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Ageing is the main risk factor common to most primary neurodegenerative disorders.
Indeed, age-related brain alterations have been long considered to predispose to neu-
rodegeneration. Although protein misfolding and the accumulation of toxic protein
aggregates have been considered as causative events in neurodegeneration, several
other biological pathways affected by brain ageing also contribute to pathogenesis.
Here, we discuss the evidence showing the involvement of the mechanisms control-
ling neuronal structure, gene expression, autophagy, cell metabolism and neuroin-
flammation in the onset and progression of neurodegenerative disorders.
Furthermore, we review the therapeutic strategies currently under development or as
future approaches designed to normalize these pathways, which may then increase
brain resilience to cope with toxic protein species. In addition to therapies targeting
the insoluble protein aggregates specifically associated with each neurodegenerative
disorder, these novel pharmacological approaches may be part of combined therapies
designed to rescue brain function.
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1 | AGEING AND NEURODEGENERATIVE
DISEASES

In the last century, advances in medical care and the creation of
healthier environments have contributed to an increase in life expec-
tancy (Niccoli & Partridge, 2012). Given that advanced age is the
main risk factor for neurodegenerative diseases (Hou et al., 2019),
any growth in the elderly population leads to a significant increase in
the number of patients affected by age-related primary neurodegen-
erative diseases, such as Alzheimer's disease (AD) (Hebert
et al., 2010), Parkinson's disease (PD) (Poewe et al., 2017) or amyo-
trophic lateral sclerosis (ALS) (Talbott et al., 2016). Considering these
current demographic changes, primary neurodegenerative diseases
will have substantial socioeconomic implications for healthcare
systems due to their high costs and marked effects on the quality of
life of affected individuals and caregivers, posing a critical social
emergency. Addressing these large burdens for society will require
an intensified research approach and novel solutions (Diluca &
Olesen, 2014).

In the last 20 years, substantial advances have been made in our
understanding of the pathogenesis of neurodegenerative disorders
(Forman et al., 2004; Taylor et al., 2002). Much of this progress is the
result of biochemical and histochemical characterization of proteins
that accumulate within various inclusions in the diseased brain and
genetic linkage studies identifying mutations in genes that cause neu-
rodegenerative diseases. The identification of specific, disease-
segregating mutations in previously unknown genes directed the
attention to proteins and pathways that are now considered crucial in
the pathogenesis of neurodegenerative diseases. For instance, certain
pathogenic mutations in the gene coding for the amyloid-f precursor
protein (APP) cause AD, in the a-synuclein gene are related to PD, in
huntingtin are related to Huntington's disease (HD) or in microtubule-
associated protein tau are associated with frontotemporal dementia
(FTD) with parkinsonism (Bertram & Tanzi, 2005). The accumulation
of species derived from these proteins in the brain of patients often
represents a histological characteristic for each specific neurodegen-
erative disorder (Table 1).

Despite the presence of these inherited cases, most neurodegen-
erative disorders develop sporadically in the absence of any known
genetic aetiology. The onset of these sporadic forms is significantly
influenced by risk factors (Bertram & Tanzi, 2005), ageing being the
one with the highest impact on disease progression (Hou et al., 2019).
Hence, age-associated brain modifications are considered key contrib-
utors to the pathogenesis of neurodegenerative disorders (Daniele
et al., 2018). However, the mechanistic interface(s) between brain
ageing and neurodegeneration has not been fully elucidated. Since the
2000s, the ageing research field has grown considerably (Keshavarz
et al,, 2023). Understanding exactly how ageing increases the risk to
develop neurodegenerative diseases can provide important clues for
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the development of new therapeutic strategies for the treatment of
neurodegeneration.

Even though protein misfolding and the accumulation and forma-
tion of toxic protein species, due to inadequate folding, have been
seen as causative events in neurodegenerative disorders, in this
review, we carefully examine the role of other, different, biological
pathways that are altered during ageing and implicated in the patho-
genesis and progression of neurodegenerative disorders. We focus on
the mechanisms controlling neuronal structure, gene expression,
autophagy system, cell metabolism and, finally, neuroinflammation
(Figure 1). Furthermore, we summarize the therapeutic approaches
developed to restore these pathways that may increase the resilience
of the brain to cope with toxic protein species, for each neurodegen-
erative disorder (Table 2).

2 | THESTRUCTURAL DISINTEGRATION:
HOW TO RESHAPE NEURONS AND
SYNAPSES

The synapse is the biological locus responsible for the transmission of
information between neurons. Neuron-to-neuron synapses are com-
posed of a presynaptic and postsynaptic compartment, each with
unique proteins and structures to facilitate excitatory and inhibitory
neurotransmission.

The majority of synapses are found on dendrites, branch-like
extensions of a neuron that receive information from other neurons
and carry it to the neuronal soma. The excitatory postsynaptic
machinery is localized in dendritic spines, small protrusions from the
dendrite shaft. Dendrites can support information processing at multi-
ple spatial scales to integrate synaptic signals finally transformed into
action potentials (Spruston et al., 2016). Neuronal synaptic structures
are not static but highly dynamic. The ability of neurons to modify the
efficacy of synaptic transmission and the synaptic structure in
response to different stimuli is called synaptic plasticity (Citri &
Malenka, 2008). Synaptic plasticity has been proposed to play a cen-
tral role in the brain's capacity to incorporate transient experiences
into persistent memory traces.

Astrocytes and microglia can transmit information and modulate
synaptic activity (Schafer et al., 2013). Astrocyte processes encapsu-
late the synaptic cleft and ensure recycling of released neurotransmit-
ters, release co-factors important for physiological neuronal
transmission and maintain tissue ion homeostasis. Furthermore, astro-
cytes are connected via gap junction-coupled networks that synchro-
nize neuronal activity within brain regions (Verkhratsky &
Nedergaard, 2018). Microglia, the brain-resident immune cells, on the
other hand phagocytose inactive synapses and release co-factors that
are important for the induction and maintenance of synaptic plasticity
(Rogers et al., 2011).
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TABLE 1 Main characteristics of the primary neurodegenerative disorders. 5
Neurodegenerative 5
disease Brain area affected Misfolded proteins Disease-specific phenotype Symptoms £
Alzheimer's disease Hippocampus Tau Synapse loss Memory decline j;
(AD) Parietal and occipital Amyloid-p Neuronal atrophy Executive function ;_
lobes Amyloid plaques decline
Entorhinal cortex Neurofibrillary tau tangles Personality change
Amygdala Vascular dysfunction Motor symptoms
Locus coeruleus and Communication deficits
raphe nucleus (aphasia)
Basal forebrain
Huntington's disease Striatum Huntingtin Huntingtin polyglutamine (CAG) Involuntary choreatic
(HD) Locus coeruleus expansions movements
Frontal cortex Degeneration of spiny neurons Cognitive and
Putamen Frontostriatal degeneration behavioural
Caudate disturbances
Basal ganglia Hyperkinesia and later
hypokinesia
Dystonia
Poor attention
impulsivity and
irritability
Ataxia
Parkinson's disease Substantia nigra a-Synuclein Loss of dopaminergic neurons Tremor
(PD) Frontal cortex Tau Denervation of the nigrostriatal Rigidity
Brainstem pathway Bradykinesia
Dystrophic neurites Postural instability
Presence of Lewy bodies Cogpnitive and
communication
Frontotemporal Frontal and temporal Transmembrane Protein Heterogeneous depending on the Unusual behaviours
dementia (FTD) lobes 106B (TMEM106B) mutation type Emotional problems
Basal ganglia Tau Neurocytoplasmic inclusions in Trouble communicating
Brainstem Ubiquitin superficial cortical layers (aphasia)
Movement disorders
Amyotrophic lateral Spinal cord and motor TDP-43 Loss of motor neurons Muscle weakness
sclerosis (ALS) cortex Fus Motor deficits
Optineurin Progressive muscular
Ubiquilin atrophy

In addition to microglia and astrocytes, myelin, a passive insulat-
ing layer formed by oligodendrocytes that ensures fast saltatory con-
duction of action potentials, is also essential for neuroprotection
providing physical axonal protection and trophic support. Despite
being long considered a static component of the central nervous sys-
tem (CNS), it has now been demonstrated that myelin has a plastic
nature and myelin plasticity is required for motor learning, fear mem-
ory and conditioning (Xin & Chan, 2020).

2.1 | The structure of brain cells during ageing and
in neurodegenerative disorders: new perspectives to
tackle synaptic and neuronal dysfunction

Several studies document changes in the molecular signature, mor-
phology and function of brain cells with ageing. The principal, age-
related, alteration in neuronal structure involves a reduction in den-
drite length and number, with a loss of various dendritic spines
(Castelli et al, 2019). On the contrary, astrocytes undergo an
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increased expression of cytoskeletal proteins, cell body hypertrophy
and a reduction in the number of long, slender processes with ageing
(Rawiji et al., 2023). Furthermore, aged microglial cells show a gradual
decrease in function, most notably in chemotactic and phagocytic
capacity. In particular, mouse studies have documented impairments
in the ability of ageing microglia to phagocytose amyloid-p (A) fibrils
and myelin debris (Rawiji et al., 2016).

The age-dependent altered function of glial cells reduces their
ability to homeostatically nurture, protect and regenerate neurons,
generating a more inflammatory microenvironment that consequently
promotes neuron and synapse loss and therefore neurodegeneration.
Most of these alterations are mild in healthy ageing but are exacer-
bated in a range of neurodegenerative diseases such as AD, PD, ALS
and HD, where they contribute to or accelerate neurodegeneration,
facilitate protein aggregate deposition and impair cognition and motor
function by disrupting connective pathways (Ettle et al., 2016).

In addition, recent studies have revealed that myelin remodelling
persists throughout the lifespan (Hill et al., 2018; Hughes et al., 2018).
White matter and thus myelin volume declined after 13 months in
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mice and, in humans, after the age of 44-47 (Bartzokis et al., 2001)
with myelin alterations that contribute to age-linked functional
decline being detected prior to neuronal loss. These alterations
include widespread and diffuse myelin breakdown, degeneration and
reduced myelin renewal (Safaiyan et al., 2016), decreased myelin sta-
bility associated with lipid peroxidation (Chia et al., 1983), formation
of splits containing cytoplasm and myelin balloons or spheroids and
accumulation of myelin debris, such as multi-lamellar myelin frag-
ments (Safaiyan et al., 2016).

Although we currently lack therapeutic approaches aimed at
enhancing myelination in the clinic, recent advances and high-
throughput screening approaches have provided us with potential
pro-myelinating compounds. Clemastine fumarate, a muscarinic
receptor antagonist that was identified in a pro-remyelinating drug
screening, has met clinically defined efficacy endpoints in a clinical
trial in patients with multiple sclerosis (MS) (Green et al., 2017).
Recent evidence has also shown that clemastine prevents age-related
myelin loss, neurodegeneration and cognitive decline in healthy age-
ing and in a mouse model of AD (Chen et al, 2021; Wang
et al., 2020). Additionally, other drugs that have been shown to pro-
mote myelin repair in the context of MS, such as metformin or
LY294002 (Neumann et al., 2019; Rivera et al., 2021), could also be
beneficial in preventing myelin breakdown and degeneration with age
or in other neurodegenerative diseases, but their efficacy in this con-
text has yet to be investigated.
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Neurodegenerative diseases are characterized by abnormalities in
dendritic structure and synapse loss in different brain regions depend-
ing on the neurodegenerative disease (Stidhof & Malenka, 2008). In
HD, for example, synapse loss is mainly detected in the striatal brain
region, which is linked with progressive movement dis-coordination
(Nithianantharajah & Hannan, 2013). There is growing evidence from
ALS patients, FTD patients and animal models that suggest that syn-
aptic dysfunction and alterations in dendritic branching begin very
early in the disease, well before symptom onset and motor neuron
death (Gelon et al., 2022).

In AD neurons, the dendritic tree undergoes a rapid decline with
a decrease in the number of dendritic shafts, whereas the few remain-
ing show fewer and shorter branches (Dickstein et al., 2007). Further-
more, synaptic loss in the hippocampus and neocortex is known to be
an early process in AD and the main structural correlate with AD cog-
nitive dysfunction.

Given that neuronal connections represent the hardware for
appropriate cognitive abilities, therapeutic strategies aimed at pre-
serving dendritic and synaptic connections could conceivably be use-
ful in neurodegenerative diseases. The process of neurite repair to
replenish the degenerated dendrites would involve regrowth and
rewiring of the new connections within the network. The local molec-
ular and cellular milieu in the CNS however opposes neurite growth
and thus renders this approach particularly challenging (Liu &
Jan, 2020). A better option could be to use strategies aimed at
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TABLE 2 Summary of the therapeutic approaches developed to target the biological pathways contributing to the pathogenesis of primary ]
neurodegenerative disorders. :
5
Target mechanism Drug Mechanisms of action Disease £
Myelin Clemastine fumarate Binds to muscarinic receptor and AD, ageing ;s
activates OPC differentiation and ’r
myelination ]
Metformin AMPK inhibitor, restores OPC Ageing
differentiation and remyelination b
LY294002 Modulator of PI3K-Akt-mTOR Ageing é
signalling modulator g
Synaptic dysfunction Levetiracetam Inhibits calcium release intraneuronal AD i
deposits 5
Reverses synaptic dysfunction Z
Bryostatin 1 Activates PKC and regulates AD ?
neurogenesis, axonal transport and g
synaptic plasticity g
g
Masitinib Tyrosine kinase inhibitor AD é
Mast cell inhibition, reduces secretionof  ALS g
toxic mediators for synapses g
Riluzole Inhibits glutamate release ALS é
Ceftriaxone Up-regulation of glutamate transporter ALS ;
Cell-permeable peptides targeting Blocks ADAM10 endocytosis, up- AD 5;
ADAM10 trafficking regulating ADAM10 activity %
Inhibition of SAP97-mediated ADAM10  HD g
trafficking to synapse, decrease in E
ADAM10 activity i
Gene expression: Transcriptional Memantine Contrasts NF-kB pro-inflammatory §
regulation and epigenetic activity g
mechankns Tubastatin HDAC inhibitors: 2
ACY-1215 » Facilitate gene expression through g:
MPT0G211 chromatin remodelling 2
5-Aroylindoles * Restore memory function S
Autophagy Rapamycin Blocks mTORC1—Removing autophagy Ageing, AD, ALS z
g
inhibition &
AUTEN-67 mTOR-dependent modulation of AD %
autophagy g
Increases autophagy §
Metformin Activates AMPK promoting autophagy Ageing, AD, PD, HD %
and blocking mTORC1 g
AUTOTAC Removes protein aggregates using AD %
autophagy P
3
Metabolic failure MitoQ Antioxidants: AD é
CoQ10  Limit mitochondrial ROS production PD i
MitoVItE %
MitoTEMPOL S
Resveratrol Antioxidant indirectly activating PGC-1a«  PD, AD, ALS, HD sv
Mdivi-1 Dpr1 inhibitor limiting mitochondrial AD E
division 2
Shikonin PKM2 modulator, an apoptotic break AD g-
MCU inhibitors Limit mitochondrial calcium uptake AD, PD é
CNS inflammation Siponimod Limit immune cell infiltration in the CNS ALS g
Fingolimod AD, PD g
Natalizumab HD L
Minocycline Anti-inflammatory (controversial results AD, HD, ALS, PD g
between pre-clinical models and 2
clinical trials) g
2
(Continues) g
g
&
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TABLE 2

(Continued)

Target mechanism Drug

IL-2/anti-IL-2 monoclonal antibody

complexes

Gene delivery to overexpress IL-2 CNS

Dasatinib
Digoxin

Quercetin
AP20187

Mechanisms of action Disease
Treg expansion ALS, AD
IL-2 overexpression under GFAP Ageing
promoter to expand Treg locally in
CNS
Senolytics: AD
* Removal of senescent cells in the Ageing
CNS (oligodendrocyte, astrocytes and
microglia)

Note: In the rightmost column, the indication of the disease for which the molecules were tested in pre-clinical studies (in italics) and in clinical trials (in

boldface type).

Abbreviations: AD, Alzheimer's disease; ADAM10, a disintegrin and metalloproteinase 10; ALS, amyotrophic lateral sclerosis; AMPK, AMP-activated
protein kinase; AUTEN-67, mTOR-dependent modulator autophagy enhancer-67; AUTOTAC, AUTOphagy TArgeting Chimera; CNS, central nervous
system; GFAP, glial fibrillary acidic protein; HD, Huntington's disease; HDAC, histone deacetylase; MCU, mitochondrial calcium uniporter; mTOR,
mammalian target of rapamycin; mTORC1, mTOR enzymatic complex 1; OPC, oligodendrocyte progenitor cell; PD, Parkinson's disease; PGC-1«,
peroxisome proliferator-activated receptor-y coactivator-1a; PKM2, pyruvate kinase M2; ROS, reactive oxygen species; Treg, regulatory T cell.

upholding neuronal dendritic integrity rather than promoting its
regrowth. In this regard, promising findings have shown that specifi-
cally preserving dendritic architecture in mouse models of acute neu-
rodegeneration (such as stroke) counteracted the loss of neurons,
which is typically accelerated by disrupted connectivity and ultimately
resulted in benefit at a functional level (Mauceri et al., 2020; Schliter
et al., 2020).

Synaptic loss is a common feature of neurodegenerative disorders
and has been associated with the presence of the oligomeric forms of
Ap and a-synuclein, which are considered toxic for synapses in AD
and PD. The oligomers of a-synuclein, but not its fibrils, contribute
significantly to dopaminergic loss and neuronal cell death (Winner
et al,, 2011). Similarly, it has been shown that the Ap oligomers cause
synaptic loss and impair the mechanisms of synaptic plasticity (Walsh
et al, 2002). Even though the molecular and cellular mechanisms
underlying synaptic dysfunction in AD have not yet been fully eluci-
dated, the 2022 drug pipeline for AD has shown that synaptic plastic-
ity/neuroprotective agents, for which Phase 2 and Phase 3 clinical
trials are currently ongoing, constitute 17% and 19% of all disease-
modifying therapies, respectively, indicating that significant efforts are
being made in targeting these mechanisms (Cummings et al., 2022).

A systematic review analysed the efficacy profile of 12 published
results of clinical trials investigating the safety and efficacy of disease-
modifying drugs targeting synaptic plasticity in dementia (Piscopo
et al., 2022). This analysis showed, however, that only three molecules
(levetiracetam, bryostatin 1 and masitinib) gave promising results.

The use of levetiracetam relies on the relationship existing
between epilepsy and AD reported in the past decades. For instance,
clinical trials have demonstrated a considerably higher incidence of
seizures in AD patients than in matched control subjects (Amatniek
et al., 2006) and aberrant excitatory activity has been observed in AD
animal models (Palop et al., 2007). Levetiracetam is a second-
generation antiepileptic drug approved as an adjunct therapy for par-
tial seizures. The mechanism of action seems to involve neuronal

safari-web-extension://78C74220-BE76-4E80-8E76-DFA78EB5A539/e...inelibrary.wiley.com%2Fdoi%2Fpdfdirect%2F10.1111%2Fbph.16078

binding to the synaptic vesicle protein 2 A, inhibiting the release of
calcium from intraneuronal deposits opposing the activity of negative
modulators of GABA and glycine-dependent currents and inhibiting
excessive synchronized activity between neurons (Lyseng-
Williamson, 2011). An important role of this molecule also appears to
be linked to synaptic plasticity. The administration of levetiracetam to
AD mice was reported to reverse synaptic dysfunction (Sanchez
et al.,, 2012). The initial clinical trials with levetiracetam showed lim-
ited results because of the high clinical heterogeneity of the enrolled
cohort. On the other hand, a recent clinical trial found that levetirace-
tam was able to significantly improve cognitive status only in patients
with cortical hyperexcitability. This suggests that preselection of AD
patients presenting symptoms ranging from subclinical epileptiform
activity to seizures and cortical network hyperexcitability could
improve the capacity to identify therapeutic effects of levetiracetam
(Palop et al., 2007).

Numerous reports imply a critical role of deficits in protein kinase
C (PKC) signalling, in the pathogenesis of AD (Alkon et al., 2007).
Intensive efforts have therefore focused on the development of strat-
egies to foster PKC activity. In this context, bryostatin 1 has drawn
attention because this macrocyclic lactone can activate PKC and
thereby regulate neurogenesis, axonal transport and synaptic plastic-
ity (Kim et al., 2012). The administration of bryostatin 1 in AD mice
restored the number of dendritic spines in the hippocampal CA1 area
(Hongpaisan et al., 2011). The results of Phase 1 and 2 trials are not
clear but recently pooled analyses from two randomized clinical trials
confirmed a significant cognitive restoration elicited by bryostatin
1, in the absence of memantine treatment (Thompson et al., 2022).

Masitinib, a tyrosine kinase inhibitor, is usually used in the treat-
ment of mast cell tumours in animals. Besides playing a key role in
innate immunity, mast cells have been involved in different neurologi-
cal conditions and studies in animal models have shown that mast cell
depletion in AD mice increases the immunoreactivity of synaptic
markers (Jones et al., 2019). In line with these results, masitinib
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administration has a protective effect on synapses because of mast
cell inhibition (Li et al., 2020) and reduction of the secretion of specific
mediators potentially toxic to synapses (Li & Selkoe, 2020). Initial
studies in patients reported that participants treated with masitinib
had significant improvement in cognitive function (Piette et al., 2011).
Masitinib is therefore being currently investigated in a multicentre
Phase 3 trial for patients with mild-to-moderate AD (NCT01872598),
and some beneficial effects in ALS have also been shown (Mora
et al,, 2020).

Excitotoxicity caused by an excessive activity of NMDA
receptors promotes cell death and represents a potential mechanism
of neurodegeneration. Therefore, pharmacological treatments of ALS
patients are aimed at counteracting glutamate excitotoxicity. Riluzole,
an inhibitor of glutamate release, was approved by the US Food and
Drug Administration (FDA) in 1995. Despite being associated with a
short survival benefit of 2-3 months (Miller et al., 2002), the subse-
quent adoption of riluzole as a treatment for ALS was perhaps reflec-
tive of the need for therapeutic options in the face of this
devastatingly progressive disease (Dharmadasa et al., 2017). Remark-
ably, findings from several open-label, non-randomized, trials have
suggested that the greatest benefit occurs at earlier disease stages
(Zoing et al., 2006). It is therefore possible that riluzole's therapeutic
benefit is likely to affect or activate different cellular pathways
depending on the disease stage (Cheah et al., 2010). Another molecule
investigated to counteract excitotoxicity is the antibiotic ceftriaxone,
which causes the up-regulation of glutamate transporter and
decreases glutamate-induced toxicity (Siciliano et al., 2010). A Phase
3 trial of ceftriaxone indicated an overall increase in survival of
patients with ALS.

Overall, these strategies tackle synaptic failure and dysfunction as
common molecular mechanisms across neurodegenerative disorders.
Another challenge for drug discovery research will be to design tools
and molecules specifically targeting the mechanisms underlying syn-
aptic dysfunction or dendrite degeneration in each of the different
neurodegenerative disorders. An example is the control of the traf-
ficking of the disintegrin and metalloproteinase 10 (ADAM10).

This metalloprotease together with APP and the enzymes
involved in the amyloid cascade are synaptic elements located at both
presynaptic and postsynaptic sides and play a critical role in regulating
synaptic function (Lundgren et al, 2020; Marcello et al, 2007).
ADAM10 not only prevents Ap generation but is also a shedding
enzyme that cleaves adhesion molecules, such as N-cadherin, and
shapes spine morphology (Malinverno et al., 2010). Furthermore,
ADAM10 synaptic localization and activity are finely tuned by synap-
tic plasticity phenomena (Marcello et al., 2013), and its synaptic abun-
dance and activity towards APP are affected in the hippocampus of
AD patients (Marcello et al., 2012). This is the result of an impairment
of ADAM10 local forward trafficking that depends on the PKC-
regulated association with SAP97 and is also related to an increase in
ADAM10 endocytosis (Marcello et al., 2013; Saraceno et al., 2014).
Notably, alterations in ADAM10 have also been described in HD, with
increased levels of the mature form of ADAM10 in the brain areas
that predominantly degenerate in HD reported (Vezzoli et al., 2019) in
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mouse models of HD and in human HD brain samples (Vezzoli
et al., 2019). Accumulation of active ADAM10 at the postsynaptic
compartment leads to increased proteolysis of N-cadherin, which is
likely to promote synaptic instability in HD.

The detailed knowledge of the mechanisms involving ADAM10 in
the pathogenesis of AD and HD is critical to design disease-specific
strategies to target synaptic failure in AD and HD. Indeed, the strat-
egy to counteract synaptic failure in AD takes advantage of the
administration of a cell-permeable peptide that blocks ADAM10
endocytosis, up-regulates its activity, restores synaptic function with-
out affecting plaque deposition and rescues cognitive defects in AD
mice (Musardo et al,, 2022). On the other hand, the use of a peptide
designed to inhibit SAP97-mediated ADAM10 trafficking to the syn-
apse (Marcello et al., 2007) normalizes ADAM10 activity and rescues
cognitive deficits in HD mice (Vezzoli et al., 2019).

These data confirm that synaptic failure is a common trait of neu-
rodegenerative disorders but highlight the importance of investigating
the molecular mechanisms underlying synaptic dysfunction in each

disorder to design disease-tailored therapeutic strategies.

3 | THE MAIN PLAYERS CONTROLLING
GENE EXPRESSION DURING AGEING AND IN
NEURODEGENERATIVE DISORDERS

A key aspect sustaining and enabling various forms of plasticity is the
regulation of gene expression. Basal transcription ensures the mere
survival of neurons as cells. To be functional computational units, neu-
rons need to further adapt their transcriptional responses to physio-
logical and pathological cues. To do so, neurons employ an array of
regulatory elements, epigenetic mechanisms and transcription factors,
all of which are modulated by diverse stimuli. One of the most promi-
nent stimuli that neurons are specialized to adapt is synaptic activity
and calcium signals. Among the many epigenetic mechanisms
employed by neurons, the ones influencing chromatin accessibility—
DNA methylation and post-translational modifications of histone
proteins—receive the most attention and are the best characterized.
More recently, non-coding RNAs have received increasing attention.

Given its key role in ensuring neural functions, it comes as no sur-
prise that a long list of alterations in the transcriptional landscape or
dysfunctions of molecular players has been associated with neurode-
generation. Mechanistically, the role of transcription factors or epige-
netic regulators in the pathogenesis of neurodegenerative conditions
is explained by their capability to affect genes directly involved in the
pathology or in mediating co-morbidities. Here, we highlight some of
the better studied transcription factors and epigenetic regulators and
their involvement in neurodegeneration.

cAMP response element-binding protein (CREB) is a ubiquitous
transcription factor playing multiple roles in the CNS. Several signal-
ling cascades converge on CREB, which acts in cooperation with co-
factors such as CBP/p300. CREB is fundamental for memory and
learning and also essential to neuronal survival and protection, as
shown in vivo in mice (Jancic et al., 2009). Due to its broad
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expression, being downstream of different signalling events and driv-
ing expression of a myriad of critical neuronal genes, alterations of
CREB activity and/or CREB expression have been indeed reported in
neurodegenerative conditions such as AD or PD in cultured neurons,

in vivo transgenic animal models and humans (Pugazhenthi
et al, 2011; Xu et al., 2022).

Not all transcription factors are always localized to the nucleus; a
considerable number of them regulate their expression by subcellular
localization instead. Thus, failures in the nucleo-cytoplasmic shuttling
of transcription factors represent another possibility leading to tran-
scriptional dysfunction in neurodegenerative conditions. The first
transcription factor for which movement between the cytosol and the
nucleus was described was NF-kB. Activity of NF-kB is prevented
when sequestered in the cytosol. Alterations of NF-«kB localization
have been observed in the proximity of plaques in post-mortem sam-
ples from AD patients (Kaltschmidt et al., 1999) and also in dopami-
nergic neurons of PD patients (Hunot et al., 1997) and are tightly
linked to inflammatory states.

Furthermore, synapse to nucleus shuttling of proteins with the
capacity to modulate gene transcription is a prominent way in which
inputs received at the synapse are transferred to the nucleus to imple-
ment long-term changes. Synapses contain several nuclear localization
signal-containing cargo proteins and different components of the
nuclear import machinery, like importin-a and importin-p, which have
been shown to translocate to the nucleus in an activity-dependent
manner in primary neurons and hippocampal mouse slices (Thompson
et al., 2004). In the last decade, a few synaptonuclear protein messen-
gers (such as Abi-1, AIDA-1D, Jacob and RING finger protein
10 [RNF10]) have been identified and shown to play key roles in plas-
ticity and synapse function (Fainzilber et al., 2011). Notably, the acti-
vation of NMDA receptors can regulate gene transcription in cultured
neurons (Dieterich et al., 2008), thus affecting global protein synthesis
and thereby memory formation. Such an effect of NMDA receptor
activation requires the long-distance trafficking of synaptonuclear
proteins. The synaptonuclear messengers can associate with hetero-
geneous classes of receptors and specifically translate their activation
in gene expression changes. For instance, the RNF10 operates as a
mobile hub that docks GluN2A-containing NMDA receptor-derived
signalosomes to nuclear target sites (Carrano et al., 2019; Dinamarca
et al., 2016), whereas protein messengers, such as Jacob, can encode
the synaptic and extrasynaptic origin of NMDA receptor signals fol-
lowing long-distance transport and nuclear import in cultured primary
neurons and in vivo in mice (Karpova et al., 2013). Remarkably, alter-
ations in synaptonuclear messengers have been reported in neurode-
generative disorders such as AD (Marcello et al., 2018).

From the epigenetic perspective, reduced global methylation
levels have been found in the blood of AD and PD patients in compari-
son to healthy controls, probably due to the decrease in expression of
DNA methyltransferase 3« (Martinez-Iglesias et al., 2020), a key medi-
ator of this epigenetic mark in the context of signal-regulated neuroe-
pigenetics (Bayraktar & Kreutz, 2018). The scenario is, however,
unclear as studies derived from post-mortem samples of AD patients
reported a reduction of global methylation levels in the cortex
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(Mastroeni et al., 2010) and hippocampus (Chouliaras et al., 2013);
whereas in other studies, no changes (Lashley et al., 2015) or even an
increase (Coppieters et al., 2014) in global DNA methylation have been
observed. Studies focusing on DNA methylation changes at specific
genomic regions, functional elements and individual gene loci have
yielded a more comprehensive view in the context of AD and also
revealed that epigenetic changes are complex, and often contradictory
results are reported from different models (see Sanchez-Mut &
Graff, 2015). Similarly, studies have indeed reported an association
between PD disease progression and global methylation levels
detected in the brain or blood or changes in the methylation pattern of
specific genes (Henderson-Smith et al., 2019).

Given the prominent role that histone deacetylases (HDACs) play
in the modulation of several neuronal functions, it comes as no sur-
prise that they have also been implicated in neurodegeneration. This
heterogeneous group of proteins, classified based on activity, struc-
ture and co-factors, is responsible for the removal of the acetyl group
from histone as well as non-histone proteins. An example of HDAC
involvement in neuropathologies comes from HDAC2, HDACé6 or
HDACS, whose levels are elevated in brain areas of post-mortem AD
patients (Anderson et al., 2015; Graff et al., 2012). Interestingly, an
increased association between HDAC1 and CREB, possibly facilitating
CREB pathological dephosphorylation, was observed in neuronal sam-
ples of PD patients (Xu et al., 2022). Expression levels of HDAC4,
which has been implicated in many forms of pathologies of the ner-
vous system in rodent models (Litke et al., 2022), were shown to be
strongly associated with rapid progression of ALS in patients
(Bruneteau et al., 2013). Alteration in the expression level of HDAC11
and HDAC2 was also reported in post-mortem brain and spinal cord
tissue of ALS patients (Janssen et al., 2010). Besides their action as
transcriptional regulators, HDACs act also on cytosolic proteins of
which the most prominent is tubulin. For example, HDACé acts on
tubulin and has been associated with deficits in axonal transport in
ALS patient-derived motor neurons.

3.1 | Therapeutic approaches to modify gene
expression in neurodegenerative disorders

Targeting transcriptional regulators might be beneficial against neuro-
degenerative conditions as this would result in a widespread modula-
tion of many affected downstream processes. This aspect however
also represents a potential caveat as affecting the transcription of sev-
eral genes might be detrimental as not all of them necessarily partici-
pate in the pathogenesis. Nevertheless, efforts have been made in
exploring, designing and testing of therapeutic approaches aiming at
modulating transcription-related processes.

One of the most sought-after targets in the treatment of neuro-
degenerative disorders is CREB due to the copious amount of evi-
dence showing a reduction in its functionality or expression in many
diseases. At present, however, there are no available drugs that spe-
cifically increase CREB-dependent signalling. Multiple strategies could
be followed, from acting on its upstream signalling regulators to using
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molecular biology or genetic approaches to restore its expression
levels.

The complexity and multifactorial nature of many neurodegenera-
tive disorders is likely to push the development of drugs towards tar-
gets different from the prototypical players associated with a certain
disorder. An example of these types of targets is NF-kB in the treat-
ment of AD. Memantine, an FDA-approved treatment for AD, seems
to counter the pro-inflammatory activity of NF-kB. Additional anti-
inflammatory drugs are under pre-clinical or clinical evaluation for
their capacity to interfere with NF-kB (see Sun et al., 2022).

Great efforts have been spent in the exploration of HDAC inhibi-
tors as useful drugs in neurodegeneration. HDAC inhibitors may
broadly facilitate gene expression via rendering the chromatin more
permissive for transcription and thus enabling increased expression of
potentially beneficial genes. One example of an AD-relevant pathway,
which could be positively regulated via HDAC modulation, is amyloid
clearance. Indeed, pharmacological inhibition or genetic targeting of
HDACSs promoted amyloid clearance in humanized cultured astrocytes
or different mouse AD models (Prasad & Rao, 2018; Su et al., 2021).
Furthermore, in a mouse AD transgenic model, non-selective HDAC
inhibitors successfully restored memory function and neuronal struc-
tural aberrations (Ricobaraza et al., 2012). However, care should be
taken to follow the path of non-selective inhibition due to its potential
side effects as shown in clinical studies (Prince et al., 2009). The
design and development of specific HDAC inhibitors has been hin-
dered by different problems including the fact that all HDACs share
considerable structural similarities and are expressed across different
organs and cell types. Nevertheless, with the advent of better techno-
logical opportunities, it is quite likely that inhibition of a specific
HDAC may be a viable therapeutic avenue to pursue (Gupta
et al., 2020). An encouraging example comes from the selective inhibi-
tion of HDAC6 by tubastatin A, ACY-1215 (ricolinostat), MPT0G211
or 5-aroylindoles, which have shown promising results in AD animal
models (Fan et al., 2018; Lee et al., 2018; Onishi et al., 2021) and are
currently under clinical trial evaluation for diseases other than
neurodegeneration.

4 | AUTOPHAGY: WHEN THE CLEARANCE
SYSTEM FAILS AND DRIVES
NEURODEGENERATION

Cellular homeostasis is the process that controls different cellular
activities. It is a fundamental condition that allows the cell to maintain
the physiological balance in terms of cellular identity, resilience and
survival. Defects in protein homeostasis contribute to diminished deg-
radation of intracellular proteins and organelles, which progressively
accumulate in the cytoplasm. Such alterations therefore can be
involved in the onset and progression of neurodegenerative disorders
(Filippone et al., 2022). Degradation of cellular components within the
cell can follow two different pathways: autophagy and the ubiquitin
system, specific for protein degradation. Both processes require a
concerted action of different proteins that are recruited and
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specifically recognize the damaged material, driving protein degrada-
tion as the last step to maintain cellular homeostasis. Under stress
conditions such as ageing or disease, this highly complex process fails,
resulting in a critical failure in cell physiology.

In mammalian cells, there are three types of autophagy: macroau-
tophagy, microautophagy and chaperone-mediated autophagy.
Macroautophagy, simply known as autophagy, plays the major role in
maintaining cellular homeostasis as it helps in the removal of bulky
protein aggregates and bigger cytoplasmic bodies. It begins with the
phagophore formation that entraps the misfolded proteins and, after
different steps, finally fuses with lysosomes to generate the autopha-
golysosome (Wang & Hiesinger, 2012). Autophagy is tightly controlled
by two kinases, the mammalian target of rapamycin (nTOR) and the
AMP-activated protein kinase (AMPK). Autophagy is promoted by
AMPK; which is a key energy sensor and regulates cellular metabolism
to maintain energy homeostasis (Liang et al., 2007). Conversely,
autophagy is inhibited by mTOR, a central cell-growth regulator that
integrates growth factor and nutrient signals (Chang et al., 2009).
Given its crucial role in cell homeostasis, a defect in autophagy is asso-
ciated with neuronal loss and cognitive decline, both in physiological
conditions such as ageing and in neurodegenerative diseases
(Yamamoto & Simonsen, 2011). Interestingly, defects in the autop-
hagy machinery have also been linked to axonal and dendritic degen-
eration in both in vitro and in vivo models and might therefore further
promote the dysfunction of neural networks (Yang et al., 2013).

Several neurodegenerative diseases are characterized by defects
in the degradation of misfolded proteins and thus abnormal protein
aggregation. The impaired clearance of pathological proteins such as
a-synuclein, Ap and tau, can be attributed to a failure of autophagy
(Guo et al., 2018). For instance, Beclin-1 is a protein involved in the
regulation of autophagy and is reduced in AD patients (Lucin
et al, 2013). Furthermore, the down-regulation of Beclin-1 in mice
resulted in reduced neuronal autophagy and AP accumulation
(Pickford et al., 2008). Moreover, the most common autosomal-
dominant form of PD and a familial variant that closely resembles spo-
radic PD is associated with mutations in the leucine-rich repeat kinase
2 (LRKK2) (Orenstein et al., 2013). The altered function of mutated
LRRK2 has been linked to defects in endosomal-lysosomal trafficking
and chaperone-mediated autophagy in cell lines (Gomez-Suaga
et al., 2012). In addition, in dopaminergic neurons, the lysosome num-
ber has been reported to be depleted in a mouse model of PD (Dehay
et al., 2010).

Besides autophagy, cells take advantage of mitophagy, a specific
process responsible for the selective degradation of dysfunctional
mitochondria (Youle & Narendra, 2011). The PTEN-induced protein
kinase 1 (PINK1), localized on the external mitochondrial membrane,
phosphorylates mitofusin-2 (Mfn2) and ubiquitin, triggering the
recruitment of the Parkin protein. This event activates several
ubiquitin-binding proteins such as optineurin (OPTN) and
sequestosome-1 (SQSTM/pé62) that cause mitochondria to enter the
mitophagy pathway. Defects in the mitophagy machinery are also a
pathological marker of PD, and the accumulation of damaged mito-
chondria represents one of the main pathogenic alterations
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(Chu, 2010). Moreover, the PD-associated familial autosomal reces-

sive mutations in the genes for PINK1 and Parkin have been discov-
ered to have a key role in mitochondrial quality control (Malpartida
et al., 2021). The phosphorylation of PINK1 at the outer mitochondrial
membrane (OMM) leads to the recruitment of Parkin. Once active,
Parkin allows the synthesis of ubiquitin chains on OMM proteins,
leading to ubiquitin chain assembly. The mutations in the correspond-
ing genes (PINK1 and PARK?2) are linked to autosomal recessive early-
onset PD and a pathological accumulation on the OMM that triggers
an abnormal mitophagy (Zambon et al., 2019). In PD, a-synuclein, the
main component of the pathological Lewy bodies, has been found to
bind mitochondrial components (Wang et al., 2019), inhibiting the
import of proteins and leading to an impaired cellular respiration in
primary neuronal cultures. In particular, a-synuclein interacts with and
disrupts mitochondrial proteins such as TOM20, the voltage-
dependent anion channels (VDAC) and F;Fo-ATP synthase, thus
impairing mitochondrial metabolism in dopamine neurons, derived
from induced pluripotent stem cells (iPSC) (Zambon et al., 2019).

4.1 | Targeting autophagy: how to promote
protein and organelle clearance

In the last two decades, several studies have reported the neuropro-
tective activity of rapamycin (sirolimus), one of the most powerful
pro-autophagy agents in both cellular and animal models of neurode-
generative diseases and with some limitations in humans (Wang &
Hiesinger, 2012). Rapamycin acts by blocking the kinase activity of
mTOR enzymatic complex 1 (nTORC1), removing its autophagy sup-
pressor activity that is observed under physiological conditions. The
strategy of rapamycin treatment is to activate the autophagic flux
which is negatively controlled by mTORC1. Interestingly, rapamycin
has been proposed as an anti-ageing drug in mice, because it was
reported to increase the lifespan of the treated animal models
(Selvarani et al., 2021). Rapamycin treatment has been also tested in
animal models of AD where it reduced the accumulation of Af aggre-
gates and prevented tau phosphorylation in the brain of AD trans-
genic mice, showing a global impact in cognition maintenance
(Spilman et al., 2010). Regarding the use of rapamycin in humans,
some encouraging results have been reported in the ALS field, where
a recent, randomized, placebo-controlled, Phase 2 clinical trial evalu-
ated the efficacy of rapamycin in patients affected by ALS (Mandrioli
et al., 2018).

Another approach to modulate the mTOR signalling level is possi-
ble using mTOR-dependent modulator autophagy enhancer-67
(AUTEN-67), a small molecule identified as a potent candidate with
anti-ageing and neuroprotective effects, by significantly increasing
autophagic flux in neurons and protecting them from undergoing
stress-induced cell death (Papp et al., 2016). Other agents that can
indirectly trigger AMPK-dependent mTOR inactivation are metformin
and resveratrol, as shown in in vitro and in vivo models. Metformin
activates AMPK, which in turn promotes autophagy, blocking
mTORC1 activity through direct inhibitions of regulatory-associated
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protein of mTOR. Moreover, the activation of AMPK directly pro-
motes the activation of the phagophore-forming enzymatic complex
unc-51-like kinase (ULK)1/2, which is considered the initiator of the
autophagic cascade (Thellung et al., 2019).

Furthermore, AUTOphagy TArgeting Chimera (AUTOTAC), a tar-
geted protein degradation technology alternative to PROteolysis TAr-
geting Chimera (PROTAC), has emerged as one of the most promising
approaches to remove specific disease-associated proteins using the
autophagy machinery of the cells (Ji et al., 2022). In the last few years,
the PROTAC approach has been extensively used, with several PRO-
TAC molecules currently in clinical trials in the cancer field
(Mullard, 2021). A PROTAC molecule targeting tau protein has also
been developed. It is a chimera construct made of a tau-binding pep-
tide, a linker, a VHL-binding peptide and a cell-penetrating peptide.
Interestingly, this molecule leads to a significant degradation of tau
and reduced neurotoxicity of Ap in cell lines, highlighting the thera-
peutic potential of this approach (Chu et al., 2016).

5 | METABOLIC FAILURE AND ENERGY
CRISIS OF BRAIN CELLS

Among the different brain-resident cell types, neurons are extremely
energy demanding. Neurons rely almost exclusively on the mitochon-
drial oxidative phosphorylation (OXPHOS) system to fulfil their energy
needs through ATP. The OXPHOS-mediated mitochondrial functions
are diverse, ranging from the cell-intrinsic energy production to the
regulation of intracellular calcium homeostasis, synaptic plasticity and
neurotransmitter synthesis (Grimm & Eckert, 2017). On the other
hand, this important energy production is accompanied by the forma-
tion of reactive oxygen species (ROS), which in excess are detrimental
for cells.

ROS derive mainly from the process of the OXPHOS, which
reduces O, into H,O using the electron flux deriving from the respira-
tory chain and leading to the formation of superoxide anion radicals.
Even if cell-intrinsic antioxidant defence systems can buffer ROS,
when this buffering system is overloaded and cell-homeostasis
altered, ROS become toxic. Given the fundamental role of mitochon-
dria in neuronal energy supply, their dysfunction leads to an impair-
ment of basal neuronal energy source, affecting several aspects of
brain physiology. In addition to their metabolic activity, mitochondria
play a key role in cellular calcium homeostasis. Cellular calcium con-
centration is strictly regulated as it sustains vital neuronal aspects
such as secretion, motility, metabolic regulation, synaptic plasticity,
proliferation, gene expression and apoptosis (Rizzuto et al., 2012).
Mitochondrial calcium dysregulation therefore contributes to neuro-
degeneration as it is the major mechanism by which increased excit-
atory neurotransmission triggers mitochondrial depletion and
retraction of dendritic structures (Verma et al., 2022).

The function of mitochondria is strictly related to their structure
and dynamics. Thus, mitochondrial efficiency is measured through
their capacity to undergo continuous fusion and fission cycles. Mito-
chondrial dynamism is therefore important for their morphology and
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function and relevant for neuronal viability and synaptic activity. The
equilibrium between fission and fusion is key for adequate mitochon-
drial function and is compromised in different neurodegenerative dis-
orders. The GTPase that controls mitochondrial fission, Drp1, is
altered in AD, leading to an excessive fragmentation of mitochondria
and thereby altering their function (Wang et al., 2009). This peculiar
phenotype has been shown in neuronal cultures upon A exposure as
well as in several neurodegenerative disease animal models (Manczak
et al., 2019; Wang et al., 2008). Defects in the dynamin-related
GTPase proteins mitofusin-1 (Mfn1) and Mfn2 and atrophy type
1 (OPA1) protein affect the process of mitochondrial fusion and have
been reported in various neurodegenerative disorders, including AD
(Koshiba et al., 2004).

Alterations in mitochondrial trafficking, function and positioning
in dendrites and synapses have been also observed in ALS and FTD
(Sasaki & Iwata, 2007) and may contribute to early synaptic loss in dis-
ease (Gao et al,, 2019). In FTD, several pathways controlling mito-
chondrial trafficking, dynamics and, consequently, activity are altered
(Anoar et al., 2021). In the genetic FTD caused by MAPT mutations, a
decrease in mitochondria-tau interactions in iPSC-derived neurons
has been observed. Tracy and collaborators reported that neurons
expressing the V337M mutation in the tau protein were characterized
by alterations in mitochondria bioenergetics affecting the efficiency in
maintaining ATP levels under prolonged energetic stress (Tracy et al.,
2022). In addition, the P301L mutation in tau, which is known to
cause tau hyperphosphorylation, decreases mitochondrial respiration
and ATP production, leading to a global mitochondrial and oxidative
impairment (David et al., 2005). Mutations in transactive response
(TAR)-DNA-binding protein (TARDBP), coding for the TDP-43 protein,
are also associated with FTD. Interestingly, TDP-43 inclusions aggre-
gate outside the nuclear compartment and can directly affect mito-
chondrial dynamics and trafficking, both at the axonal and dendritic
compartment, leading to functional impairment. The overexpression
or reduction of TDP-43, in different animal model systems, leads to
mitochondrial dysfunction (Xia et al., 2016).

In general, an altered cellular metabolism is considered a hallimark
of ageing (Kim et al., 2018). During cellular senescence, which is dis-
tinct from, but associated with, biological ageing, mitochondria exhibit
numerous changes in their structure, dynamics and function. In senes-
cent cells, a decrease in mitochondrial membrane potential, an
increase in proton leakage and a lowered oxidative capacity have been
observed. The consequence of these modified processes resides in an
altered aged metabolic homeostasis, with a significant increase in ROS
generation, diminished antioxidant defence and a decrease in ATP
production. All these phenomena have a significant effect on neurons
that are particularly sensitive to stress and to the accumulation of a
senescent profile, typical of ageing (Kim et al., 2018). The pool of
healthy mitochondria also tends to decrease with ageing.

In addition to the role played by mitochondria in neurons them-
selves, neuronal energy demand is also sustained by glial cells that are
extremely flexible and respond to environmental changes, providing
neurons with their required energy (Traxler et al., 2021). Every time
neurons need energy to perform the highly energy consuming
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neuronal synaptic burst, the so-called astrocyte-neuron lactate shut-
tle responds to this energy demand by creating an energy bridge by
which astrocyte-produced lactate is received by neurons (Chuquet
et al., 2010; S4 et al., 2017). The astrocytic-neuronal metabolic bridge
is supported by the capacity of astrocytes to convert GABA and gluta-
mate, removed from the synaptic cleft, into glutamine, which is used
as a precursor for refill synaptic vesicles or for oxidative-phosphoryla-
tion via the tricarboxylic acid (TCA) cycle (Bak et al., 2006; Traxler
et al., 2021).

Neuronal metabolic pathways are comparatively inflexible and
believed to be strictly regulated. However, metabolic changes including
state shifts and alterations in individual metabolites can have marked
effects on the neuronal epigenome. This enables cells to adapt to envi-
ronmental changes and also poses a risk, as energetic challenges may
lead to highly consequential epigenetic alterations (Traxler et al., 2021).
Indeed, the cell fate specification and the consequent cell identity are
established by a highly specific epigenetic control, which must be also
plastic to allow adaptation to the environment. For instance, high glu-
cose levels produce high acetylCoA:CoA ratio that regulates histone
acetyltransferase activity and contributes to increased chromatin acces-
sibility and gene activation (Lee et al., 2014). Both the early TCA cycle
intermediate a-ketoglutarate and oxygen are co-substrates for
demethylases, affecting DNA and histone methylation and thereby
changing transcription scenarios (Traxler et al., 2021). Moreover, meta-
bolic enzymes can translocate directly to the nucleus in a splicing- and
signalling-dependent manner and act directly on histones triggering
changes in transcription. This is the case with pyruvate kinase M (PKM)
that translocates to the nucleus where it phosphorylates histone 3 and
leads to a de-repression of cell-cycle and glycolytic genes (Li
et al, 2018). In induced neurons directly converted from fibroblasts
derived from patients with AD, a cancer-like metabolic switch from
neuronal OXPHOS to aerobic glycolysis is associated with a higher level
of the PKM2 nuclear isoform, compared with levels of the physiological
PKM1 in these neurons. PKM2 prevalence is associated with metabolic
and transcriptional changes in these AD-derived neurons, contributing
to AD-related neuronal defects. Overall, all these new findings are sug-
gestive of the presence of a metabolic reprogramming towards an aero-
bic glycolytic profile in AD, through a Warburg effect (Traxler
et al., 2022).

The epigenetic modulation of metabolism, influenced by the com-
bination of pathology and ageing, could be primary or secondary to
mitochondrial impairment (Traxler et al., 2022). In general, in the neu-
rodegenerative context, there is an accumulation of macromolecular
damage and metabolic reprogramming that leads to the damage of
organelles, including mitochondria, and eventually to tissue dysfunc-
tion (Kim et al., 2018).

5.1 | Targeting mitochondria as a therapeutic
strategy for treating neurodegeneration

To reduce and to buffer mitochondrial dysfunction, the most used
indirect therapies rely on the use of antioxidants that mitigate
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mitochondrial ROS production. Some of those compounds include the
lipophilic MitoQ, CoQ10, MitoVitE, MitoTEMPOL (Dumont
et al., 2011; Johri, 2021; Shinn & Lagalwar, 2021; Zhelev et al., 2013)
and resveratrol, which indirectly activates peroxisome proliferator-

activated receptor-y coactivator-1a (PGC-1a) and induces mitochon-
drial biogenesis (Yadav et al., 2022). There are also compounds that
modify mitochondrial dynamics such as mitochondrial division inhibi-
tor 1 (Mdivi-1) (Dai et al., 2020) and methylphosphonate (DDQ)
(Kuruva et al., 2017). Mdivi-1, an inhibitor of Dprl, showed activity
against the excessive mitochondrial fragmentation induced by Ap
(Reddy et al.,, 2017). A novel approach recently proposed suggested
combining the antioxidant effect with epigenetic modulation. Shiko-
nin, an anti-cancer PKM2 modulator, acts on the metabolic shift
caused by neuronal PKM2 in AD, acting as an apoptotic brake on
mature neurons (Traxler et al., 2022).

Given the pathogenic role for excitatory mitochondrial calcium
dysregulation in mediating sub-lethal dendritic atrophy observed in
chronic neurodegenerative diseases, inhibiting calcium uptake has
been reported to be neuroprotective. The major protein complex
involved in mitochondrial calcium uptake is the mitochondrial calcium
uniporter (MCU) (Baughman et al., 2011), and thereby, MCU inhibitors
are neuroprotective in different genetic models of chronic neurode-
generative diseases (Verma et al., 2022).

6 | NEUROINFLAMMATION

In recent years, it has become clear that despite having many different
primary causes, all neurodegenerative diseases share a common con-
stituent —neuroinflammation. Inflammation is the first line in host
defence against pathogens and essential to the body's healing pro-
cesses. However, chronic or prolonged inflammation, as observed in
ageing and further exacerbated in neurological diseases, is detrimental
for tissue homeostasis. Neuroinflammation can be triggered by CNS-
resident immune and glial cells (such as microglia, astrocytes and oli-
godendrocyte lineage cells), cells from the peripheral innate or adap-
tive immune system (T cells, B cells and macrophages), meningeal
inflammation or autoantibodies directed to the CNS.

6.1 | Neuroinflammation in ageing and
neurodegeneration

There is growing evidence of the presence of both innate and adap-
tive immune cells in the healthy CNS, where they have key roles in
maintaining homeostasis and immunosurveillance, being associated
with neurogenesis (Ziv et al.,, 2006), learning and memory (Brynskikh
et al., 2008) and synaptic pruning (Pasciuto et al., 2020), among other
functions. This tightly regulated immune-CNS interaction is, how-
ever, distorted during ageing and even more abruptly in neurodegen-
erative disorders, leading to pathological neuroinflammation and
subsequent neurodegeneration (Mayne et al., 2020). Even though
present at low levels in the healthy young CNS (Pasciuto
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et al,, 2020), an increase in adaptive immune cell infiltration, mainly
CD8" T cells and to a lesser extent CD4" T cells, has been observed
in the neurogenic niches, the white matter and the optic nerve, with
ageing. Enhanced T-cell infiltration alters CNS-resident cell function
increasing the expression of interferon-responsive genes in CNS stem
and glial cells (neural stem cells, microglia and oligodendrocytes) and
contributes to age-related myelin degeneration, impaired neurogen-
esis and axonal degeneration (Dulken et al., 2019; Groh et al., 2021;
Kaya et al.,, 2022). Increased CNS infiltration of peripheral immune
cells with ageing may result from blood-brain barrier alterations,
increased permeability and a decreased CNS perfusion and lymphatic
drainage (Blau et al., 2012).

Similar changes in T-cell infiltration have also been observed in a
range of neurodegenerative disorders not considered primary autoim-
mune disorders, such as AD, PD and ALS. T-cell numbers, particularly
of CD8™ T cells, are raised in the post-mortem CNS tissue of AD, ALS
and PD patients (Togo et al., 2002) and altered T-cell levels or subsets
in the cerebrospinal fluid and peripheral blood of AD, PD and ALS
patients (Gate et al., 2020). The role of adaptive immune cell-
mediated inflammation in AD remains controversial. Even if T-cell
depletion has played a beneficial role, reversing cognitive decline,
increasing AP clearance and promoting neuronal survival (Laurent
et al., 2017), other studies have described detrimental roles for T cells
in AD pathology (Marsh et al., 2016). In PD models, on the other hand,
mice lacking mature lymphocytes show attenuated dopaminergic cell
loss (Brochard et al., 2009), whereas in an ALS mouse model, infil-
trates of CD8™ T cells in the CNS are associated with motor neuron
loss (Coque et al., 2019). The role of T cell-mediated neuroinflamma-
tion in neurodegenerative diseases therefore may be subset- and
context-specific, highlighting the complexity of the CNS-immune
crosstalk and the role of neuroinflammation in neurodegeneration.

Prolonged CNS immune infiltration together with the enhanced
production of pro-inflammatory cytokines , such as IFN-y, TNF-, IL-6
or IL-18, described in both ageing and neurodegenerative diseases also
contribute to neurodegeneration by indirectly perpetuating inflamma-
tion through the priming of CNS glial cells. Single-cell sequencing anal-
ysis of CNS-resident cells, such as microglia, astrocytes and
oligodendrocyte lineage cells in different neurodegenerative disease
contexts and ageing, has unveiled disease-specific phenotypes charac-
terized by the expression of inflammatory and neurotoxic markers
such as Clec7a, C3, Lgals3 and Trem2 in microglia (Olah et al., 2020),
Serpina3n, Lcn2, Ifitm3, Timpl and Chi3l1 in astrocytes (Hasel
et al., 2021), and Serpina3n, C4b or KIké in oligodendrocyte lineage
cells (Kenigsbuch et al., 2022). Beyond this disease-specific phenotype,
an elevated expression of interferon-responsive/stimulatory genes
(e.g., Irf1, Irf7, Irf8, Isg15 and Ifit3) has also been described across glial
cells in ageing and neuroinflammation (Mathys et al., 2019). Addition-
ally, neuroinflammation enhances the expression of antigen-presenting
genes (e.g., Cd74, B2m, Cd9, H2-K1 and H2-D1) and immune cell che-
moattractant cues such as lcam-1, Ccl2, Cxcl12 or Ccl3 by all the main
glial cells, which in turn further activate CNS-infiltrating T cells, con-
tributing to a positive feedback loop that perpetuates neuroinflamma-
tion and thus neurodegeneration (Mathys et al., 2019).
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In addition to immune cell infiltration and CNS-resident cell-
driven pro-inflammatory reactions, another source of neuroinflamma-
tion is linked to the accumulation of senescent cells with ageing and
in CNS pathology. Mounting evidence has demonstrated the accumu-
lation of senescence markers such as P16, P21, YH2A.X, lipofuscin,
GATA4 and high-mobility group box protein 1 in microglia, oligoden-
drocyte progenitor cells (OPCs), oligodendrocytes, astrocytes and
neurons with ageing and in pathology such as AD (Bussian
et al., 2018). Senescent cells accumulate in aged tissues and contrib-
ute to the pathogenesis of a range of neurodegenerative diseases, at
least in part, through their pro-inflammatory senescence-associated
secretory phenotype (SASP) (Guerrero et al., 2021), which can propa-
gate senescence to neighbouring cells in a paracrine manner and con-
tributes to immune cell recruitment to eliminate senescent cells
(Acosta et al.,, 2013). Hence, neuroinflammation and senescent cells
establish an additional positive feedback loop exacerbating ageing and
disease pathogenesis. Chronic inflammation, as observed in ageing
and neurodegenerative disorders, enhances the appearance of senes-
cent cells, which, in turn, further contribute to neuroinflammation by
the secretion of pro-inflammatory molecules. It is therefore plausible
that either by eliminating senescent cells or by modulating SASP, we

can limit neuroinflammation and prevent neurodegeneration.

6.2 | Therapeutic approaches to counteract
neuroinflammation

Several drugs that limit immune cell infiltration in the CNS have been
developed in the context of MS such as siponimod, fingolimod or
natalizumab (Tintore et al., 2019), but whether these drugs are benefi-
cial in other primary neurodegenerative diseases, such as AD or ALS,
is still under debate. Natalizumab is a monoclonal antibody that blocks
the extravasation of immune cells in the CNS and has been proven

1G93A and

successful in mouse models of ALS such as SOD
TDP43*3'5T where it has diminished astrocyte and microglia priming,
increasing motor neuron number and survival (Garofalo et al., 2022).
Natalizumab has also shown beneficial effects in pre-clinical models
of AD such as APP/PS1 and 3xTg mice. In APP/PS1 mice, natalizumab
reduced pro-inflammatory cytokines in the spleen, CD4 immunoreac-
tivity and general inflammation in the CNS (Manocha et al., 2018).
Similarly, in 3xTg-AD mice, natalizumab improved memory and
reduced microgliosis, AB load and tau hyperphosphorylation
(Pietronigro et al., 2019). Fingolimod, on the other hand, is a structural
sphingosine analogue and a modulator of sphingosine 1-phosphate
(S1P) receptors, that blocks immune cell migration outside primary
lymphoid organs and thus reduces T- and B-cell number in the circula-
tion. Fingolimod has shown to promote survival and improve the phe-
notype in SOD1%%** mice and is well tolerated by patients with ALS,
although its efficacy in disease progression is yet to be evaluated
(Potenza et al., 2016). In AD, on the other hand, fingolimod amelio-
rated AP neurotoxicity in neuronal cultures (Joshi et al., 2017) while
reducing Ap and neuronal loss and astrocyte and microglial activation
and improving memory and learning deficits in 5xFAD mice (Aytan
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et al., 2016). Furthermore, in PD mouse models such as the MPTP
mouse model and a model performed by intracerebral injections of
6-hydroxydopamine, fingolimod attenuated neuroinflammation, neu-
ronal loss and motor deficits (Zhao et al., 2017). Moreover, low doses
of fingolimod improved motor function and reduced brain atrophy,
leading to the extended survival of R6/2 mice, a mouse model of HD
(di Pardo et al., 2014). Thus, even though drugs that limit immune cell
trafficking to the CNS appear to have a beneficial effect and help pre-
vent neurodegeneration in different mouse models, further pre-
clinical investigations followed up by clinical trials are needed before
clearly establishing their benefits for patients in other neurodegenera-
tive diseases beyond MS.

An alternative approach to limit not only immune cell-mediated
inflammation but also neuroinflammation mediated by CNS-resident
cells involves the use of other less specific anti-inflammatory drugs
such as minocycline or non-steroidal anti-inflammatory compounds.
Minocycline is a broad-spectrum antibiotic with important anti-
inflammatory properties, and as such, it has been studied for several
years in mouse models of neurodegeneration. Even if minocycline has
been proven successful in limiting neuroinflammation and in some
cases neurodegeneration in mouse models of AD (Choi et al., 2007),
PD (Wu et al., 2002) and ALS (Kriz et al., 2002), its beneficial effect in
subsequent clinical trials has been less robust, with no clear neurocog-
nitive improvement observed in AD or HD and disease worsening
detected in ALS trials (Cudkowicz, 2010; Gordon et al., 2007; Howard
et al., 2020). Although most of the pre-clinical data using minocycline
reported positive results, its current negative outcomes or even the
symptom worsening observed in some clinical trials, questions its
effectiveness as a therapy for neurodegenerative diseases (Romero-
Miguel et al., 2021). Other anti-inflammatory therapies considered for
neurodegeneration include non-steroidal anti-inflammatory drugs
(NSAIDs). However, the potential beneficial effects observed in some
animal models were not reproduced in clinical trials, and thus, their
use as potential therapy for neurodegeneration dropped (Sastre &
Gentleman, 2010).

Considering the negative impact of sustained inflammation, mam-
mals have developed their own endogenous anti-inflammatory brake,
mediated by regulatory T cells (Tregs), a subset of immune cells with
high immune suppressive capacity. Tregs are known to be either
depleted or functionally impaired in several neurodegenerative disor-
ders (Liston et al., 2022). As a result, systemic Treg expansion or Treg
adoptive transfer has been considered as a potential therapeutic
approach to tackle neuroinflammation and prevent neurodegenera-
tion. Treg expansion through peripheral IL-2/IL-2 monoclonal anti-
body complexes or adoptive transfer upon ex vivo activation has
rendered positive results in mouse models of ALS and AD such as
SOD157** mice (Sheean et al., 2018), 5xFAD-Rag2Ko mice (Faridar
et al., 2022), 3xTg-AD mice (Baek et al., 2016) and APP/PS1 mice
(Dansokho et al., 2016). Tregs protect motor neurons, suppress astro-
cytic and microglial immunoreactivity, reduce amyloid burden and
restore cognitive dysfunction. Moreover, an inverse correlation was
observed between Treg numbers and disease progression upon Treg
expansion in ALS patients, suggesting a neuroprotective effect also in
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humans (Beers et al., 2017). Despite the ample evidence of a benefi-
cial role for Tregs in neurodegenerative diseases, systemic Treg
expansion has not been widely considered for clinical trials as it can

lead to systemic immune suppression in patients of advanced age and
already vulnerable to infections, limiting its therapeutic use. Recent
investigations have developed a gene delivery approach to locally
expand Treg in the CNS by overexpressing IL-2 in astrocytes and thus
avoiding systemic immune suppression. This adenoviral-based gene
delivery approach has rendered positive results in mouse models of
MS, stroke and traumatic brain injury (Yshii et al., 2022). Even though
still to be tested in primary neurodegenerative disorders such as ALS,
PD or AD, this approach opens novel therapeutic avenues to harness
Treg immunosuppressive capacity to limit CNS neuroinflammation
and neurodegeneration.

Lastly, we review the potential use of senolytics to limit neuroin-
flammation and prevent neurodegeneration. The fact that mice genet-

6Nt senescent cells show a

ically engineered to remove pl
decrease in age-related pathologies in several tissues, together with
an extended lifespan and health span (Baker et al., 2016), stimulated
interest in the development of senolytics such as dasatinib, digoxin or
quercetin, as potential therapeutic approaches for neurodegeneration
(Guerrero et al., 2021). Senescent OPCs have been found around Ap
plaques in post-mortem tissue of patients with mild cognitive impair-
ment (MCI) or AD and in APP/PS1 mice. The elimination of senescent
OPCs by the administration of the senolytic cocktail formed by dasati-
nib and quercetin decreased microglial activation, Ap load and the
concentration of inflammatory cytokines IL-6, IL-1p and TNF-« and
improved cognitive performance (Zhang et al., 2019). Additionally,
elimination of senescent astrocyte and microglia via the administra-
tion of the senolytic AP20187 in MAPTP*°%5PS19 tau pathology
mouse model prevented gliosis, hyperphosphorylation of tau and neu-
rodegeneration and preserved cognitive function (Bussian
et al., 2018). Similarly, removal of senescent microglia via AP20187 or
dasatinib and quercetin administration prevented age-related cogni-
tive decline and neuroinflammation (Ogrodnik et al., 2021). Thus,
senolytics prevent neurodegeneration in ageing and pre-clinical
models of AD, supporting their use in clinical trials with older adults
suffering from MCI or early-stage AD (NCT04685590, SToMP-AD;
NCT04785300, ALSENLITE) (Guerrero et al., 2021). Their beneficial
effect in other neurodegenerative diseases such as ALS or PD is yet
to be investigated. Even though the pre-clinical results in AD and age-
ing look promising, the use of senolytic approaches to eliminate
senescent cells should be considered cautiously, due to the lack of
knowledge regarding the role of senescent cells in neurodegeneration.
One alternative to avoid the potential negative effects of eliminating
senescent cells is to focus on developing therapies aiming at reducing
or eliminating SASP to limit neuroinflammation (Guerrero et al., 2021).
Senomorphics or SASP inhibitors can limit senescent cell SASP pro-
duction by inhibiting NF-«kB, JAK-STAT, mTOR or mitochondrial com-
plex | and IV-related targets. Because senomorphics do not eliminate
senescent cells, continuous treatment with SASP inhibitors would be
required to obtain long-lasting effects, which could also increase off-
target effects associated with the suppression of cytokine secretion
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by other cells. A better understanding of the role of SASP and
senescent cells in CNS diseases and ageing is therefore essential to
successfully develop senotherapeutic interventions to limit neuroin-
flammation and target neurodegeneration (Chaib et al., 2022).

7 | CONCLUSIONS AND FUTURE
PERSPECTIVES

We have attempted to briefly review the vast field of the biological
pathways that are affected during ageing and have been implicated in
the pathogenesis of neurodegenerative disorders. Even though a com-
mon feature of neurodegenerative diseases is the abnormal deposi-
tion and mis-localization of insoluble protein aggregates, different
cellular pathways contribute to neuronal loss. Furthermore, these
pathways are all affected by ageing, which represents the main com-
mon risk factor for most neurodegenerative disorders. Cells in all
regions of the CNS are affected by ageing, as indicated by the decline
of sensory, motor and cognitive functions with time (Hofer
et al., 2003).

In the last few years, the concept of ageing has been changed.
Ageing is characterized by decreased functional capacity and
increased vulnerability to diseases, disability and death. However,
individuals of the same chronological age can differ dramatically in
their health status. Ageing should be viewed as a condition caused by
the age-associated accumulation of deficits throughout life
(Rockwood et al., 2000). In this context, the genetic alterations pre-
sent at birth and the ‘noxae’ to which one is exposed during life,
which will depend on the individual’s lifestyle, both contribute to the
biological ageing process (Salvatore, 2020). To increase longevity and
quality of life, biomedical sciences should focus on prevention of age-
ing. Prevention should start in early life with the analysis of genetic
predisposition to specific diseases and with the elimination of lifestyle
factors that negatively affect body function. This approach will be crit-
ical for the prevention of neurodegenerative disorders and to increase
the resilience of neuronal cells to stressors. Moreover, studying how
the cellular and molecular changes that occur during ageing render
neurons vulnerable to degeneration is fundamental for the develop-
ment of novel therapeutic approaches. Currently, most efforts to treat
neurodegenerative disorders focus on strategies that target the insol-
uble aggregates of proteins specifically associated with each neurode-
generative disorder. So far, most of the clinical trial results have been
disappointing because cognitive function is not restored even when
protein aggregates are removed. These results point towards the
importance of studying the cellular pathways that contribute to neu-
ronal dysfunction, in order to provide combined therapies to patients.

Neuronal function requires an efficient network of pathways that
are strictly connected and interdependent. For instance, synaptic
function is affected by the inflammatory microenvironment generated
by the ageing glial cells. Furthermore, synaptic transmission requires
energy and perturbed mitochondrial function has been associated
with ageing and neurodegeneration as the quality control of the cellu-
lar components is regulated by energy sensors. Additionally, the
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lysosomal-dependent, self-digestive, processing of damaged proteins
and organelles, called autophagy, is important to generate nutrients
and energy to maintain essential cellular activities. Defects in autop-
hagy result in intracellular accumulation of protein, contributing to the
formation of the insoluble aggregates of protein specifically associ-
ated with neurodegenerative disorders. Finally, gene expression trans-
lates synaptic activity and alterations in metabolic function into
changes in gene expression that can profoundly modify neuronal
structure and function.

Different therapeutic strategies have been developed to target
these cellular pathways, and the drugs have been evaluated for the
treatment of different neurodegenerative disorders. However, the
future challenges in drug discovery for neurodegenerative disorders
are (i) the detection of the earliest events in the neurodegenerative
cascade and (ii) the identification of the pathways responsible for the
specific vulnerability of cellular populations in each neurodegenerative
disease. A better understanding of these mechanisms is critical in the
development of disease-modifying therapies and to design tailored

therapies that can be administered to specific patient populations.

7.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
(http://www.guidetopharmacology.org) and are permanently archived
in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander,
Christopoulos et al., 2021; Alexander, Fabbro et al.,, 2021; Alexander,
Kelly et al., 2021a, b; Alexander, Mathie et al., 2007).
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