in transgenic AD mice (Psaltopoulou et al, 
2013). HT administrated to 3-month-old female 
transgenic APP/PS1 mice at 5 mg/kg/day for 6 
months resulted in electroencephalography (EEG) 
activity and cognitive function improvement, 
reduction of mitochondrial oxidative stress and 
neuroinflammation (Peng et al, 2016). In the same 
study HT not only successfully rescued altered 
mitochondrial complex IV expression, but also 
normalized mitochondrial complex I-IV activities 
compromised in this transgenic AD brain. APP/PS1 
mice showed higher levels of protein carbonyls and 
4-HNE, markers of peroxidative damage to proteins 
and lipids, associated to lower expression of SOD2 
than in control animals, which were normalized by 
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Fig. 1.  Chemical structures of inducers of the Keap1/Nrf2/ARE pathway.
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inflammation NF-kb pathway, their involvement in 
the activation of the Nfr2/ Phase II genes and ability to 
interfere with the amyloid aggregation in the context of 
their potential benefits in the onset and progression of 
PD and AD. Particular attention is paid to the effects 
of hydroxytyrosol, the most biologically active and 
“intriguing” compound of the olive polyphenols’ 
family, proven to have an ideal pharmacological 
profile, i.e. a combination of antioxidant and anti-
inflammatory activity with an excellent safety profile, 
high bioavailability, tissue distribution and multiple 
mechanism.

Hydroxytyrosol (HT) was originally found in 
small amounts in olive oil, at concentrations less 
than 1 mg/kg (Montedoro et al, 1992; Petroni et al, 
1994). It is a product of the hydrolysis of its natural 
olive ester precursors, oleuropein (OLE), verbascoside 
and lingstroside, and is formed during the maturation 
of olives, storage and preparation of table olives. Its 
large scale extraction from olive oil for use in clinical 
applications was shown to be both expensive and 
unmanageable. More conveniently, large quantities 
of HT were produced by harvesting it from an olive 
oil production by-product, the olive vegetation water 
(OVW or olive juice), which represents 50% of the 
weight of the olive fruit and normally discarded as 
wastewater. The process developed by CreAgri is both 
solvent-free and environmentally friendly, employs 
citric acid (1%) for the mild acidic hydrolysis of the 
naturally occurring hydroxytyrosol esters and produces 
HT concentration ranging from 20 g/kg to 50 g/ kg. olive 
dry matter (Crea, 2002). Hydroxytyrosol has a relatively 
simple molecular structure (Fig. 1), amazingly related 
to the structure of Dopamine (DA) and also known 
as DOPET. It is a derivative of tyrosol, a phenethyl 
alcohol (also referred to as (p-hydroxyphenyl) ethanol, 
or p-HPEA). In hydroxytyrosol, the central benzene 
ring is functionalized with an additional hydroxyl 
group ortho to the ring hydroxyl group present in 
tyrosol. Hydroxytyrosol is also referred to as 2- 
(3,4-dihydroxyphenyl) ethanol or 3,4-DHPEA. The 
chemical structures of these compounds are reported in 
Fig. 1.

In addition to the phenolic alcohols hydroxytyrosol 
and tyrosol, the polyphenols and their precursors found 
in olive products include also (3,4-dihydroxyphenyl) 

dopamine metabolism is associated with increasing 
oxidative stress conditions, in which highly 
reactive aldehydes, such as 4-hydroxynonenal and 
malondialdehyde, are formed and which can inhibit  
aldehyde dehydrogenase 2 (ALDH2). Consistent 
with this notion, as the soluble forms of oligomeric 
amyloid beta are involved in the loss of synaptic 
plasticity and memory, especially in early phases of 
AD, interestingly, stimulation of dopamine D1/D5 
receptors (D1R/D5R) increases surface expression 
of synaptic α-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate subtype glutamate and 
N-methyl-D-aspartate subtype glutamate receptors, 
thus facilitating the induction of the late phase of 
long-term potentiation (LTP), probably via a related 
mechanism (Xiang et al, 2016). In addition, aberrant 
promoter methylation of multiple genes has been 
associated with increased AD risk in males. (Ji 
et al, 2016). Given these findings, viable DOPET 
can be of value to reduce  levels of DOPAL in AD 
patients. We posit that this putative link between 
oxidative stress and the generation of endogenous 
will be important to further research focusing 
on mechanisms involved in neurotoxicity and 
neurodegeneration which are particularly relevant 
in the study of AD, as well as to PD and more in 
general in neuropsychiatric spectrum disorders. 

OLIVE POLYPHENOLS AND 
HYDROXYTYROSOL AS POTENTIAL 
PHARMACOLOGICAL MODULATORS 

OF NEUROINFLAMMATION AND 
ACTIVATORS OF THE KEAP1/NFR2/ARE 

PATHWAY: A RATIONALE FOR TREATING 
NEURODEGENERATIVE DISORDERS

Recent epidemiological studies support the efficacy 
of the Mediterranean diet, not only against cardiovascular 
and cancer diseases but also against the cognitive decline 
associated with ageing (Scarmeas et al, 2006; Feart et al, 
2009; Valls-Pedret et al, 2012; Martinez-Lapiscina et al, 
2013). In this respect, several studies highlight the role 
played by phenolic components of olives and olive oil 
in counteracting both neuroinflammation, neurotoxicity 
and amyloid aggregation. We herein discuss the olive 
polyphenol modulatory effects on the cellular pro-
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inflammation. OVW at a dose of 125 mg/mouse (500 
mg/kg) reduced serum TNF-alpha levels by 95%. In 
the human monocyte cell line, THP-1, OVW reduced 
LPS-induced TNF-alpha production by 50% at a 
concentration of 0.5 g/L (equivalent to approximately 
0.03 g/L simple and polyphenols). OVW had no toxic 
effects in vitro or in vivo. When OVW was combined 
with glucosamine, a component of proteoglycans and 
glycoproteins, it was shown to decrease inducible nitric 
oxide synthase production in cultured macrophage 
cells and the two compounds acted synergistically to 
reduce serum TNF-alpha levels in the LPS-treated 
mice.  Interestingly, purified HT, in comparison, did 
not produce any reduction of TNF-alpha in any of these 
experiments. Since 2005, numerous studies on the HT/ 
polyphenols anti-inflammatory activity have been 
published (Lockyer et al, 2016; Rodriguez-Morato  et 
al, 2015).

Hydroxytorosl has been shown that it can cross the 
blood brain barrier, although in small concentrations 
(D’Angelo et al, 2001), has high bioavailability and 
tissue penetration (Tuck et al, 2001, Mateos R.et al. 
2016) and an excellent safety profile (Christian et al, 
2004; Soni et al, 2006; CreAgri, GRAS certification, 
2004).  Its use as a research tool has produced an 
enormous quantity of publications worldwide to 
more than 900 papers during the period 2000 to date. 
Collectively, HT and its derivatives, natural or not, 
could potentially find a prevention and therapeutic use 
in cardiovascular, cancer, chronic inflammation and 
neurodegenerative diseases. 

An in vitro demonstration that HT can act on 
brain cell was obtained with microglia and activated 
astrocytes in a cellular model of Parkinson’s (Crea et 
al, 2012). In this case, cultured brain cells challenged 
with LPS were exposed to increasing quantities of 
HT (OVW) to monitor its effect on cytokine release. 
Microglia and astrocytes are sources of potential 
cytotoxic compounds that can aggravate neuronal 
injury during degenerative processes such as in PD. HT 
was effective at concentration of 25 ng/gr in inhibiting 
production of TNF, IL-6 and IL-1 in microglia and 
in astrocytes (at higher concentration of 250ng/gr).  
Oleuropein (OLE) was much less effective in both 
cells even at higher concentration. Additional evidence 
that HT may act as a neuroprotective agent in vivo, was 

ethanol glucoside and 2-(4-hydroxyphenyl)ethyl 
acetate); the benzoic acid derivatives gallic acid, 
gentisic acid, benzoic acid, vanillic acid, protocatecuic 
acid, p-hydroxybenzoic acid, and syringic acid; the 
cinnamic acid derivatives caffeic acid, p-coumaric 
acid, o-coumaric acid, ferulic acid, cinnamic acid, and 
sinapinic acid; other phenolic acids and derivatives 
including 4-(acetoxyethyl)-1,2-dihydroxybenzene, 
3,4-dihydroxyphenylacetic acid (“DOPAC”), and 
4-hydroxyphenylacetic acid; the secoiridoids, 
characterized by the presence of either elenolic 
acid or elenolic acid derivatives in their molecular 
structure, including oleuropein, demethyloleuropein, 
10-hydroxyoleuropein, oleuropein aglycone, 
oleuropein aglycone dialdehyde, ligstroside, 
10-hydroxyligstroside, ligstroside aglycone, ligstroside 
aglycone dialdehyde, the dialdehydic form of 
decarboxymethyl elenolic acid linked to hydroxytyrosol, 
and the dialdehydic form of decarboxymethyl elenolic 
acid linked to tyrosol; flavonoids including the flavones 
apigenin and luteolin, and the flavanonol (+)-taxifolin;  
the lignans (+)-1-acetoxypinoresinol, (+)-pinoresinol, 
and (+)-1-hydroxypinoresinol. The molecular 
structures of these compounds have been confirmed 
(Carrasco-Pancorbo et al, 2005). Hydroxytyrosol 
is a compound endowed with multiple biochemical 
and pharmacological activities including a strong 
antioxidant and anti-inflammatory power. Initially, HT 
activity in vitro and in vivo has been associated with 
its strong anti-oxidant and radical scavenging activities 
(Visioli et al, 1998; Rietjens et al, 2007).

The first observation of an in vivo anti-inflammatory 
activity of olive polyphenols was made in 2005 in our 
laboratory (Bitler et al, 2005) with a joint-inflammation, 
LPS-treated BALB/c mouse model. In this experiment, 
we evaluated the anti-inflammatory activity of olive 
vegetation water (OVW) obtained during olive oil 
milling, and containing 25 mg HT/g solid, (HT is > 
45% of the total polyphenols). HT was administered 
in powder form (freeze dried OVW) to LSP treated 
BALB/c mice by oral gavage. Because some simple 
phenols and polyphenols with antioxidant activity had 
shown varying anti-inflammatory activities in vitro, 
we tested OVW and HT at two concentrations for 
their ability to inhibit the production of tumor necrosis 
factor-alpha (TNF-alpha), a pivotal cytokine in 
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of the trial confirmed the potent anti-inflammatory 
activity of HT/olive polyphenols in humans, 
manifested as reduction of swelling, pain and improved 
daily motilities with an associated reduction of two 
inflammation biomarkers, CRP and homocysteine. 
(Bitler et al, 2007). Hydroxytyrosol, in its natural 
environment (OVW, Olivenol ™or HIDROX™) was 
also tested positively on humans in two additional 
international studies, the first involving 100 healthy 
volunteers in Malaysia (Visioli et al, 2009) and the 
second including 50 patients in Japan (Numano et al, 
unpublished results). The first study was for monitoring 
HT effect on the total plasma antioxidant activity and 
the second to monitor HT effect on lipid profile. In the 
first study, a single dose (1 ml OWV, 2.5 mg HT) was 
administered orally to monitor the increase of the total 
antioxidant activity in plasma. Although the dosage was 
not sufficient to provide any evidence of an increased 
antioxidant index, there was a significant increase of 
total (reduced and oxidized) glutathione in the blood. 
The study conducted in Japan included patients with 
high cholesterol and confirmed the positive effect of 
olive polyphenols and HT on lipid profile.  Doses as 
low as 5 mg HT/day produced a dramatic reduction of 
high MW cholesterol (VDL fraction 3,4 and 5) while 
HDL cholesterol concentration was unchanged or 
improved.  In addition, the Japanese study provided 
a serendipitous discovery with some of the patients 
affected by skin disorders. The same HT dosage of 
5-10 mg/daily produced some dramatic improvements 
in 5 patients with skin disorders (psoriasis purulenta, 
atopic, allergic and seborrheic dermatitis) that can only 
be explained by a positive effect of HT on the immune 
system (Numano et al, 2007). In 2011, EFSA, the 
European Food Safety Authority, on the strength of 
clinical trials conducted in Europe (Covas et al, 2006; 
Marrugat, 2004) approved a health claim that links 
olive polyphenols, especially hydroxytyrosol, to the 
protection of LDL from oxidative damage. During the 
past decade, hydroxytyrosol, formulated as enriched 
olive oil (FVOO) has been tested on humans in several 
trials (Valls et al, 2015; Castaner et al, 2012). 

Hydroxytyrosol (OWV) was also studied for its 
effects on mitochondria. The first pivotal study was 
conducted by Liu and colleagues (Liu et al, 2007) on 
retinal pigment epithelial cells, ARPE-19, challenged 

provided by Schaffer (Schaffer et al, 2007 and 2010). 
These results pointed towards a potential impact by HT 
on the inflammatory component of neurodegenerative 
diseases like in PD and AD. Based upon the wide range 
of observed HT anti-inflammatory activities in vitro 
and in vivo, the mechanism of HT was postulated to 
include, at least in part, the modulation of the NF-kb 
cellular pathway (Killeen et al, 2013). This hypothesis 
was confirmed by a cellular experiment conducted 
by scientists at DSM (Basel) in 2007 (Richard et 
al, 2011). OVW was used and fractionated into its 
molecular components to identify and associate the 
anti-inflammatory activity to individual components 
of the natural formulation.  Various fractions obtained 
by preparative hplc were tested on macrophages 
(RAW264.7 cells) stimulated with LPS for their 
effect on the production of NO and PGE2, cytokines, 
interleukins and chemokines. HT inhibited expression 
of NO and PGE2 with an IC50 of 11.4 and 19.5 uM, 
respectively, reflecting strong anti-inflammatory 
activity. In addition, secretion of cytokines (Il-1a, Il-1b, 
Il-6 Il-12 and TNF-alpha) and a variety of chemokines 
was diminished in a concentration-dependent manner, 
suggesting that the mechanism by which HT exerts 
its anti-inflammatory effects is partially mediated via 
the NF-kb cellular pathway. Curiously, the authors did 
not exclude the potential synergistic effects of minor 
components present in the OVW, a natural environment 
for HT, nor did they completely identify additional 
molecules with equally strong anti-inflammatory 
mechanism. Additional studies on endothelial cells 
(Scoditti et al, 2014) and human monocytic cell line 
(Zhang  et al, 2009) have provided evidence as related 
to HT ability to down modulate NF-kB activation and 
its translocation in the nucleus. In keeping up with the 
above in vitro and in vivo studies and based upon the 
high safety profile of the OVW formulation (GRAS 
certification was obtained by CreAgri in 2004), HT, in 
the form of freeze dry powder, was orally administered 
in capsules to 90 humans in a double blinded, placebo-
controlled clinical trial with patients affected by osteo 
and rheumatoid arthritis. The trial was a five-week 
treatment conducted in Arizona (Bitler et al, 2007). The 
amount of hydroxytyrosol provided by the 4 capsules/
day, administered orally twice daily, was approximately 
10 mg/daily or ca. 0.13 mg/kg body weight. The results 
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mitochondrial transcription factor A, which leads to an 
increase in mitochondrial DNA (mtDNA) and in the 
number of mitochondria. Consistent with these results, a 
proposed mechanism on HT protection activity against 
oxidative stress includes the simultaneous activation 
of two critically important pathways, i.e., induction 
of phase II detoxifying enzymes and stimulation of 
mitochondrial biogenesis. Hydroxytyrosol treatment 
was shown to simultaneously protect against acrolein-
induced inhibition of nuclear factor-E2-related factor 2 
(Nrf2) and peroxisome proliferator-activated receptor 
coactivator 1 alpha (PPARGC1α) in ARPE-19 cells. 
The activation of Nrf2 led to activation of phase II 
detoxifying enzymes, including γ-glutamyl-cysteinyl-
ligase, NADPH (nicotinamide adenine dinucleotide 
phosphate)-quinone-oxidoreductase 1, heme-
oxygenase-1, superoxide dismutase, peroxiredoxin 
and thioredoxin, as well as other antioxidant enzymes, 

with acrolein, a compound that mimics smoke-
induced oxidative stress. Mitochondria protection by 
a formulation of hydroxytyrosol produced from the 
OVW was monitored. The conclusions by the authors 
was that HT protects from oxidative damage and 
mitochondria dysfunction by multiple mechanisms and 
that dietary feeding of HT may be an effective strategy 
for reducing and/or preventing cigarette smoke-induced 
or age related macular degeneration. A subsequent 
publication (Hao et al, 2010) suggested that HT is 
able to promote mitochondrial function by stimulating 
mitochondrial biogenesis. HT over the concentration 
range of 0.1-10 micromol/L stimulated promoter 
transcriptional activation and protein expression of 
peroxisome proliferator-activated receptor (PPAR) 
coactivator 1 alpha (PPARGC1 alpha, the central 
factor for mitochondrial biogenesis and its downstream 
targets including nuclear respiration factors 1 and 2 and 
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Fig. 2. The Vitagene network of cellular stress response. Proteotoxic stresses causing accumulation of misfolded proteins 
is trigger for cellular stress response, where HSPs, normally bound to HSF1 are competitively dislocated by damaged 
proteins, which results in activation of HSF-1. Multi-step activation of HSF1 involves post-translational modifications, 
such as  hyperphosphorylation, which allow HSF1 to trimerize, translocate into the nucleus, and bind to heat-shock 
elements (HSEs) in the promoter regions of its target hsp genes. Nutritional antioxidants, are able to activate vitagenes, 
such as heme oxygenase, Hsp70, thioredoxin reductase and sirtuins which represent an integrated system for cellular 
stress tolerance.  During inflammaging, including aged-associated pathologies a gradual decline in potency of the heat 
shock response occur and this may prevent repair of protein damage, leading to neurodegeneration. Phytochemicals, 
such as Hydroxytyrosol, act through the activation of transcription factor Nrf2, which after binding to the antioxidant 
responsive element up-regulates vitagenes.



97European Journal of Neurodegenerative Diseases

the onset and progression of the disease: amyloid 
precursor protein processing, amyloid-beta (Aβ) 
peptide and tau aggregation, autophagy impairment, 
neuroinflammation, etc. (Féart et al, 2013; Berr et al, 
2009). Recent data show that oleuropein aglycone 
(OLE) interferes with APP processing (Kostomoiri et al, 
2013), amyloid aggregation of Aß and tau protein, thus 
preventing the growth of toxic oligomers both in vitro 
(Rigacci et al, 2015; Daccache et al, 2011; Ladiwala 
et al, 2011) in C. elegans (Diomede et al, 2013) and 
in TgCRND8 mice, a model of Aß deposition (Grossi 
et al, 2013; Luccarini et al, 2014). In the latter, a diet 
supplemented with OLE displays strong protection 
against cognitive deterioration, improves synaptic 
function, tissue alterations and neuroinflammation, 
stimulates cell defenses against plaque-induced 
neurodegeneration and triggers autophagy, a function 
normally impaired in neurodegenerative conditions 
(Rubinsztein et al, 2015), with the possible involvement 
of epigenetic modifications (Luccarini et al, 2014). 
However, much less information and mechanistic data 
are presently available on the anti-neurodegenerative 
properties of hydroxytyrosol in humans. Today, 
two known sources of HT are readily available: (i) 
the ingestion of natural products that contain HT or 
its precursors both as dietary supplement and HT 
enriched olive oil (FVOO), and (ii) derivation  from 
dopamine oxidative metabolism in the brain (De la 
Torre et al. 2006). Indeed, HT can be endogenously 
produced as a product of dopamine oxidation, as a 
component of 3,4-dihydroxyphenylethanol (DOPET); 
(Schröder et al, 2009). Recently, the potential of 
HT (3,4-dihydroxyphenylethanol, DOPET), both a 
dopamine metabolite, and a polyphenol from olive 
oil, was investigated in C57BL/6 mice (Arunsundar 
et al, 2015). Moreover, in the general metabolism 
of dopamine by monoamine oxidase (MAO), 
oxidative-deamination of dopamine generates 
DOPAL (3,4-dihydroxyphenylacetaldehyde), 
which is further oxidized to the carboxylic acid 
(3,4-dihydroxyphenylacetic acid, DOPAC) by 
aldehyde dehydrogenase. Although DOPAC is the 
major metabolite of dopamine in brain, a small portion 
of DOPAL is reduced to DOPET by aldehyde or aldose 
reductase (Rodríguez-Morató et al, 2015). DOPAL is 
a highly reactive neurotoxic metabolite, suggested to 

while the activation of PPARGC1α led to increased 
protein expression of mitochondrial transcription factor 
A, uncoupling protein 2 and mitochondrial complexes 
(Zhu et al, 2010). More recently, one study (Arunsundar 
et al, 2015) tested HT with an AD C57BL/6 mouse 
model, where soluble oligomeric amyloid β1-42 
plus ibotenic acid (oA42i)-induced neuro-behavioral 
dysfunction. Notably, oA42i administration altered the 
Bcl-2/Bad levels and activated the caspase-dependent 
mitochondria-mediated apoptotic pathway involving 
cytochrome c, apoptotic protease activating factor-1, 
and caspase-9/3. On the contrary, HT administration 
stabilized the disregulated activities of these apoptotic/
anti-apoptotic markers and preserved the mitochondrial 
ultra-architecture. Moreover, it was observed that 
oA42i intoxication substantially down-regulated 
the expression of genes involved in the regulation of 
survival and memory functions including sirtuin-1, 
cyclic AMP response element-binding protein (CREB), 
CREB-target genes (BDNF, c-Fos, Nurr1, and Egr1) 
and a disintegrin and metalloprotease 10. HT treatment 
significantly diminished these aberrations when 
compared to the oA42i group In the same study, Aβ-
induced down-regulation of the expression of survival 
genes involved in the regulation of memory functions, 
such as sirtuin-1, cyclic AMP response element-binding 
protein (CREB), CREB-target genes (BDNF, c-Fos, 
Nurr1, and Egr1) and a disintegrin, and metalloprotease 
10 was considerably minimized. In addition, altered 
Bcl-2/Bad levels and activated caspase-dependent 
mitochondria-mediated apoptotic pathways with 
cytochrome c release and apoptotic protease activating 
factor-1, as well as caspase-9/3 activation induced by 
toxic Aβ, was significantly prevented. 

Finally, a study by Zheng and colleagues (Zheng 
et al, 2015) suggested that HT is an efficient maternal 
nutrient protecting neurogenesis and cognitive function 
in prenatally stressed offspring. HT significantly 
increased transcription factors FOXO1 and FOXO3, 
as well as phase II enzyme-related proteins, including 
Nrf2 and HO-1, which may contribute to the decreased 
oxidative stress and increased mitochondrial function. 
Taken together, these findings suggest that HT may be 
an effective agent in AD and PD  by a multifactorial 
mechanism. 

In AD numerous pathways are involved in 
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are capable of modulating pro-survival and anti-
apoptotic signaling pathways (Murugaiyah and 
Mattson, 2015; Kim et al, 2016; Mattson, 2014; 
Texel and Mattson, 2011). In respect to synthetic 
drugs showing generally only one mechanism of 
action, these compounds have a greater potential 
based on multiple lines of neuroprotection, such as: 
i) direct scavenging of free radicals; ii) enhancement 
of endogenous cellular antioxidant potential by 
nuclear factor erythroid-derived 2-related factor 2 
(Nrf2) transcription factor pathway activation; iii) 
modulation of signal transduction cascades; iv) 
modulators of neuroinflammation via the NF-kb; and 
v) regulation of gene expression. A lot of funding and 
research have been dedicated to treatment of AD and 
PD, yet these pathologies have only symptomatic 
therapies, none capable of slowing or curing the 
underlying physiopathology of the disease. In this 
context, olive polyphenols, such as hydroxytyrosol, 
might represent a promising choice, at least in the 
short term, since they show an excellent safety 
profile even at high concentration and are subject to 
fewer regulations than traditional pharmaceuticals, 
therefore more promptly available to patients. Olive 
polyphenols are also readily available for large 
medical applications and their cost of production is 
relatively low, if compared to biologics. Consistent 
to this, is the initiation of several clinical trials with 
other plant polyphenols. For instance, EGCG (green 
tea) is currently being tested in phase II trials for 
PD and early stage AD (Charite University, Berlin, 
Germany), also resveratrol is being tested in a 
phase II trial to improve memory performance in 
the elderly. Yet, no trial has currently been initiated 
with HT/olive polyphenols for neuroprotection.  
It is interesting to consider that the process of 
evolutionary reciprocal adaptation of plants and 
animals consuming them fostered the generation 
of a wide variety of bioactive phytochemicals, with 
concomitant development of novel detoxifying 
mechanisms and, as a consequence, adaptive stress 
signaling pathways in animal cells. Thus, the genetic 
variation underlying molecular diversity in enzymes 
involved in the production of phytochemicals 
as secondary plant metabolites was the co-
evolutionary consequence of the nutritional use of 

operate in vivo in the pathogenesis of PD (Goldstein et 
al, 2015). In AD, disruption of dopamine metabolism 
is associated with increasing oxidative stress 
conditions, in which highly reactive aldehydes,  such 
as 4-hydroxynonenal and malondialdehyde, are formed 
and which can  inhibit  aldehyde dehydrogenase 2 
(ALDH2). Consistent with this notion, as the soluble 
forms of oligomeric amyloid beta are involved in the 
loss of synaptic plasticity and memory, especially 
in early phases of Alzheimer’sdisease, interestingly, 
stimulation of dopamine D1/D5 receptors (D1R/D5R) 
increases surface expression of synaptic α-amino-3-
hydroxyl-5-methyl-4-isoxazole-propionate subtype 
glutamate and N-methyl-D-aspartate subtype glutamate 
receptors, thus facilitating the induction of the late 
phase of long-term potentiation (LTP), probably via 
a related mechanism. (Xiang et al, 2016). In addition, 
aberrant promoter methylation of multiple genes has 
been associated with increased AD risk in males. (Ji et 
al, 2016). Given these findings, viable HT /DOPET can 
be of value to reduce levels of DOPAL in AD patients. 
We speculate that this putative link between oxidative 
stress and the generation of endogenous will be 
important to further research focusing on mechanisms 
involved in neurotoxicity and neurodegeneration which 
are particularly relevant in the study of AD, as well as to 
PD and more in general in neuropsychiatric spectrum 
disorders.

CONCLUSIONS

Neurodegenerative disease pathogenesis is 
multifactorial, recognizing a complex combination 
of genetic and environmental factors. Some 
common, well established components, are 
oxidative stress and inflammation, where underlying 
molecular mechanisms such as toxic reactions, 
mitochondrial dysfunction, glutamate excitotoxicity 
and proteasomal alterations generally concur to 
activate apoptosis pathways and neuronal cell 
death. Polyphenol antioxidants have emerged as 
potential natural molecules with neuroprotective 
properties able therefore to treat neurodegenerative 
diseases. The majority of these natural compounds 
are not only active scavengers of free radical species 
and exert anti-inflammatory activities, but also 
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HO-1: heme oxygenase-1; CO: carbon monoxide; 
BR: bilirubin; OLE: oleuropein aglycone; HT: 
hydroxytyrosol; 6-OHDA: 6-hydroxydopamine; 
H2O2: hydrogen proxide; GSH: reduced 
glutathione; SOD2: mitochondrial superoxide 
dismutase; DOPET: 3,4-dihydroxyphenylethanol; 
DOPAL: 3,4-dihydroxyphenylacetaldehyde; 
ALDH2: aldehyde dehydrogenase 2; BACE-1: 
AβPP cleaving enzyme 1; TNF-α tumour necrosis 
factor α; , (IL)-1β:  interleukin-1β; IFN-g: 
interferon-γ; JNK: c-Jun NH2-terminal kinase; 
MAPKs: Mitogen-activated protein kinases; 
CREB: cyclic AMP response element-binding 
protein; NFkB: nuclear factor-kB; ETC: electron 
transport chain; SOD: superoxide dismutase; 
PRRs: Pathogen Recognition Receptors; PAMPs: 
Pathogen-associated molecular patterns; DAMPs: 
damage-associated molecular patterns; ASC: 
apoptotic speck containing protein with a CARD; 
CARD: Caspase recruit domain; AIM2: absent 
in melanoma-2; NLRP3: NOD-like receptor 
family, pyrin domain-containing-3; TLRs: Toll-
like Receptors;  CTLs: C-type lectins; AP-1: 
activator protein- 1; TNF-α: Tumor Necrosis 
Factor α; NFTs: intracellular neurofibrillary 
tangles; PUFAs: polyunsaturated fatty acids; 
HIF: hypoxia inducible factor; MAPK: mitogen-
activated protein kinase; MMPs: matrix 
metalloproteinase; Hcy: Hyperhomocysteine; 
6-OHDA: 6-hydroxydopamine; SIRT1: Silent 
Information Regulator Two; TrxR: thioredoxin 
reductase; UPR: unfolded protein response; Aβ: 
Amyloid-β peptide;  APP/PS1: amyloid precursor 
protein (APP)/ presenilin mice. 
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The land-mark paper published 80 years ago by Hans Selye, in which he introduced the concept 
of the general adaptation syndrome, set the scene of research into the biology of stress. However, the 
mechanism conferring to an individual the ability to efficiently cope with stress is still unclear. Here, we 
review the current knowledge of stress resilience. Animal research has indicated that active resilience is 
achieved through a mechanism of molecular adaptation finalized to counteract maladaptive molecular 
changes seen in susceptible animals, thus offering potential biomarkers of human resilience. Both early 
experiences and environmental conditions in adulthood can influence resilience. In preclinical research, 
those experimental paradigms have indicated a pivotal role of hippocampal glutamatergic synapses; 
its derangement could be an etiological determinant of psychiatric disorders. Finally, since epigenetic 
mechanisms are involved in conferring resiliency, in searching for pharmacotherapeutic interventions 
attention has been devoted to agents able to produce what has been termed as epigenetic allostasis.

INSIGHTS INTO STRESS RESILIENCE

A. CARUSO1, D. MANGO1,2, F. NICOLETTI1,3 and S. SCACCIANOCE1

1Department of Physiology and Pharmacology, University of Rome “Sapienza”, Rome, Italy 
2European Brain Research Institute, Rita Levi-Montalcini Foundation, Rome, Italy; 3I.N.M. 
Neuromed, Pozzilli, Italy

The 1980 movie Mon oncle d’Amérique 
Henri Laborit, directed by Alain Resnais, clearly 
demonstrated that the same stressor could have 
different outcomes, either stomach ulcers or no 
pathological problems. The aim of this review is to 
describe the present knowledge, originating from 
preclinical studies, on the biological mechanism 
characterizing the ability to efficiently cope with 
stress. 

Resilience can be defined as the ability of 
something to return to its original shape after it has 
been pulled, stretched, pressed or bent. In biomedical 
sciences, its meaning is not much different because it 
refers to the capacity of an individual to avoid negative 
social, psychological, and biological consequences 
of severe stress that would otherwise compromise 
their psychological or physical fitness (Russo et al, 
2012). Resilience has been identified as a protective 

factor against the development of mental disorders 
and a risk factor for a number of clinical conditions 
as it relates to post-traumatic stress disorder (PTSD) 
and major depressive disorder (MDD). Several 
human studies have indicated that resilience does 
not represent the absence of pathological responses 
that occur in susceptible individuals but an active, 
adaptive process (Charney, 2004; Feder et al, 2009). 
The former can be defined as passive resilience while 
the latter as active resilience.

ANIMAL RESEARCH

Experimental research in animal models has 
demonstrated that active resilience is achieved 
through a mechanism of molecular adaptation 
finalized to counteract maladaptive molecular 
changes seen in susceptible animals (McEwen et al, 
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studies on mice characterized by a good ability to 
avoid an inescapable stress led to the identification 
of substance P in the ventrolateral periaqueductal 
gray as a key factor involved in the resilience 
endophenotype (Berton et al, 2007). Other forms 
of stress were used in order to investigate the 
biochemical basis of resilience. For example, 
exposure of a rat to predator odor induces anxiety-
like behavior and increases acoustic startle response. 
Using this experimental approach, it has been 
demonstrated that the most behaviorally affected 
rats show a reduced neuropeptide Y expression in 
several brain areas  (Cohen et al, 2012). In rodents, 
chronic mild stress induces anhedonia-like behavior 
(as measured by reduced sucrose consumption). 
Combining this paradigm with structural magnetic 
resonance imaging and spectroscopy, Delgado et 
al. (Delgado y Palacios, 2011) demonstrated that 
subjects (ca. 30%) which did not exhibit behavioral 
disturbances did not show a reduction in hippocampal 
volume or alterations in glutamate metabolism, as 
instead observed in susceptible mice. The role of 
glutamate receptors in mechanisms of resilience to 
stress has been recently investigated by Carla Nasca 
and her colleagues in the lab of Prof. Bruce McEwen 
(Nasca et al, 2015). Their research describes a 
mechanism by which glucocorticoids, acting 
via mineralocorticoid receptors (MRs), decrease 
resilience to stress by down-regulating mGlu2 
receptors in the hippocampus. mGlu2 receptors 
exert an inhibitory control on glutamate release; 
hence, a reduced expression of mGlu2 receptors may 
result in an enhanced glutamate release. In addition, 
Nasca et al. (2015) were able to demonstrate the 
existence of an epigenetic link between MRs and 
mGlu2 receptors. More precisely, MRs inhibit K27 
acetylation of H3 histone mediated by the histone-
acetyltransferase (HAT), p300, on the GRM2 gene 
promoter, thereby reducing the expression of mGlu2 
receptors. 

Pro–resilience adaptation mechanisms have been 
examined using immediate-early gene activation. 
In particular, recent studies have shown a greater 
degree of c–Fos, FosB, or ΔFosB expression in 
glutamatergic neurons of the medial prefrontal cortex 
(PFC) (infralimbic, paralimbic PFC) of resilient 

2015). These studies not only provide mechanistic 
insight into the biological basis of active coping but 
could also indicate potential biomarkers of human 
resilience (Walker et al, 2016).

Research on the biochemical basis of resilience 
is hampered by strain and gender differences. For 
example, when C57BL6/J mice are subjected to 
social defeat, an experimental model widely used 
in rodents to explore the neurobiology of defeat-
induced depressive-like behaviors, resilience is 
observable in ~35% mice, whereas resilience 
is closer to 100% in other strains such as CD1 or 
FVB (Golden et al, 2011). Gender differences in the 
resilience profile have been observed in response 
to chronic unpredictable stress. This experimental 
condition induces depression-associated behaviors 
in female mice, whereas males are resilient because 
they do not develop these behavioral abnormalities 
(Hodes et al, 2015; LaPlant et al, 2009). However, 
the issue is intrigued by the recognition that in 
response to chronic restraint stress, stressed female 
rats performed better than males in spatial memory 
tasks (Conrad et al, 2003; Galea et al, 1997; Bowman 
et al, 2003). As a result, several studies have focused 
on the role of sexual hormones on different aspects 
of resilience (see Luine for a recent review on this 
topic). Before reviewing molecular and cellular 
mechanisms that underlie resilience in rodent 
models, it is necessary to offer a precise definition 
of resilience in experimental settings. Unfortunately, 
there is no unequivocal definition of resilience in 
animal studies. The group led by Eric Nestler in their 
seminal work defined resilience to chronic social 
defeat stress “as the absence of social avoidance, 
anhedonia, and metabolic syndrome, which are 
highly correlated with one another” (Russo et al, 
2012).  Evidence indicates that resilience is promoted 
by the ability/possibility to exert a form of “control” 
over cessation of the stress. For example, we have 
demonstrated that rats who learned how to avoid an 
electric foot-shock stimulation in a two-compartment 
shuttle box, resulted in an increase of hippocampal 
brain-derived neurotrophic factor (BDNF) although 
their plasma levels of corticosterone (an hormone 
that normally down regulates BDNF) were highly 
increased (Scaccianoce et al, 2003). Moreover, 



111European Journal of Neurodegenerative Diseases

their excitability. Corticotrophin-releasing hormone 
(CRH), expressed by, and secreted from the 
parvocellular neurons of the paraventricular nucleus 
(PVN) in the hypothalamus, is the key mediator 
of the neuroendocrine stress response. Sustained 
and prolonged activation of the CRH system has 
been linked to stress-related emotional disorders 
such as anxiety, anorexia nervosa and depression 
(Gold, 2015). After chronic social defeat stress, 
Crh gene expression is increased in the PVN of 
hypothalamus of susceptible adult mice, and this 
parallels the development of social avoidance. In 
contrast, in a subset of animals, termed “resilient 
for the lack of social avoidance”, the Crh gene 
is hypermethylated and silenced to prevent Crh 
induction (Elliot et al, 2010). Based on these results, 
it could be suggested that stress-induced changes in 
chromatin-regulating enzymes may modulate DNA 
methylation, reinforcing a link between experience-
based and epigenetic factor. Clearly, these findings 
offer a potential usefulness to understand stress 
vulnerabilities in humans and how the regulation of 
genomic DNA methylation of key stress-response 
genes may influence psychological susceptibility or 
resilience to environmental stressors (Zannas and 
West, 2014).

VULNERABILITY AND RESILIENCE IN 
INFANCY

There is no doubt that childhood trauma, 
particularly maltreatment, increases the risk for 
psychopathology (Maccari et al, 2016; Maccari 
et al, 2014; McLaughlin et al, 2013). The parent-
infant relationship is an important context for the 
characterization of very early risk and resilience 
factors and for the identification of new targets for 
the development of preventative interventions. In 
non-human primates, intermittent mother-offspring 
separation induces a behavioral and biochemical 
phenotype which is indicative of a better coping 
strategy towards stress, or, in other words, promotes 
resilience (Parker et al, 2004;  Parker et al, 2005). 
Of note, that intermittent exposure to early life 
stress induces resilience has been proposed by 
Levine and his colleagues in the mid-1950s (Levine 

mice following chronic predator or social defeat 
stress (Adamec et al, 2012; Covington et al, 2010). 
These data would suggest that increased neuronal 
activation within this brain region, as reflected by the 
expression of immediate early genes, might represent 
a pro-resilience adaptation. While an increased 
glutamatergic tone on medium spiny neurons in the 
nucleus accumbens (NAc) (i.e., increased frequency 
of excitatory currents and number of glutamatergic 
synapses) is associated with vulnerability to chronic 
social defeat stress, recent findings suggest a form of 
active resilience which counteracts this susceptibility 
mechanism (Christoffel et al, 2011; Vialou et al, 
2010). Specifically, ΔFosB induction in the NAc of 
resilient mice induces the expression of the GluA2 
subunit of AMPA receptors. This subunit restrains 
Ca2+ permeability of AMPA-gated ion channels, 
thereby decreasing the responsiveness of NAc 
neurons to glutamate. As hypothesized by Vialou 
and colleagues, this active neuroadaptation might 
render a salient stimulus, such as a novel mouse in 
the social defeat paradigm, less able to activate NAc 
neurons, thereby enabling goal-directed behavior 
to continue despite the stress (Vialou et al, 2010).  
The ventral tegmental area (VTA) and its forebrain 
projection regions, in particular the NAc, have 
been actively investigated in order to identify the 
molecular mechanisms underlying resilience. This 
VTA-NAc circuit plays a critical integrative role in 
reward- and emotion-related behaviors. In response 
to chronic social defeat stress, an experimental 
paradigm commonly used in rodents, the firing rate 
of VTA dopamine neurons is increased in susceptible 
mice, while it is unaffected in resilient subjects. By 
combining behavioral testing, gene knockdown, 
gene expression microarrays and electrophysiology, 
Krishnan and colleagues have demonstrated the 
presence of active, independent process occurring in 
resilient mice that normalizes VTA firing to control 
levels  (Krishnan et al, 2007). They found that in 
both susceptible and resilient mice, the hyper–
excitability of VTA dopamine neurons is mediated 
by induction of hyperpolarization–activated cation 
current (Ih). However, in resilient mice, they 
identified an increase of mRNAs encoding three K+ 
channels that hyperpolarize neurons, thus decreasing 
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the key neurochemical pathway responsible for the 
EE-dependent induction of psychological resilience 
to chronic social defeat (Lehmann and Herkenham, 
2011). Of note, recent research has stigmatized that 
the source of “enriching” stimuli may differentially 
affect the brain and behavior (Bardi et al, 2016; 
Lambert et al, 2016). Thus, the nature of elements 
placed in the complex environment (i.e., paper or 
plastic) must be carefully chosen in order to perform 
studies aimed at elucidating the relationship between 
EE conditions and biochemical and behavioral 
resilience.

THERAPEUTIC IMPLICATIONS

Without any doubt, the knowledge gained through 
the use of animal models raises the possibility to 
untangle the intricate mechanism conferring to 
an individual the ability to prevent or reverse the 
deleterious effect of stress. However, at present in 
the clinical setting the main therapeutic options are 
represented by the use of antidepressants frequently 
associated with psychological therapies, although 
in patients suffering from PTSD, evidence to 
support the use of pharmacotherapy combined with 
psychological therapy over either treatment method 
separately is insufficient (Hetrick et al, 2010;  Bisson 
et al, 2015). Pharmacological studies over the past 
decades have shed light on the mechanism(s) of 
action of antidepressant drugs. Nevertheless, data 
from preclinical studies have indicated that most of 
the stress-induced changes in gene expression are 
reversed by chronic imipramine treatment, and that 
resilient mice show patterns of chromatin regulation 
that overlap dramatically with those seen with 
imipramine treatment (Wilkinson et al, 2009). As 
described above, in a mouse model of resiliency it 
was possible to observe a specific ΔFosB induction 
in the NAc.  Interestingly, ΔFosB induction is also 
required for the ability of the standard antidepressant, 
fluoxetine, to reverse behavioral pathology induced 
by social defeat (Vialou et al, 2010). These 
findings raise the possibility that antidepressant 
drugs promote their clinical effect by inducing in 
depressed patients some of the adaptations naturally 
occurring in resilient individuals. Epigenetic 

et al, 1956; Levine and Moody, 2003). On this 
specific topic, several researches have used rodent 
models. For example, when maternal deprivation 
is combined with chronic unpredictable stress 
(CUS) in the juvenile age, the offspring shows a 
greater degree of behavioral resilience in respect to 
maternal deprivation alone or administration of CUS 
in adulthood (Rincon et al, 2012). Meaney and co-
workers have extensively investigated the effects 
of early maternal care in rats on the behavioral 
and neuroendocrine profile of the adult progeny 
(Francis and Meaney, 1999). More precisely, they 
focused on central (mainly hippocampal) regulation 
of the hypothalamic-pituitary-adrenal (HPA) axis, 
a neuroendocrine axis systematically studied over 
several decades by McEwen and colleagues. In 
particular, the latter group tackled key aspects, 
including how stress positively or negatively 
influences resilience (McEwen and Gianaros, 2011). 
On the other hand, the group led by Meaney has 
characterized several aspects related to mother-infant 
relationship: among them, they demonstrated that 
high levels of maternal care (licking/grooming and 
arched-back nursing) are associated with decreased 
DNA methylation of the glucocorticoid receptor 
gene, higher levels of glucocorticoid receptor 
expression, greater feedback inhibition of the HPA 
axis and resilient stress responses in adulthood 
(see Szyf et al, 2005  for a review). Notably, they 
also offered potential translational aspects that are 
based on socioeconomic context and childhood 
socioeconomic status (Hackman et al, 2010). 

ENVIRONMENTAL CONDITIONS AND 
RESILIENCE

Housing a rat in a context of “enriched 
environment” produces several biochemical and 
behavioral effects (Chapillon et al, 2002). In 
particular, enriched environmental (EE) housing 
reduces stress-induced alterations in neurobiological 
systems, promotes adaptability, and extinguishes 
submissive behavioral traits developed during 
social defeat stress (Schloesser et al, 2010; Takuma 
et al, 2011). An infralimbic cortex-dependent 
neuroanatomical pathway has been characterized as 

A. CARUSO ET AL.



113European Journal of Neurodegenerative Diseases

Bigio B, Mathé AA, Sousa VC, Zelli D, Svenningsson 
P, McEwen BS, Nasca C (2016) Epigenetics and energetics 
in ventral hippocampus mediate rapid antidepressant 
action: Implications for treatment resistance. Proc Natl 
Acad Sci U S A. Jul 12;113(28):7906-11. doi: 10.1073/
pnas.1603111113. Epub 2016 Jun 27.

Bisson JI, Cosgrove S, Lewis C, Robert NP (2015)  
Post-traumatic stress disorder. BMJ. Nov 26;351:h6161.
doi: 10.1136/bmj.h6161. 

Bowman RE, Beck KD, Luine VN (2003) Chronic 
stress effects on memory: sex differences in performance 
and monoaminergic activity. Horm Behav. 43:48-59.

Chapillon P, Patin V, Roy V, Vincent A, Caston J (2002) 
Effects of pre- and postnatal stimulation on developmental, 
emotional, and cognitive aspects in rodents: a review. Dev 
Psychobiol. 41: 373-87. 

Charney DS (2004) Psychobiological mechanisms of 
resilience and vulnerability: implications for successful 
adaptation to extreme stress. Am J Psychiatry. 161:195-
216. 

Christoffel DJ, Golden SA, Dumitriu D, Robison 
AJ et al and Russo SJ (2011) IκB kinase regulates social 
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mechanisms are involved in conferring resiliency 
(see above). Among possible pharmacotherapeutic 
interventions suitable for patients in whom stress 
is responsible for the induction of neuropsychiatric 
disorders, attention has been devoted to agents able 
to produce what has been termed epigenetic allostasis 
(McEwen et al, 2015). Among candidate drugs with 
such characteristics, considerable attention has 
been addressed to l-acetylcarnitine (LAC). Indeed, 
experiments conducted by Nasca and colleagues, 
have elucidated the possible mechanism of action of 
LAC (Bigio et al, 2016;  Lau et al, 2016; Nasca et al, 
2013). In particular, LAC enhances the acetylation 
of NF-ĸB-p65 subunit and H3 histone, thereby 
increasing transcription of the Grm2 gene encoding 
for the mGlu2 receptor in hippocampus and prefrontal 
cortex. These findings reinforce a pivotal role of 
malfunctioning glutamatergic synapses (i.e. reduced 
presynaptic negative feed-back tone) as an etiological 
determinant of psychiatric disorders. Although at 
present readily accessible biomarkers of resilience 
in humans are lacking, it could be concluded that 
if preclinical research will be so fruitful as it was 
in recent years, it might be possible to offer novel 
therapeutic targets as well as identify environmental 
factors threatening resilience in human beings. 
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Muscular dystrophies are heterogeneous, genetically based diseases affecting mainly skeletal muscle. 
The most severe form of this group of disorders is Duchenne muscular dystrophy (DMD), caused by 
mutations in the dystrophin gene leading to chronic local inflammation, muscle weakness and wasting, 
exhaustion of satellite cell pool and impaired regenerative capacity accounting for substitution of 
myofibres by connective and adipose tissue. DMD boys show progressive skeletal muscle damage 
finally resulting in paralysis and death, usually for cardiac and respiratory problems. Currently, there 
is no cure for DMD, but preclinical and clinical settings with different drugs are ongoing in order to 
ameliorate the course of the disease and delay the muscle degeneration. Autophagy is a proteolytic 
cell mechanism with a key role in the elimination of misfolded or aggregated proteins and damaged 
organelles. The autophagic process is constantly operating in skeletal muscle and maintaining its 
balance is fundamental in regulating tissue homeostasis: when highly activated, autophagy may be 
unfavorable and induce muscle wasting, while when switching off it can trigger weakness and muscle 
degeneration, following the unrestrained accumulation of damaged organelles and proteins. Recent 
studies have begun to investigate the role of dysfunctional autophagy in DMD pathogenesis, identifying 
the Akt-mTOR axis as one of the key pathways that are disregulated. However, the molecular events 
underlying this dysregulation need to be investigated further. Here, we provide evidence on the clinical 
potential of autophagy signalling in DMD. This picture may pave the way for the development of new 
strategies to boost muscle growth thus limiting dystrophic muscle damage.

THE THERAPEUTIC POTENTIAL OF AUTOPHAGY IN DUCHENNE MUSCULAR 
DYSTROPHY
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PATHOLOGY OF DYSTROPHIN DEFICIENCY

Duchenne muscular dystrophy (DMD) is a fatal 
X-linked disease due to a wide range of mutations 
in the dystrophin gene, the largest gene inside the 
human genome, and represents one of the most 

severe and diffuse type of muscular dystrophies with 
a high incidence (1 out of 3,500 newborns) (Govoni 
et al, 2013). At present, more than 4,700 mutations 
on dystrophin gene have been detected: deletions 
(65.8%) and duplications (13.6%) account for the 
majority of gene mutations, whereas point mutations 
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2010). In dystrophic condition, the repeated 
cycles of necrosis and regeneration exhaust the 
skeletal muscle regenerative potential leading 
to an inefficient process, ultimately resulting in 
satellite cell number drop and gradual substitution 
of muscle with fat and connective tissue. Thus, 
the loss of dystrophin is responsible for a chain of 
events reinforcing a progressive muscle wasting 
and weakness.

The integrity and the functionality of the 
sarcolemma is ensured by the multimeric 
dystrophin-associated glycoprotein complex; 
dystrophin constitutes the essential cytoskeletal 
scaffolding protein of this complex, recruiting 
crucial structural and signalling factors to the 
muscle membrane and creating a highly organized 
network. The dystrophin-associated glycoprotein 
complex consists of a large number of tissue 
specific transmembrane and peripheral proteins, 
including several sarcoplasmic proteins (α- and 
β-dystrobrevins, α1-, β1-, β2-, γ1-, and γ2-
syntrophins, and neuronal nitric oxide synthase 
(nNOS)), transmembrane proteins (β-dystroglycan, 
α-, β-, γ-, δ-, ɛ-, and ζ-sarcoglycans, sarcospan, 
and caveolin-3) and extracellular proteins 
(α-dystroglycan and laminin). During muscle 
contraction the sarcolemma of fibres is mechanically 
stabilized by a complex of glycoproteins associated 
to Dystrophin, acting there as a scaffold for other 
proteins implicated in intracellular signalling 
transduction (Straub and Campbell, 1997). The 
dystrophin-associated complex is composed of 
glycoproteins tightly connected to each other and 
any modification in one of these proteins affects the 
others, leading to different muscular defects.

In particular, the disruption of the dystrophin-
associated glycoprotein complex in DMD alters the 
localization of the nNOS in the sarcolemma, thus 
generating lower NO production. 

NO plays a crucial role in skeletal muscle 
physiology, balancing energy consumption and 
excitation-contraction coupling (De Palma and 
Clementi, 2012). The loss of sarcolemmal nNOS 
and, consequently, of the NO-dependent signalling 
pathways significantly reduces muscle bulk and 
force generation, causing increased fatigability (De 

(micro-insertions, microdeletions, nonsense, 
missense, and splicing mutations) represent the 
smaller part (20.6%) (Magri et al, 2011). In DMD 
muscles the dystrophin mutations typically create 
premature stop codons or change the reading frame 
of the gene resulting in the complete loss of the 
protein. Nonetheless, other mutations can generate 
smaller forms of dystrophin or can account for low 
protein production, thus leading to Becker muscular 
dystrophy (BMD), an allelic dystrophinopathy 
disorder less severe than DMD and affecting 1 of 
18,518 male births (Emery, 1991).

The diagnosis of DMD and BMD requires 
the analysis of clinical symptoms supported by 
additional tests such as muscle biopsy and genetic 
assays. Typically, DMD arises early, before the 
third year of age, manifesting ambulation loss 
between 10 and 14 years of age; usually patients 
die between 20 and 30 years of age (Davies et al, 
1988). In fact, reduced wall and lung compliance, 
hypoxemia, hypercapnia, and hypoventilation 
associated with diaphragm wasting (the most 
affected muscle in DMD) determines respiratory 
failure and relative death (Fayssoil et al, 2010; 
Mosqueira et al, 2013). Other muscles involved 
in DMD degeneration are the cardiac muscle and, 
to a small extent, smooth muscles (Fayssoil et al, 
2010; Mosqueira et al, 2013). Cardiomyopathy is a 
common trait of DMD disease (affecting more than 
90% of patients) (Fayssoil et al, 2010; Mosqueira et 
al, 2013) inducing a progressive impairment of the 
ejection fraction which might lead to arrhythmias 
and heart failure (Jefferies et al, 2005). Usually, the 
onset of cardiomyopathy in DMD patients starts 
from 18 years of age (Spurney, 2011; Politano 
and Nigro, 2012), whereas BMD patients show 
a stronger cardiac decline, in addition to skeletal 
muscle wasting (Bushby et al, 2010).

Dystrophic muscle fibres are more sensitive to 
eccentric contraction than their healthy counterparts 
(Lynch et al, 2000); in response to contractile 
stress, they undergo continued cycles of necrosis 
and regeneration processes during which satellite 
cells (the multipotent myogenic precursor pool into 
skeletal muscle fibres) trigger muscle regeneration 
(Le Grand and Rudnicki, 2007; Biressi and Rando, 
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except in the diaphragm muscle (Nakamura and 
Takeda, 2011). Respiratory complications are 
visible only in 16-month-old mice (Stedman et al, 
1991; Nakamura and Takeda, 2011) although the 
mdx mouse diaphragm reproduces the degenerative 
changes of DMD. Forced exercise worsened 
muscular phenotype in mdx, leading to a suitable 
experimental strategy to unravel the efficacy of new 
therapies in DMD.

Another interesting pathological feature is that the 
mdx mouse displays cardiomyopathy, characterized 
by fibrosis, necrosis and inflammation, resembling 
the cardiomyopathy in DMD-patients, thus 
representing a valid preclinical model to investigate 
cardio-protective pharmacological approaches 
(Quinlan et al, 2004).

ROLE OF AUTOPHAGY IN SKELETAL MUSCLE

Autophagy is a critical mechanism involved 
in the replacement of cell components both in 
constitutive and catabolic conditions, such as stress 
responses, nutrient deprivation, cytokines, amino 
acid deprivation. Autophagy is a physiological 
process to degrade cytoplasmic constituents, 
proteins, protein aggregates and whole organelles, 
and is also a regulator of cellular homeostasis. 
This process commonly protects the eukaryotic 
cells from death, and defective autophagy can be 
related to several human diseases including cancer, 
neurodegenerative diseases, infectious diseases, and 
metabolic diseases (Cervia et al, 2013; Jiang and 
Mizushima, 2014; Schneider and Cuervo, 2014). To 
date, three different mechanisms of autophagy have 
been described: macroautophagy, microautophagy 
and chaperone-mediated autophagy. The first one, 
usually simply referred to as autophagy, is the 
most common pathway in skeletal muscle, and is 
characterised by membranes that gradually grow 
in size to generate double membrane-structures 
called autophagosomes, that surround organelles, 
a small portion of cytosol or protein aggregates. 
In particular, during macroautophagy, small 
ubiquitin-like proteins (LC3, GABARAP, GATE-
16, and ATG12) are required for the formation of 
autophagosomes, and these are covalently bound 

Palma and Clementi, 2012). Another consequence 
of nNOS loss in the sarcolemma region is the 
increase of muscle activity-related injury and 
damage, and the increased risk of ischemia during 
exercise (Thomas, 2013).

Mouse models
Different mouse models have been generated to 

deep inside the DMD physiopathology, characterized 
by mutations in different loci within the dystrophin 
gene. The mdx mouse model of DMD is generated 
on a C57BL/10ScSn genetic background 
(C57BL/10ScSn-Dmdmdx, referred as “mdx mouse”) 
(Coulton et al, 1988) carrying a point mutation in 
exon 23, generating an early stop codon causing the 
absence of full-length dystrophin (Willmann et al, 
2009). The other models of DMD are the mdx2cv, 
mdx3cv, mdx4cv, or mdx5cv mouse (Im et al, 1996), 
mdx52 with mutation on exon 52 (Araki et al, 1997), 
and mdx/utr-/- (mdx mouse with additional knockout 
of utrophin), which are characterized by different 
mutations (Deconinck et al, 1997). 

The mdx mouse model of DMD is the most 
widely studied (Nakamura and Takeda, 2011) as it 
resembles the human pathology where the mutation 
on exon 23 is present in one-third of DMD patients 
(Willmann et al, 2009).The mdx mice show a shorter 
life compared to wild type and decreased relative 
muscle force, whereas the absolute muscle force 
is not affected. Muscles isolated from mdx mice 
belonging to different experimental groups show 
a reduced contractility force, although this type of 
analysis requires standardization. Young mdx mice 
(2-4 weeks) are characterized by degeneration, 
regeneration and necrosis resulting in increased 
number of regenerating-centronucleated fibres and 
in heterogeneous myofibre structures (McGeachie 
et al, 1993). Starting from 18 months, muscles of 
mdx mice show large areas of necrotic fibres that 
can be found at any age with very high frequency 
(Nakamura and Takeda, 2011). Muscles of mdx mice 
are characterized by frequent cycles of necrosis/
regeneration, associated with weakness and muscle 
loss. These cycles of regeneration lead to a milder 
muscle phenotype than in human patients. Fibrosis 
appears at a lower extent compared to DMD patients, 
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demonstrating that autophagy is crucial also for the 
correct arrangement of microtubules, which are in 
turn essential for the formation and movement of 
autophagosomes (Raben et al, 2008). 

Furthermore, in other studies it has been seen 
that autophagy-lysosome system was enhanced 
when the transcription of FoxO3 was upregulated, 
especially during muscle wasting enhancing the 
autophagy process and starting atrophy.(Mammucari 
et al, 2007). Interestingly, a new study showed that 
mice lacking the nutrient-deprivation autophagy 
factor-1 displayed muscle weakness, connected 
with an enhanced basal autophagy, dysregulation 
of calcium flux and accumulation of elongated 
mitochondria (Chang et al, 2012). Therefore, based 
on these results, the dual role appears evident of 
the autophagy-lysosome system in skeletal muscle 
homeostasis: at high levels it can be harmful and 
contribute to muscle degeneration, while at low 
levels it can cause weakness and wasting, due to 
the inefficient removal of damaged proteins and 
dysfunctional organelles (Sandri, 2010; Sandri et al, 
2013). Accordingly, a correct autophagic process is 
essential for both functional skeletal muscle, which 
controls the support and movement of the skeleton, 
and muscle metabolism (Neel et al, 2013).

DMD AND AUTOPHAGY IMPAIRMENT

To investigate whether a connection exists 
between disregulated autophagy and degenerative 
muscle disease, genetic studies of muscular dystrophy 
have been carried out (Neel et al, 2013; Sandri et al, 
2013). The findings of the last 5 years have greatly 
enhanced our understanding of the role of defective 
autophagy in different forms of inherited muscular 
dystrophies, including Bethlem myopathy, Ullrich 
congenital muscular dystrophy, merosin-deficient 
congenital muscular dystrophy, and Emery-Dreyfuss 
muscular dystrophy (Sandri et al, 2013).

The fact that deficient autophagy is involved in 
DMD pathogenesis was initially postulated. When 
autophagy is reduced, cyto-pathological hallmarks 
of DMD are often observed, such as the presence 
of swollen and damaged mitochondria, protein 
aggregation, and distension of sarcoplasmic reticulum 

to phosphatidylethanolamine. Initially, autophagy 
was considered as a non-selective degradation 
mechanism, but it is now clear that selective forms of 
autophagy exist. For example, removal of damaged 
mitochondria and peroxisomes represent two specific 
types of autophagy, that are known as mytophagy 
and pexofagy, respectively 

Muscle damage 
The role of autophagy in skeletal muscle has been 

recently investigated (Sandri, 2010; Neel et al, 2013). 
Muscle mass constitutes 40-50% of the human body 
and represents one of the major sites for checking 
metabolism. Recent data suggest that excessive 
protein degradation in the skeletal muscle is harmful 
for the maintenance of muscle mass and it can lead 
to death. In order to identify the role of autophagy 
in muscles, many studies have been performed on 
mice with muscle-specific inactivation of autophagic 
genes (Sandri, 2010; Neel et al, 2013). Briefly, 
specific removal of Atg7 gene causes a pathological 
phenotype characterised by accumulation of 
protein aggregates and polyubiquitinated proteins, 
presence of abnormal mitochondria and concentric 
membranous structures, that are assembled between 
the myofibrils or under the sarcolemma, enhanced 
oxidative stress and activation of unfolded protein 
response (Masiero et al, 2009). These effects lead 
to muscle weakness, atrophy and other marks 
of myopathy, such as an irregular distribution 
of fiber shape, as well as fibres with fragmented 
and vacuolated cytosol. Generally, lack of basal 
autophagy in muscle enhances the accumulation 
of damaged and dysfunctional mitochondria, 
suggesting that mitophagy, which is critical to 
maintain muscle homeostasis, is impaired (Masiero 
et al, 2009). Furthermore, muscle-specific Atg5 
knockout mice displayed an atrophic phenotype in 
the fast fibres (II type), associated to accumulation of 
autophagic substrates, as for instance ubiquitinated 
proteins (Raben et al, 2008). In addition, in fast 
muscles fibres of Atg5-/- mice, the size and density 
of lysosomes result increased and their distribution 
is unexpectedly altered, as well as the distribution 
of microtubules. In fact, microtubules displayed a 
more linear organisation than the wild-type mice, 
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4-carboxamide-1-β-d-ribofuranoside) (Pauly 
et al, 2012), confirmed the beneficial effects of 
activating autophagy in mdx mice. The autophagy 
is significantly activated by AICAR treatment, as 
indicated by the characteristic biochemical changes 
of increased lipidated LC3 content, an up-regulation 
of other prototypical autophagy-associated proteins, 
and to significant improvements in both muscle 
structure and maximum force-generating capacity 
(Pauly et al, 2012).

After behavioral studies, it has been shown that 
voluntary exercise in mdx mice enhances markers 
of autophagy to or above the levels observed 
in healthy mice, thus suggesting that beneficial 
autophagy can be induced by exercise (Hulmi et al, 
2013). In agreement with these data, fasting induced 
autophagy in diaphragms of wild-type and mdx mice 
(Spitali et al, 2013). It is interesting to underline that 
in mdx mice the capacity of upregulating autophagy 
appears selective to certain muscles: tibialis anterior 
muscle of mdx mice are unable to enhance autophagy 
in response to fasting, which induces autophagy in 
wild-type mouse tibialis anterior muscle.

Molecular features
The persistent activation of the Akt-mTOR axis 

and its related autophagy-inhibiting pathways is 
another feature of the defect in autophagy of mdx 
mouse muscles, and the coincident downregulation 
of several autophagy-inducing genes. (Dogra et 
al, 2006; Peter and Crosbie, 2006; De Palma et 
al, 2012). Indeed, during pre-necrotic stages of 
disease pathogenesis, Akt activation occurs with a 
progressive increase with disease aggravation (Peter 
and Crosbie, 2006). The mTOR-dependent pathways 
is in turn stimulated from this high activation of Akt 
while the mTOR-independent axis is not significantly 
altered (Dogra et al, 2006; Peter and Crosbie, 2006).

The effects of the mTOR-targeting, 
immunosuppressant drug rapamycin demonstrates 
the involvement of the mTOR axis in the pathogenesis 
of mdx mice. The onset of histopathological features 
of dystrophy has been shown after the treatment with 
oral or injected rapamycin (Eghtesad et al, 2011) 
and the rapamycin-loaded nanoparticle treatment 
increases skeletal muscle strength in both young and 

(Culligan et al, 2002; Zhao et al, 2007). In muscles 
from mdx mice and dystrophin-deficient primary 
myotubes, activation of Akt was significantly higher 
therefore proposing a defective autophagic process 
(Dogra et al, 2006; Peter and Crosbie, 2006). DMD 
patients were found to exhibit a similar pattern of 
Akt activation in accordance with these observations 
(Peter and Crosbie, 2006).

Recent studies investigated the causal relationship 
between DMD pathogenesis and dysfunctional 
autophagy. Biochemical and ultrastructural analyses 
in muscles from patients affected by DMD and mdx 
mice definitely demonstrated a serious impairment 
of autophagy. A significant reduction in the lipidated 
form of the protein LC3, which is a common 
marker of autophagy induction, was shown in 
these muscles (De Palma et al, 2012; Bibee et al, 
2014). The diminution in lipidated LC3 has been 
found to be associated by actual signs of impaired 
autophagy at the ultrastructural level, i.e. by the 
existence of damaged organelles, anincrease in the 
signalling adaptor p62 protein (a marker inversely 
correlated with autophagic flux), and the decrease 
of Bnip3, a mitochondrial protein which recruits 
LC3 to mitochondria (De Palma et al, 2012; Bibee 
et al, 2014). Other studies shed light on a role for 
the TNF receptor-associated factor 6 (TRAF6) as 
an important regulator of autophagy. The activity 
of TRAF6 in skeletal muscle of mdx mice is 
increased and its absence correlates with a reduced 
autophagy (Hindi et al, 2014). The same study also 
reported that, at later stages of disease progression, 
the inhibition of TRAF6 signalling deteriorates 
muscle pathology but it has been thus hypothesised 
that the initial inhibition of autophagy in young 
mdx mice in the absence of TRAF6 gene may be a 
protective mechanism to preserve skeletal muscle 
mass. Autophagy emerges therefore as an essential 
process for the clearance of dead cellular organelles 
and an enduring inhibition of autophagy amplifies 
dystrophic phenotype (Hindi et al, 2014). The 
overexpression of peroxisome proliferator-activated 
receptor γ coactivator 1α (PGC-1a), an important 
mediator of muscle plasticity (Hollinger et al, 2013) 
and the treatment with a drug against the energy 
sensor AMPK, i.e. AICAR (5-aminoimidazole-
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use to degrade and recycle intracellular components. 
Therefore, its increase may mean an adaptive 
response to endeavor to rid dystrophic myofibres 
of detrimental and/or defective constituents e.g. 
dysfunctional mitochondria (Ljubicic and Jasmin, 
2013). Given the above evidence, the autophagic 
machinery in mdx mice is more complex than in 
wild-type mice, and for this reason a systematic 
analysis is necessary in order to be able to give a 
detailed characterization of each stage of disease 
progression. 

DMD: THERAPEUTIC EFFECTS OF 
CORRECTIVE AUTOPHAGY

DMD is a progressive, life-limiting muscle-
wasting disease for which no curative treatment 
is yet available. Different therapeutic approaches 
are being studied. Standard management of DMD 
requires multidisciplinary care that includes the use 
of corticosteroids as well as respiratory, cardiac and 
orthopedic interventions. Corticosteroids slow the 
progression of muscle weakness and delay some 
of the complications of the disease, but they do not 
treat or correct the underlying causes of DMD. The 
use of corticosteroids comes with a high frequency 
of significant side effects, including behavioural 
change, obesity, immune suppression and bone 
demineralization (Bushby et al, 2010). These effects 
are often temporary and correlate with important side 
effects: more than 25% of patients are not treated 
with glucocorticoids due to adverse effects (obesity, 
immune suppression, bone demineralization, 
negative behavioural changes, lack of response) 
(Bushby et al, 2010). This strongly indicates an 
urgent need for new clinical interventions for DMD 
patients.

At present, the genetic approaches, e.g viral 
vector-mediated gene delivery, exon skipping and 
cell therapy (Pichavant et al, 2011; Mendell et al, 
2012), are being investigated and some of them 
have been granted orphan status by either the 
European Medicines Agency or the Food and Drug 
Administration.  

These approaches cannot fully repair the damage 
caused by the disease to the muscle, therefore 

adult mice and has been shown to simultaneously 
increase mTOR-dependent autophagy (Bibee et 
al, 2014). Constantly, a long-term low-protein diet 
reactivates autophagy in muscle fibres of mdx mice 
treated with increased lipidation of LC3, reduced 
levels of p62, normalization of Akt and mTOR 
signalling, a reduced accumulation of damaged 
organelles, and a significant recovery of muscle 
inflammation, fibrosis, myofibre damage and muscle 
function (De Palma et al, 2012). The regenerating 
ability of mdx mouse muscle is preserved by the long-
term low-protein diet, therefore the physiological 
levels of autophagy maintain the number and 
function of myogenic precursor cells.

There are still some controversies and issues 
remaining to be solved to shed light on the complete 
picture. The advancing of age with a reduction in 
mTOR signalling in dystrophic muscles is correlated 
in a study on Akt-mTOR axis activation in very old 
mdx mice (Mouisel et al, 2010).

In another study it is reported that autophagy 
levels and Akt axis activation in mdx mice is similar 
to wild-type control mice (Spitali et al, 2013). 
Instead it was also reported that in diaphragm 
muscles of wild-type mice, but not in mdx mice, 
mTOR activation is increased by age, while similar 
levels of mTOR activation were found in tibialis 
anterior muscles (Eghtesad et al, 2011). Although 
difficult to reconcile, these data may be explained 
by the existence of different confounding factors, 
for instance the extensive muscle regeneration of 
mdx mice between 6 and 12 weeks. In addition, the 
regulation of autophagy in mdx mice may vary in 
different muscle types (Spitali et al, 2013), with the 
glycolytic muscles showing more vesicle formation 
than oxidative muscles (Mizushima et al, 2004). 
Autophagy can also be triggered without the direct 
participation of mTOR mechanisms. Indeed, in 
AICAR-treated mdx mice there was significant 
upregulation of Ulk1 and an increased expression 
of Bnip3 independent of mTOR inhibition (Pauly 
et al, 2012). It has been thus proposed that TNF 
receptor-associated factor 6 (TRAF6) regulation of 
Akt signaling is independent of TRAF6 regulation of 
autophagy (Hindi et al, 2014). Autophagy is the main 
regulated catabolic mechanism that eukaryotic cells 
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also be used in combination with corticosteroids 
to act as steroid sparing drugs, reducing their toxic 
effects. A very recent and noteworthy clinical study 
suggests that also in humans a strategy of autophagy 
reactivation is applicable. This study, indeed, shows 
a clear induction of autophagy with a low protein 
diet regimen in muscles from Becker and Ulrich 
patients (Merlini and Nishino, 2014).

CONCLUSIONS

The dysregulation of autophagy has emerged as 
a key event involved in the pathogenesis of several 
muscular dystrophies. Indeed, a normalization of 
this process by pharmacological approaches leads 
to an amelioration of the dystrophic phenotype. At 
present, the drugs targeting autophagy have good 
perspective in terms of therapy, however, in order 
to design selected modulating drugs it is necessary 
to refine them and to identify specific targets in the 
autophagic pathway. 

REFERENCES

Araki E, Nakamura K, Nakao K, Kameya S, Kobayashi 
O, Nonaka I, Kobayashi T, Katsuki M (1997) Targeted 
disruption of exon 52 in the mouse dystrophin gene induced 
muscle degeneration similar to that observed in Duchenne 
muscular dystrophy. Biochem Biophys Res Commun 238: 
492-497.

Bibee KP, Cheng YJ, Ching JK, Marsh JN, Li AJ, Keeling 
RM, Connolly AM, Golumbek PT, Myerson JW, Hu G, 
Chen J, Shannon WD, Lanza GM, Weihl CC, Wickline SA 
(2014) Rapamycin nanoparticles target defective autophagy 
in muscular dystrophy to enhance both strength and cardiac 
function. Faseb J 28: 2047-2061.

Biressi S, Rando TA (2010) Heterogeneity in the muscle 
satellite cell population. Semin Cell Dev Biol 21: 845-854.

Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, 
Cripe L, Kaul A, Kinnett K, McDonald C, Pandya S, Poysky 
J, Shapiro F, Tomezsko J, Constantin C (2010) Diagnosis 
and management of Duchenne muscular dystrophy, part 
1: diagnosis, and pharmacological and psychosocial 
management. Lancet Neurol 9: 77-93.

identification of suitable therapeutic targets is 
needed. A possible strategy could be the modulation 
of autophagy in order to delay muscle degeneration. 
The first pharmacological approach involves the 
role of AICAR. The beneficial effects of AICAR 
in dystrophic muscle may be due to a well-known 
effect in stimulating the slow, oxidative phenotype 
(Ljubicic et al, 2011). It may also be due to induction 
of autophagic pathways, since AICAR stimulates the 
removal of damaged mitochondria via mitophagy 
(Pauly et al, 2012). The AICAR-activated AMPK 
ameliorated phenotypic and functional features 
of dystrophic muscle (Pauly et al, 2012). AMPK 
pharmacological agonists are clinically approved 
and AICAR has been tested for ischemic damage 
in the heart and used in clinical trials for metabolic 
disorder.

Bibee and co-workers have proposed a second 
pharmacological approach that targets autophagy 
(Bibee et al, 2014) in which rapamycin-loaded 
nanoparticles (RNPs) were used to successfully 
enhance grip strength and the left-ventricular ejection 
fraction in mdx mice. This approach ameliorated both 
physical and cardiac performance. These effects with 
RNPs have been obtained after administration of only 
8 doses of RNPs, with the final dose within the range 
of recommended oral doses for immune-suppressive 
therapy in patients. Moreover, oral administration of 
rapamycin at pharmacological doses had no effect on 
muscle strength. It would seem that the way RNPs 
worked was via autophagy induction, dependent on 
nanoparticle delivery of the drug: rapamycin was 
locally delivered at high concentration, thus enabling 
autophagy to be triggered (Bibee et al, 2014). It 
should also be noted that corticosteroids induce 
autophagy in mdx mice, thus contributing to their 
beneficial effects. However autophagy cannot be 
envisaged as a stand-alone therapeutic option but in 
combination with pharmacological treatment and cell 
and gene therapies. In this respect, a low protein diet 
regimen has been shown to be safely usable in the 
treatment of DMD patients (De Palma et al, 2012). 
A low protein diet has been demonstrated safe and 
useful also in Col6a1-deficient mouse, considered an 
animal model of Bethlem myopathy (Grumati et al, 
2010). Moreover, RPNs and a low protein diet might 



124 I. DI RENZO ET AL.

neuromuscular diseases--a world survey. Neuromuscul 
Disord 1: 19-29.

Fayssoil A, Nardi O, Orlikowski D, Annane D (2010) 
Cardiomyopathy in Duchenne muscular dystrophy: pathogenesis 
and therapeutics. Heart Fail Rev 15: 103-107.

Govoni A, Magri F, Brajkovic S, Zanetta C, Faravelli I, 
Corti S, Bresolin N, Comi GP (2013) Ongoing therapeutic 
trials and outcome measures for Duchenne muscular 
dystrophy. Cell Mol Life Sci 70: 4585-4602.

Grumati P, Coletto L, Sabatelli P, Cescon M, Angelin 
A, Bertaggia E, Blaauw B, Urciuolo A, Tiepolo T, Merlini 
L, Maraldi NM, Bernardi P, Sandri M, Bonaldo P (2010) 
Autophagy is defective in collagen VI muscular dystrophies, 
and its reactivation rescues myofiber degeneration. Nat Med 
16: 1313-1320.

Hindi SM, Sato S, Choi Y, Kumar A (2014) Distinct roles 
of TRAF6 at early and late stages of muscle pathology in 
the mdx model of Duchenne muscular dystrophy. Human 
Molecular Genetics 23: 1492-1505.

Hollinger K, Gardan-Salmon D, Santana C, Rice D, 
Snella E, Selsby JT (2013) Rescue of dystrophic skeletal 
muscle by PGC-1alpha involves restored expression of 
dystrophin-associated protein complex components and 
satellite cell signaling. Am J Physiol Regul Integr Comp 
Physiol 305: R13-23.

Hulmi JJ, Oliveira BM, Silvennoinen M, Hoogaars WM, 
Pasternack A, Kainulainen H, Ritvos O (2013) Exercise 
restores decreased physical activity levels and increases 
markers of autophagy and oxidative capacity in myostatin/
activin-blocked mdx mice. Am J Physiol Endocrinol Metab 
305: E171-182.

Im WB, Phelps SF, Copen EH, Adams EG, Slightom JL, 
Chamberlain JS (1996) Differential expression of dystrophin 
isoforms in strains of mdx mice with different mutations. 
Hum Mol Genet 5: 1149-1153.

Jefferies JL, Eidem BW, Belmont JW, Craigen WJ, Ware 
SM, Fernbach SD, Neish SR, Smith EO, Towbin JA (2005) 
Genetic predictors and remodeling of dilated cardiomyopathy 
in muscular dystrophy. Circulation 112: 2799-2804.

Jiang P, Mizushima N (2014) Autophagy and human 
diseases. Cell Res 24: 69-79.

Le Grand F, Rudnicki MA (2007) Skeletal muscle satellite 
cells and adult myogenesis. Curr Opin Cell Biol 19: 628-633.

Cervia D, Perrotta C, Moscheni C, De Palma C, Clementi 
E (2013) Nitric oxide and sphingolipids control apoptosis and 
autophagy with a significant impact on Alzheimer’s disease. 
J Biol Regul Homeost Agents 27: 11-22.

Chang NC, Nguyen M, Bourdon J, Risse PA, Martin 
J, Danialou G, Rizzuto R, Petrof BJ, Shore GC (2012) 
Bcl-2-associated autophagy regulator Naf-1 required for 
maintenance of skeletal muscle. Hum Mol Genet 21: 2277-
2287.

Coulton GR, Curtin NA, Morgan JE, Partridge TA 
(1988) The mdx mouse skeletal muscle myopathy: II. 
Contractile properties. Neuropathol Appl Neurobiol 14: 
299-314.

Culligan K, Banville N, Dowling P, Ohlendieck K (2002) 
Drastic reduction of calsequestrin-like proteins and impaired 
calcium binding in dystrophic mdx muscle. J Appl Physiol 
92: 435-445.

Davies KE, Smith TJ, Bundey S, Read AP, Flint T, Bell 
M, Speer A (1988) Mild and severe muscular dystrophy 
associated with deletions in Xp21 of the human X 
chromosome. J Med Genet 25: 9-13.

De Palma C, Clementi E (2012) Nitric Oxide in 
Myogenesis and Therapeutic Muscle Repair. Molecular 
Neurobiology 1-11.

De Palma C, Morisi F, Cheli S, Pambianco S, Cappello 
V, Vezzoli M, Rovere-Querini P, Moggio M, Ripolone M, 
Francolini M, Sandri M, Clementi E (2012) Autophagy as a 
new therapeutic target in Duchenne muscular dystrophy. Cell 
Death Dis 3: e418.

Deconinck AE, Rafael JA, Skinner JA, Brown SC, 
Potter AC, Metzinger L, Watt DJ, Dickson JG, Tinsley 
JM, Davies KE (1997) Utrophin-dystrophin-deficient 
mice as a model for Duchenne muscular dystrophy. Cell 
90: 717-727.

Dogra C, Changotra H, Wergedal JE, Kumar A (2006) 
Regulation of phosphatidylinositol 3-kinase (PI3K)/Akt and 
nuclear factor-kappa B signaling pathways in dystrophin-
deficient skeletal muscle in response to mechanical stretch. 
J Cell Physiol 208: 575-585.

Eghtesad S, Jhunjhunwala S, Little SR, Clemens PR 
(2011) Rapamycin ameliorates dystrophic phenotype in mdx 
mouse skeletal muscle. Mol Med 17: 917-924.

Emery AE (1991) Population frequencies of inherited 



125European Journal of Neurodegenerative Diseases

nutrient starvation using transgenic mice expressing a fluorescent 
autophagosome marker. Mol Biol Cell 15: 1101-1111.

Mosqueira M, Zeiger U, Forderer M, Brinkmeier H, Fink 
RH (2013) Cardiac and respiratory dysfunction in Duchenne 
muscular dystrophy and the role of second messengers. Med 
Res Rev 33: 1174-1213.

Mouisel E, Vignaud A, Hourde C, Butler-Browne G, 
Ferry A (2010) Muscle weakness and atrophy are associated 
with decreased regenerative capacity and changes in mTOR 
signaling in skeletal muscles of venerable (18-24-month-old) 
dystrophic mdx mice. Muscle Nerve 41: 809-818.

Nakamura A, Takeda S (2011) Mammalian models of 
Duchenne Muscular Dystrophy: pathological characteristics 
and therapeutic applications. J Biomed Biotechnol 2011: 
184393.

Neel BA, Lin Y, Pessin JE (2013) Skeletal muscle 
autophagy: a new metabolic regulator. Trends Endocrinol 
Metab 24: 635-643.

Pauly M, Daussin F, Burelle Y, Li T, Godin R, Fauconnier 
J, Koechlin-Ramonatxo C, Hugon G, Lacampagne A, Coisy-
Quivy M, Liang F, Hussain S, Matecki S, Petrof BJ (2012) 
AMPK activation stimulates autophagy and ameliorates 
muscular dystrophy in the mdx mouse diaphragm. Am J 
Pathol 181: 583-592.

Peter AK, Crosbie RH (2006) Hypertrophic response 
of Duchenne and limb-girdle muscular dystrophies is 
associated with activation of Akt pathway. Exp Cell Res 312: 
2580-2591.

Pichavant C, Aartsma-Rus A, Clemens PR, Davies KE, 
Dickson G, Takeda S, Wilton SD, Wolff JA, Wooddell CI, 
Xiao X, Tremblay JP (2011) Current status of pharmaceutical 
and genetic therapeutic approaches to treat DMD. Mol Ther 
19: 830-840.

Politano L, Nigro G (2012) Treatment of 
dystrophinopathic cardiomyopathy: review of the literature 
and personal results. Acta Myol 31: 24-30.

Quinlan JG, Hahn HS, Wong BL, Lorenz JN, Wenisch 
AS, Levin LS (2004) Evolution of the mdx mouse 
cardiomyopathy: physiological and morphological findings. 
Neuromuscul Disord 14: 491-496.

Raben N, Hill V, Shea L, Takikita S, Baum R, Mizushima N, 
Ralston E, Plotz P (2008) Suppression of autophagy in skeletal 
muscle uncovers the accumulation of ubiquitinated proteins and 

Ljubicic V, Jasmin BJ (2013) AMP-activated protein 
kinase at the nexus of therapeutic skeletal muscle plasticity 
in Duchenne muscular dystrophy. Trends Mol Med 19: 614-
624.

Ljubicic V, Miura P, Burt M, Boudreault L, Khogali S, 
Lunde JA, Renaud JM, Jasmin BJ (2011) Chronic AMPK 
activation evokes the slow, oxidative myogenic program and 
triggers beneficial adaptations in mdx mouse skeletal muscle. 
Hum Mol Genet 20: 3478-3493.

Lynch GS, Rafael JA, Chamberlain JS, Faulkner JA (2000) 
Contraction-induced injury to single permeabilized muscle 
fibres from mdx, transgenic mdx, and control mice. Am J 
Physiol Cell Physiol 279: C1290-1294.

Magri F, Govoni A, D’Angelo MG, Del Bo R, Ghezzi 
S, Sandra G, Turconi AC, Sciacco M, Ciscato P, Bordoni 
A, Tedeschi S, Fortunato F, Lucchini V, Bonato S, Lamperti 
C, Coviello D, Torrente Y, Corti S, Moggio M, Bresolin N, 
Comi GP (2011) Genotype and phenotype characterization in 
a large dystrophinopathic cohort with extended follow-up. J 
Neurol 258: 1610-1623.

Mammucari C, Milan G, Romanello V, Masiero E, 
Rudolf R, Del Piccolo P, Burden SJ, Di Lisi R, Sandri C, 
Zhao J, Goldberg AL, Schiaffino S, Sandri M (2007) FoxO3 
controls autophagy in skeletal muscle in vivo. Cell Metab 6: 
458-471.

Masiero E, Agatea L, Mammucari C, Blaauw B, Loro E, 
Komatsu M, Metzger D, Reggiani C, Schiaffino S, Sandri M 
(2009) Autophagy is required to maintain muscle mass. Cell 
Metab 10: 507-515.

McGeachie JK, Grounds MD, Partridge TA, Morgan JE 
(1993) Age-related changes in replication of myogenic cells 
in mdx mice: quantitative autoradiographic studies. J Neurol 
Sci 119: 169-179.

Mendell JR, Rodino-Klapac L, Sahenk Z, Malik V, 
Kaspar BK, Walker CM, Clark KR (2012) Gene therapy 
for muscular dystrophy: lessons learned and path forward. 
Neurosci Lett 527: 90-99.

Merlini L, Nishino I (2014) 201st ENMC International 
Workshop: Autophagy in muscular dystrophies - Translational 
approach, 1-3 November 2013, Bussum, The Netherlands. 
Neuromuscul Disord 24: 546-561.

Mizushima N, Yamamoto A, Matsui M, Yoshimori T, 
Ohsumi Y (2004) In vivo analysis of autophagy in response to 



126 I. DI RENZO ET AL.

Panettieri RA, Petrof B, Narusawa M, Leferovich JM, 
Sladky JT, Kelly AM (1991) The mdx mouse diaphragm 
reproduces the degenerative changes of Duchenne muscular 
dystrophy. Nature 352: 536-539.

Straub V, Campbell KP (1997) Muscular dystrophies 
and the dystrophin-glycoprotein complex. Curr Opin 
Neurol 10: 168-175.

Thomas GD (2013) Functional muscle ischemia 
in Duchenne and Becker muscular dystrophy. Front 
Physiol 4: 381.

Willmann R, Possekel S, Dubach-Powell J, Meier 
T, Ruegg MA (2009) Mammalian animal models for 
Duchenne muscular dystrophy. Neuromuscul Disord 19: 
241-249.

Zhao J, Brault JJ, Schild A, Cao P, Sandri M, Schiaffino 
S, Lecker SH, Goldberg AL (2007) FoxO3 coordinately 
activates protein degradation by the autophagic/lysosomal 
and proteasomal pathways in atrophying muscle cells. Cell 
Metab 6: 472-483.

their potential role in muscle damage in Pompe disease. Hum 
Mol Genet 17: 3897-3908.

Sandri M (2010) Autophagy in skeletal muscle. FEBS 
Lett 584: 1411-1416.

Sandri M, Coletto L, Grumati P, Bonaldo P (2013) 
Misregulation of autophagy and protein degradation systems 
in myopathies and muscular dystrophies. J Cell Sci 126: 
5325-5333.

Schneider JL, Cuervo AM (2014) Autophagy and 
human disease: emerging themes. Curr Opin Genet Dev 
26C: 16-23.

Spitali P, Grumati P, Hiller M, Chrisam M, Aartsma-Rus 
A, Bonaldo P (2013) Autophagy is Impaired in the Tibialis 
Anterior of Dystrophin Null Mice. PLoS Curr 5: 

Spurney CF (2011) Cardiomyopathy of Duchenne 
muscular dystrophy: current understanding and future 
directions. Muscle Nerve 44: 8-19.

Stedman HH, Sweeney HL, Shrager JB, Maguire HC, 




