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ABSTRACT

The unmet need for the development of effective drugs to treat Alzheimer's disease has been steadily growing,
representing a major challenge in drug discovery. In this context, drug repurposing, namely the identification of novel
therapeutic indications for approved or investigational compounds, can be seen as an attractive attempt to obtain new
medications reducing both the time and the economic burden usually required for research and development programs.
In the last years, several classes of drugs have evidenced promising beneficial effects in neurodegenerative diseases,
and for some of them preliminary clinical trials have been started. This review aims to illustrate some of the most recent
examples of drugs reprofiled for Alzheimer’s disease, considering not only the finding of new uses for existing drugs,
but also the new hypotheses on disease pathogenesis, that could promote previously unconsidered therapeutic regimens.
Moreover, some examples of structural modifications performed on existing drugs in order to obtain multifunctional

compounds will also be described.

KEYWORDS: Drug repurposing; drug reprofiling; multitarget drug, Alzheimer’s Disease, antibiotics, chelating agents,
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1. INTRODUCTION

In medicinal chemistry, the target-based drug discovery approach, developed during the nineties, aimed to obtain small
molecules able to interact with a single desired biological target [1]. In this context, the interaction of drugs with unrelated
targets was sometimes reported as responsible for unwanted side effects, and was referred to as drug promiscuity, with a
negative connotation [2,3]. However, from the beginning of this century, a rapid expansion of the concept of multitarget
drug emerged [4], mainly related to the treatment of complex diseases involving multiple factors in their physiopathology
[5], and drug promiscuity started to acquire a more positive meaning. In fact, the ability of a single drug to simultaneously
interact with different targets involved in the progression of a disease could result in higher efficacy, even if unwanted
off-target actions may also emerge, leading to undesirable side effects. It is also well acknowledged that most of the
marketed small-molecule drugs revealed promiscuous properties in following studies or while in use, even if not
intentionally designed to this aim. In recent years, due to the ever-increasing cost of drug development and thanks to the
deeper understanding of the potential benefits of drug promiscuity, the opportunity to exploit the off-target effects of a
small-molecule drug gradually emerged [6]. Indeed, the discovery and development process leading to a new-marketed
drug is extremely expensive and time consuming and in particular, for compounds acting on CNS, further hurdles, such
as the need to bypass the blood brain barrier (BBB) and the complexity in setting up suitable animal models, require
additional considerations [7]. Drug repurposing (or drug repositioning, drug reprofiling) is thus a current strategy in drug
discovery, and can be defined as the identification of new therapeutic indications for existing compounds, either approved
and marketed for a different purpose, or stopped in the latest phases of clinical trials. This approach holds the advantage
to reduce the time and the economic burden required for drug discovery, lead optimization and ADME properties
evaluation, since the repurposed compounds have already been properly profiled regarding safety and pharmacokinetic
[5]. As previously mentioned, drugs targeting CNS have additional obstacles to overcome, making research in this area
even more complex.

Neurodegenerative diseases (NDs) are age-dependent disorders with unrelated pathophysiology mechanisms and still

largely unknown origins. Due to the progressive increase in the average age of global population, their incidence is
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expecting to dramatically multiply in the next 20 years, with a strong social impact and a huge financial and emotional
stress on patients and caregivers [8]. Among NDs, dementias are the main responsible for the burden of these pathologies,
and Alzheimer’s disease (AD) represent the leading illness in industrialized countries [9]. As evidence of the challenging
issue for research and development of effective drugs, only four non disease-modifying compounds have been approved
for treating AD during the last 20 years. In this discouraging framework, the repurposing approach seems particularly
promising, and an increasing number of prescribed drugs have recently been subjected to screening programs to find new
therapeutic options. Consequently, several interesting reviews on this topic appeared in the literature in the last years [7,
10, 11], and the aim of this paper is to give an overview of the most recent data regarding both the drug repurposing

strategy and the coupling of existing therapeutics in a multitarget perspective, applied to AD.

2. ALZHEIMER’S DISEASE PATHOGENESIS

AD shares with other NDs, such as Parkinson’s, amyotrophic lateral sclerosis, prion and Huntington’s diseases, a common
molecular mechanism, involving the formation of misfolded protein aggregates in well-defined brain areas as trigger for
neuronal cell death. Collectively, these pathologies have been labelled conformational diseases. Regarding AD, the
deposition of beta-amyloid (Ap) protein into plaques and the formation of neurofibrillary tangles (NFTs), abnormal
aggregates composed by hyperphosphorylated tau protein, have been recognized as the main hallmarks of the disease. In
detail, one of the etiopathological pathways involved in AD progression is represented by the aggregation of A peptide
in a process initially defined as “amyloid cascade” [12]. In fact, in a neuropathological situation, the formation of AP
peptides is a multistep process starting with the proteolytic sequential cleavage of the Amyloid Precursor Protein (APP),
an integral transmembrane protein located in different cell types, including neurons, by B-secretase (BACE 1) and y-
secretase enzymes, yielding AB (1-40) or AB (1-42) peptides [13]. The amyloid aggregates formation starts with a self-
association of Ap monomers in their soluble native state and, moving through a number of intermediate species endowed
with different size and toxic properties, ends with the formation of fibrillary amyloid plaques. In recent years, in vitro
studies labelled the pre-fibrillary oligomer forms, instead of the mature fibrils, as the actual neurotoxic species and the
primary pathogenic agents in AD, and proved the ability of AB peptides to catalyse the formation of NFTs [14]. This
significant linking between the two main hallmarks of AD endorse the impact of the amyloid theory in the pathogenesis
of the disease. Notwithstanding, the actual mechanism underlying AD pathology is far from being identified and is still

controversial: undoubtedly, we are faced with a complex, multifactorial process in which, beside a recognized progressive
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cholinergic decline, neuroinflammation, oxidative stress and mitochondrial dysfunction also play a pivotal role. In this
intricate picture, the possibility for an existing drug to affect one or more of these pathways may not be so unlikely, and
could be a valuable approach, given the urgent need of new therapeutic options and the inability to find them. To date,
the main therapeutic options for AD treatment are still confined to the cholinesterases (ChEs) inhibitors, such as donepezil,
rivastigmine or galantamine, and to an N-methyl-D-aspartate (NMDA\) receptor antagonist, memantine, merely able to

act as palliative treatments, leading to a temporary restoration of the cholinergic transmission [12].

3. ANTIMICROBIALS IN AD

The option to cure AD with antimicrobials can be regarded as a particular case of drug repositioning. Indeed, since the
early 1990s, the virologist Ruth Itzhaki proposed a possible link between NDs and microbial infections [15], and later in
2016 an increasing number of scientists presented evidence for a causal role of pathogens in AD [16, 17]. The so-called
‘microbial hypothesis’ suggests the role of chronic microbial infections, involving both viruses and bacteria, in AD onset,
maybe triggering systemic inflammation processes, ultimately resulting in a progressive cognitive decline in aged people.
The pathogens that have been proposed as most likely candidates include human herpesviruses and bacteria, such as
Helicobacter pylori, Porphyromonas gingivalis, Chlamydia pneumoniae and several types of Spirochetes. These
microorganisms could reach the CNS compartment directly, by crossing the BBB, or exploiting both the oral-olfactory
cavity and the gastrointestinal mucosa pathway, reaching the systemic circulation and then invading the brain, causing
the onset of an inflammatory process leading to neuronal damage. Indeed, a number of experimental evidences indicate
a correlation between herpes simplex virus (HSV) infection and chronic periodontitis and increased risk of developing
AD in old age [18].

To complicate the picture, a pivotal role of gut microbiota in brain development has recently been underlined, and the
existence of a microbiota-gut-brain axis suggests that bacteria usually resident in the gut may also affect brain functions
[19]. Thus, a significant role of gut microbiota alterations in AD cannot be overlooked, since a link between gut bacteria
and immune activation, resulting from a damaged enteric barrier, has also been reported, with the induction of a systemic
inflammatory response able to impair the BBB integrity thus promoting neurodegeneration [20]. In this context, AP
deposition, or better AP oligomerization, acquires a completely different role in AD pathogenesis, acting as a “protection”
against the microbial attack. Recent studies have highlighted the antimicrobial properties of AP, and this renewed

physiological protective role have led to the ‘Antimicrobial Protection Hypothesis’ of AD, in which the overproduction
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of this peptide in AD brain would appear as a tentative to fight microbial infections, by entrapping and neutralize
pathogens [21]. Unfortunately, this helpful effect would terminate with the persistence of the infection and the progression
of the inflammation state, gradually becoming detrimental.

In this context, the use of antibiotics and antivirals in AD treatment can be seen as a factual therapeutic option rather than
the repositioning of pre-existing drugs.

3.1 Antibiotics and AD

Several in vivo studies, both in mouse models of AD and in patients in an advanced stage of the disease, agree that long-
term antibiotic treatments considerably increase survival, maybe reducing A plaque deposition and mitigating the neuro-
inflammatory state. Actually, beside their anti-bacterial activity, a number of ancillary properties are recognized to
antibiotics, among which anti-inflammatory, anti-aggregating and antioxidant properties, which could be exploited for
treating neurological disorders [22]. An appreciable multitarget behavior has been reported for tetracyclines, an antibiotic
class widely prescribed, reasonably safe and able to cross the BBB [23, 24]. In particular, doxycycline (DOX) and
minocycline (Figure 1) proved to significantly reduce the aggregation of Ap (1-42) and to disaggregate the amyloid fibrils.
Moreover, an increased susceptibility of the aggregates to protease activity was reported, which could be due to a different
pattern of Ap aggregation induced by the tetracycline itself, also leading to lower toxicity [25]. Further studies in a cell
model of AD demonstrated that DOX induces the formation of non-toxic, amorphous and soluble low molecular weight
AP aggregates, though not being able to counteract the neurotoxicity of pre-aggregated oligomers [26]. A recent study by
Gautieri et al. attempted to investigate the molecular mechanism behind this destabilization of AP fibrils using a series of
molecular dynamics simulations, starting from two different AB42 fibril structures (PDB id 2MXU and PDB id 50QV),
acquired from solid-state NMR data and cryo-EM, respectively. This study proved the ability of DOX to stably bind
amyloid fibrils, particularly with specific hydrophobic amino acids in a definite core of the fibril. Moreover, thanks to the
stable binding of this tetracycline with the 2MXU polymorph, three main binding sites were identified within the protein,
corresponding with regions previously targeted by unrelated anti aggregating compounds. Unfortunately, in the 50QV
fibril a precise identification of binding sites was not possible. This study validated the experimental observations of the
anti-amyloidogenic properties of DOX, and shed light on the molecular mechanism underlying the destabilization of the
fibrillary structure induced by this drug, promoting a more accessible structure-based drug design for AD treatment [27].
As pointed out, tetracyclines can be considered as multipotent drugs, also showing anti-inflammatory effects, anti-

oxidative and anti-apoptotic activities, which could remarkably contribute to their therapeutic potential. Minocycline, a
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second-generation tetracycline antibiotic, proved to reduce the formation of tau aggregates, probably through a reduction
in caspase-3 activation and a consequent decrease in aggregation of caspase-3-cleaved tau fragments [28]. Moreover,
minocycline is also able to efficiently cross the BBB and to exert anti-inflammatory and neuroprotective properties
directly in the CNS, by inhibiting microglial activation and reducing the release of pro-inflammatory mediators, such as
TNF-o and IL-1B. A further intriguing feature of this antibiotic is its ability to improve the symptoms related to depression,
the most common neuropsychiatric disorder associated with AD. In a recent paper, Amani et al. highlighted the relevance
of TNF-a and IL-1p in the expression of depression-related symptoms induced by intracerebroventricular administration
of AP (1-42), suggesting a potential beneficial impact of minocycline in AD-associated depression [29]. A two-year
multicenter double-blind placebo-controlled study of minocycline (Minocycline in Alzheimer’s Disease Efficacy,
MADE) has recently been performed, recruiting 480 patients with early AD in the United Kingdom, aimed to establish
the actual efficacy of this drug in reducing the rate of cognitive decline and its tolerability. Unfortunately, the outcomes
were disappointing, showing no clinically significant improvement in the intellectual and functional skills in patients with
moderate AD [30].

Promising results were also obtained following the administration of the third-generation cephalosporin ceftriaxone (CEF,
Figure 1), which showed neuroprotective activity and proved to significantly recover neurological deficiencies in different
AD animal models. These results may be due to the modulation of the genetic expression of enzymes involved in AP
metabolism, reducing the mRNA expression of genes responsible for Ap production (mainly BACE 1) and upregulating
genes encoding for AP metabolizing enzymes [31]. Moreover, CEF proved to reduce oxidative stress and to restore
impaired ChE levels [32]. In addition, the ability to downregulate tau protein and to upregulate the expression of GLT-1,
a pre-synaptic glutamate transporter responsible for the clearance of glutamate in the brain, was also observed in CEF-
treated animal models of AD [33]. Taken together, these data suggest a potential beneficial effect of this drug for the
treatment of neurological disorders, and further studies and randomized clinical trials in humans are recommended to
validate its real neuroprotective potential [34].

Besides tetracyclines and cephalosporins, other antimicrobials have been studied for their potential as anti-AD candidates.
Among macrolide antibiotics, azithromycin and erythromycin (Figure 1) were able to reduce the brain levels of AB
peptides, maybe through the decrease of APP levels. In particular, a pilot study in the transgenic (Tg) CRND8 mouse
model of AD showed more than 50 % reduction in AP (1-42) levels following the treatment with erythromycin in the

drinking water for 3 months [35]. Clarithromicin (Figure 1) is another macrolide antibiotic that has been used in a triple
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therapy with omeprazole and amoxicillin to eradicate Helicobacter pylori infections in a study involving 56 AD patients.
After two years treatment, the subgroup of patients successfully treated also showed a significant improvement of

cognitive performance [36].

Doxycycline
/
N
N /N
H,N H
o T
)
O OH
Ceftriaxone

Erithromycin Clarythromycin

Figure 1. Antibiotics repurposed for AD.

3.2 Antimycobacterials and AD
Glutamate transporters, such as GLP-1, play a pivotal role in ensuring the clearance of the excess of glutamate from AD
brain [37]. Indeed, glutamatergic mechanisms are involved in learning and memory processes: the NMDA receptors play

a crucial role in neuroplasticity of the human brain through a mechanism called Long Term Potentiation (LTP). D-
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Cycloserine (DCS, Figure 2), approved for human use in tuberculosis therapy since 1950s, also proved to target the
glycine-binding site of the NMDA receptor, acting as selective partial NMDA agonist [38]. In vivo, it showed a dose-
dependent behavior, acting as an agonist at low doses but as antagonist with increasing doses, probably due to a different
receptor subtype selectivity. This ability to modulate the activity of the NMDA receptor gave the rationale for studying
the effects of DCS on a number of neurological diseases. Regarding AD, the first studies gave controversial results, likely
related to the daily administration of the drug, resulting in a down-regulation of the receptor. On the contrary, in a 4-
week, double-blind, placebo-controlled study in 17 AD patients, the administration of DCS once a week produced
significant cognitive improvement [39]. Interestingly, Chaturvedi et al. recently reported that DCS significantly reduced
the toxicity of Ap (1-42) aggregates, probably through a direct interaction with specific residues of the peptide, resulting
in the formation of stable complexes DCS/Ap (1-42), able to prevent the development of toxic species [40].

Rifampicin (Figure 2) is a macrocyclic antibiotic used to combat tuberculosis and leprosy. It is able to easily cross the
BBB and showed a potent AP (1-42) antiaggregating activity, with a consistent reduction of A oligomers accumulation
at 100 uM concentration. Remarkably, rifampicin proved to prevent oligomerization not only of AP, but also of tau and
a-synuclein, leading to speculate on a possible common mechanism underlying the formation of these toxic aggregates
[41]. As recently reported by Espargaro et al. [42], this feature deserves particular attention, since the ability of a single
molecule to inhibit the aggregation of multiple unrelated proteins could represent a valuable therapeutic strategy to cope
with different conformational diseases. In addition, due to the synergistic interplay between AP, tau and a-synuclein in
accelerating mutual pathology [41], it could be highly convenient to switch from the development of a specific anti
aggregation agent to a pan-inhibitor, capable of acting on more than one toxic species. In this respect, rifampicin may
represent a validated lead compound. Unfortunately, preformed fibrils in amyloid plaques seem not to be affected by this
drug. Its neuroprotective effect may be rather due to the inhibition of the oligomerization process, related to its ability to
directly bind to oligomers, preventing their interaction with the neuronal membrane and the resulting membrane damage
[43]. Moreover, the radical-scavenging properties and the ability to halt microglia activation of rifampicin suggest a strong
potential for this ready-to-use therapeutic in treating AD [44]. In vivo studies on mouse models of AD confirmed the
ability of this drug to hamper the progression of the disease, by reducing the accumulation of both Ap and tau oligomers
and improving cognitive function [41]. However, the hepatotoxicity of this agent could significantly limit its long-term

use, especially in elderly patients undergoing polytherapy, and this issue should be carefully considered.
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Figure 2. Antimycobacterial and antifungal drugs repurposed for AD.

3.3 Antifungals and AD

Rapamycin (Figure 2), also known as Sirolimus, is a macrolide antibiotic developed in the middle of 70’s as antifungal
agent. Later, it showed to efficiently act as immunosuppressive and was approved by the FDA in 1999 to be used in
association with other drugs as antirejection compound in transplanted patients [45]. This derivative was found to bind to
a specific protein, Target of Rapamycin (TOR), a serine/threonine kinase involved in several processes, among which
longevity emerged as the most promising [46]. In particular, it was hypothesized, and later probed on mice, that rapamycin
might increase lifespan in mammals, acting as mTOR inhibitor. In a study performed in 2015 by Richardson and co-
workers, it was found that this macrolide appreciably prevented memory loss in two different transgenic AD mouse
models, mainly when administered at an early stage of memory impairment. Besides, a significant reduction of Ap and
tau aggregation and of microglia activation was also observed, likely related to the rapamycin induction of autophagy

through mTOR signalling pathway. A further advantage in the use of this drug is the well-known safety profile, associated
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with its use for a long time in other diseases [47]. Taken together, these data seem to indicate rapamycin as a promising

multipotent compound deserving a deeper evaluation.

3.4 Gingipain Inhibitors

Porphyromonas gingivalis is a nonmotile, Gram-negative bacterium found in human oral microbiota and involved in the
development of chronic periodontitis (CP), a chronic inflammatory condition induced by the significant accumulation of
dental plaque. CP has been identified as a prominent risk factor in several systemic diseases, among which AD and
increased systemic inflammation, and P. gingivalis has been repeatedly identified in the brain of AD patients, supporting
the hypothesis of its involvement in AD pathogenesis [48]. Its virulence is mediated by the production of toxic cysteine
proteases (gingipains), essential for the bacterium survival and reported as lysine-gingipain (Kgp), arginine-gingipain A
(RgpA), and arginine-gingipain B (RgpB). Recently, a number of inhibitors targeting gingipains have been reported for
treating periodontitis and one of them, COR388, was also evaluated for its ability to reduce neuroinflammation and AP

(1-42) production, giving promising results [49].

3.5 Antivirals and AD

A possible contribution of viral infections in AD development cannot be excluded: accumulating evidence correlates HSV
infections with increased risk of AD onset [50]. The herpesviruses are a family of DNA viruses able to remain latent in
humans and inducing recurring infections. Among them, herpes simplex virus type 1 (HHV-1), human herpesvirus 6A
(HHV6A) and human herpesvirus 7 (HHV7) are considered the most involved in AD-related cognitive decline [51].
Consequently, it is not surprising that antiviral drugs have been reprofiled for their anti-AD properties. An in vitro study
by Wozniak et al. with acyclovir (Figure 3), a nucleoside analogue interfering with viral DNA replication, proved the
ability of the drug to consistently reduce AB (1-42) and hyperphosphorylated tau accumulation in a dose-dependent
manner. The decrease in AP (1-42) formation was later attributed to reduced viral replication [52]. Similar results were
also obtained in an AD cell model with penciclovir, another guanosine analogue antiviral, and with foscarnet, a DNA

polymerase inhibitor (Figure 3) [52].
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Figure 3. Antivirals studied for AD.

3.6 Miscellanea

Several drugs used to fight human parasitosis have recently been revalued to find new therapeutic options for AD.
Dapsone (Figure 4), an anti-leprosy antibiotic, was deeply evaluated in order to establish its ability to reduce senile
plaques deposition in AD patients, giving conflicting and inconclusive results [53].

A similar behaviour was reported for chloroquine and hydroxychloroquine (Figure 4), well-known antimalarial drugs,
endowed with a number of attractive properties in AD perspective, mainly anti-inflammatory and immunomodulating.

Unfortunately, a double blind, multicenter trial on patients with early AD failed to give the expected results [54].

O\\S O
HoN : NH,
Dapsone
HO H
J\/\/ N J\/\/ N
HN ~ HN ~
X X
p7 p7
Cl N Cl N
Hydroxychloroquine Chloroquine

Figure 4. Antiparasitic drugs evaluated for AD.
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4. CHELATING AGENTS

Clioquinol (CLQ, Figure 5), a quinoline derivative developed at the end of 1800 as antiseptic agent, was later used
worldwide to treat fungal and protozoan infections. The proposed mechanism of action involved its ability to chelate
metals, and metal dyshomeostasis in the human brain has long been recognized as one of the feasible triggers of AD
development. Moreover, the recently proposed concept of metallostasis, a dysfunction in metal redistribution at the CNS
level, mainly involving the transition metals Fe, Cu and Zn, makes chelating property particularly attractive [55]. Indeed,
CLQ and its second generation derivative PBT2 were reported to inhibit plaque formation in a mouse AD model [56] and
several structural modifications to these compounds were reported, aimed at increasing their therapeutic potential. In this
respect, CLQ appears as a synthetically accessible pharmacophore fragment, suitable to be exploited in a multitarget
perspective. In fact, due to the complex pathophysiology of AD and the dynamic interactive network of components that
underpin the disorder, usually monotherapy may not be capable of inducing significant outcomes. Combined therapies
targeting more than one aspect of the disease can be a useful approach, and, as seen in the abovementioned examples,
several marketed drugs showed the ability to act with different interrelated mechanisms. It is also true that the multitarget-
directed ligand strategy, i.e. the purposed design of a hybrid molecule composed by linked selected pharmacophores able
to interact with different targets, may represent a valuable strategy to interface with AD [4, 5]. Following this approach,
a number of drug candidates emerged, among which hybrid molecules obtained linking the CLQ pharmacophore moiety
to selected fragments found in inhibitors of key enzymes involved in AD pathogenesis, such as ChEs and
phosphodiesterase (PDE) 4D. The second enzyme, belonging to the PDE4 family, has been implicated in LTP and
memory consolidation [57]. The hybrid compounds, designed by connecting the hydroxyquinoline moiety of CLQ to
selected portions of tacrine and donepezil as ChEs inhibitors and to moracin, rolipram and roflumilast as PDE4D
inhibitors [58], were reported as promising multitarget-directed metal-chelating agents.

In detail, linking the tacrine scaffold to CLQ allowed to obtain IQM-622 (Figure 5), a CNS permeating compound capable
of controlling several pathological processes involved in AD, i.e. increasing patient cognition due to ChEs inhibition,
while reducing plaque formation and protecting neurons from oxidative damage thanks to the CLQ ability to capture free
radicals and to chelate metals [59]. Moreover, a further in vivo study suggested that the neuroprotective effects of IQM-

622 was also due to ChE unrelated mechanisms, involving the modulation of AB clearance in AD brain [60].
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Regarding CLQ-donepezil hybrids, some of them (1-3, Figure 5) proved to effectively act as multifunctional compounds
in vitro, inhibiting butyrylcholinesterase and showing (derivative 2) also anti-aggregating (59% inhibition at 50 uM),
metal chelating and antioxidant properties. Moreover, parallel artificial membrane permeability assay (PAMPA) data

predicted their high passive BBB permeability [61].
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Figure 5. CLQ and ChEs inhibitors hybrids.

On the other hand, Wang et al. reported a series of derivatives in which CLQ was merged with moracin M, a natural
product isolated from the root bark of Morus alba L. and endowed with a number of biological activities, namely anti-
inflammatory, antioxidant and PDE4D inhibitory. Some of the studied compounds showed an excellent multipotent

profile, and the most promising of the series, WBQ5187 (Figure 6), proved to easily penetrate the BBB, inhibit Ap
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aggregation (67.5% inhibition at 5 uM and Ap (1-42) at 25 pM) and PDE4D activity (ICso = 0.32 uM) and exert
antioxidant effects [62]. This compound was also able to disaggregate self- or metal-induced Ap aggregates, and further
in vivo studies in APP/PS1 transgenic AD mice revealed the capability to improve cognitive and memory impairment and
alleviate Ap pathology and gliosis in the brain, after oral administration [63]. In continuing its studies, the same research
group designed a series of compounds fusing key structural fragments of CLQ and other PDE4D inhibitors, namely
rolipram and roflumilast. Indeed, several studies have underlined the positive outcomes obtained by these PDE4 inhibitors
in facilitating memory performance and improving cognitive deficits in a APP/PS1 transgenic mouse model of AD. The

results once again showed for the new compound 4 a remarkable multitarget profile, summarized in Figure 6 [64].
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Figure 6. Hybrids obtained by merging CLQ and PDE4D inhibitors.

In a different approach, the CLQ pharmacophore fragment was connected with well-known antioxidant compounds,

namely resveratrol and epigallocatechin gallate (EGCG), in order to obtain hybrid multifunctional modulators able to
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exert protective effects against A toxicity (Figure 7). By exploiting the fusing strategy, a series of resveratrol-CLQ
hybrids was designed and synthesized, among which compound 5 exhibited both inhibition of self-induced AP
aggregation (ICsp = 8.5 uM) and disassembling properties towards the preformed AP fibrils (88.7% disaggregation at 25
KUM). This compound was also reported to be endowed with good metal-chelating ability, very potent antioxidant activity,
good BBB penetration together with low toxicity [65]. Derivatives 6-8, hybrids of CLQ and EGCG, showed antioxidant
effects, inhibition of AB (1-42) aggregation (ranging from 50 to 90% at 50 pM) and quenching of ROS formation and 6

was reported as a promising lead compound for further modifications[66].
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Figure 7. CLQ and antioxidants hybrids.

Besides CLQ and its hydroxyquinoline framework, catechol moiety also possesses chelating properties, suitable to be
engaged in multitarget drug design. Tolcapone and entacapone (Figure 8), catechol-O-methyltransferase (COMT)

inhibitors, are currently approved to treat Parkinson disease and proved to inhibit o synuclein and A aggregation [67].
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More recently, a study from Rao and coworkers demonstrated that tolcapone can also prevent the aggregation of tau-
derived hexapeptide AcPHF6, a model peptide widely used to investigate tau-aggregation process [68]. These results led
to the identification of the nitrocatechol (3,4-dihydroxy-5-nitrophenyl) pharmacophore fragment, successfully exploited
attempting to obtain promising anti-AD drug candidates. Notably, appreciable anti-aggregating activity was also observed
for the naturally occurring caffeic acid and its derivative caffeic acid phenethyl ester, pinpointing the catechol moiety, as
a key feature for this activity [69]. A series of tolcapone and entacapone related compounds bearing the nitrocatechol
moiety was then suitably designed and evaluated for the capability to interfere with the aggregation of AcPHF6 tau-
derived peptide, showing promising results (Figure 8). In particular, for some of the reported compounds (9-12) a peculiar
ability to chelate Cu?* ions, whose involvement in tau aggregation is widely recognized, was observed. Moreover, the
presence of an a-cyano group, a carboxamide function and a bulky benzyl or phenethyl substituent were recognized as
beneficial structural features for an effective anti-aggregating activity (inhibition of 90% at 50 uM) [70]. These data

validate the nitrocatechol fragment as a new attractive scaffold for the design of drugs against tauopathies.
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Figure 8. Nitro-catechol as promising privileged structure for antiaggregating properties.

A more detailed knowledge of the mechanism of CLQ and other chelating agents (with particular attention to copper
chelating agents) in NDs has been reported in a comprehensive and exhaustive review recently published on this journal

[71].

5. ANTIDIABETIC DRUGS

Although the causes of sporadic AD remain under discussion, evidence shows that, among other factors, altered insulin-
signaling pathways are early events in disease pathogenesis. Indeed, insulin signaling impairment has been increasingly
associated with cognitive decline and increased risk of dementia [72]. Moreover, it is becoming clear that diabetes is a
risk factor for AD, and that these two diseases are connected by several common molecular and cellular processes, being

insulin signaling one of the main links. Indeed, insulin sensitivity is decreased with aging, and with increasing life
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expectancy the prevalence of diabetes, particularly type 2 diabetes (T2D), and dementia are globally rising [73]. A humber
of studies have documented the pivotal role played by insulin in humans. Besides glucose metabolism, this hormone has
been involved in mitochondrial function and in cognitive performance, making brain insulin signaling of ever-increasing
interest in neurological research. In particular, a reduction in neuronal AB peptides deposition, mainly due to an insulin
modulation in APP metabolism, was reported, even if the precise molecular mechanism still remains largely unknow.
Clearly, these findings enriched the scope for the repurposing of antidiabetic drugs in AD management, aiming also to
elucidate the cellular pathways involved in the intersection between AD and diabetes, that could be of the outmost
importance to find future therapeutic options for both diseases [72]. In fact, only few and controversial studies were
reported dealing with the relationship between antidiabetic medications and dementia. Some of them were performed on
metformin (MET, Figure 9) and showed that this widely prescribed antidiabetic drug not only reduced insulin levels and
the risk of metabolic syndrome, but also improved insulin sensitivity, suggesting its potential in exerting protective effects
on cognitive function, and therefore the ability to decrease the risk of dementia [73] (this also applies to the use of
sulphonylureas [74], Figure 9). Unfortunately, some researchers suggest a potentially harmful consequence of its use in
monotherapy in elderly diabetic patients. Indeed, MET also affects APP metabolism increasing the generation of AP
peptides through upregulation of BACE-1 in various cell models. These potentially deleterious effects of MET may be
avoided by using a combination of MET and insulin. Notably, the combination may result in a beneficial effect both in
treating T2D and in mitigating AD progression [75].

The thiazolidinediones (TZDs), as rosiglitazone and pioglitazone (Figure 9), are synthetic ligands that activate the nuclear
receptor peroxisome proliferator-activated receptor y (PPARY) and are used to treat T2D for their insulin sensitization
effect. It has been suggested that both compounds have a role in regulating different aspects of AD, such as Ap synthesis,
inflammation, and lipid homeostasis. Moreover, these compounds were also found to be involved in mitochondrial

activity restoration, a further beneficial effect in NDs, often featuring mitochondrial impairment.
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Figure 9. Antidiabetic drugs for AD.

TZDs held a promising therapeutic potential against AD, as supported by preclinical studies [76, 77], although their
efficacy has not yet been conclusively demonstrated in clinical trials. Indeed, while in a phase I clinical trial rosiglitazone
demonstrated encouraging therapeutic effects, a subsequent phase 11 trial failed to show any evidence of drug efficacy in
the whole AD patient population enrolled in the study [78]. To explain this failure, the authors hypothesized that effective
levels of rosiglitazone may not reach the target tissues in patient’s brain, being this drug a substrate of P-glycoprotein (P-
gp), a major drug efflux transporter present at the BBB compartment. During neuroinflammation, common condition in
AD patients, an overexpression of P-gp is detected, leading to a considerable reduction in brain exposure to the drug [78].
Anyway, rosiglitazone has now been withdrawn from the market for diabetic patients as it carries an increased risk of
cardiovascular events. Pioglitazone, which has been shown to be cardiovascular safe, is the sole alternative PPARy agonist

available on the market and it is currently undergoing clinical trials for the treatment of AD, with contradictory outcomes.
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Poor brain penetration remains the main obstacle to its development for AD cure, and a recent study has speculated, given
the structural close similarity with rosiglitazone, that P-gp could again be involved in the low brain penetration of
pioglitazone. This study has then validated, with in vivo experiments, that P-gp inhibition significantly increases
pioglitazone brain penetration [79]. The same authors also investigated the stereoselectivity requirements of pioglitazone
uptake in the brain. In mice, the administration of (+)-pioglitazone, instead of the racemic mixture, may significantly
increase brain exposure to the drug, suggesting a stereoselective interaction of P-gp with the drug. Therefore, the
administration of the more BBB permeating (+) enantiomer could potentially encourage its development for AD treatment
[79]. The opposite trend was observed in plasma, and this can result in fewer side effects or drug-induced toxicity in
peripheral tissue organs. Taken together, these pharmacokinetic and target-delivery abilities render (+)-pioglitazone a
very promising candidate for AD treatment.

Other authors found that pioglitazone inhibits cyclin-dependent kinase 5 (Cdk5) activity by decreasing p35 protein (the
specific activator of Cdkb) level. It is known that aberrant activation of Cdk5 is associated with the pathogenesis of several
NDs, including AD. Furthermore, blockade of Cdk5 activity by pioglitazone reverses the synaptic dysfunctions and
improves spatial memory in AD mouse models [80]. These findings collectively reinforce the potential therapeutic use
of this anti-diabetes drug for AD cure. In addition, other researchers reported that long-term treatment with pioglitazone
could exert several beneficial effects, among which the greatly reduced hyperphosphorylated tau deposit in hippocampal
region [81]. However, the molecular mechanisms underlying this effect are not fully understood: a recent study clearly
demonstrated that TZDs, including pioglitazone, rosiglitazone and troglitazone (a parent TZD drug, withdrawn from the
market due to liver toxicity, Figure 9) decreased tau-Thr231 phosphorylation in a PPARy-independent manner, increasing
p35 degradation that, as previously reported, induces the repression of Cdk5 activity. These outcomes offer a possible
molecular mechanism to explain the improvement of memory deficits and the reduction in NFT deposition observed in
AD mouse and cell models [82].

A very recent study dealt with intranasal (IN) nano lipid carriers (NLC) of pioglitazone for its targeted transport to the
brain. The in vitro drug delivery study showed a sustained release of drug from the NLC. The formulation was found to
significantly improve the penetration of pioglitazone across the nasal mucosa ex vivo and the subsequently performed
toxicity studies confirmed the safety of the formulation for in vivo administration. Direct nose to brain transport of the
drug was observed from the IN-NLC that significantly improved the concentration of the drug reaching the brain in vivo,

promoting the repurposing capability of pioglitazone in AD management [83].

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/

Not surprisingly, the opportunity to exploit the multitarget approach was evaluated in this context as well, and a recent
study examined the potential of a combination of a putative neuroprotective hormone (leptin) with an antidiabetic drug
able to regulate the inflammatory response (pioglitazone) [84]. Leptin is a polypeptide hormone, primarily secreted by
adipocytes, that exerts its main biological function in the brain. Recent studies on different Tg animal AD models proved
a potential neuroprotective effect of leptin, leading to a decrease in AB levels and in intracellular tau phosphorylation both
in vitro and in vivo. Moreover, leptin was also able to modulate LTP and improve memory in rodent experimental models,
indicating a promising role in avoiding cognitive decline. This study showed that this combination significantly reduced
AP levels and hippocampus-dependent spatial memory deficits, alleviated synaptic alterations, and reduced glial response,
altering the expression of genes involved in inflammation and oxidative stress. These results support the initial hypothesis
that the neuroprotective effect of leptin in combination with the anti-inflammatory action of pioglitazone could
appreciably attenuate the pathologic features that characterize AD [84].

Apolipoprotein E (ApoE) is the principal apolipoprotein in the brain, where it acts as a scaffold for HDL-like particles
and facilitates the trafficking of lipids throughout the CNS. ApoE also modulates AP deposition and clearance in an
isoform-dependent manner. Its production is transcriptionally regulated by liver X receptors (LXRs), type Il nuclear
receptors that function as cholesterol sensors. A recent study investigated a combination therapy of LXR and PPARYy
agonists in an AD mouse model and demonstrated that this combination elicits biochemical and behavioral improvements,
being able to affect a further increase in LXR target gene production and effectively reducing inflammatory markers.
Importantly, combination treatment acts more effectively than individual agonist treatments in improving several

biochemical markers and alleviating cognitive impairments in AD mice, with an additional reduction of side effects [85].

6. CARDIOVASCULAR DRUGS

It has been widely recognized that a multifaceted interplay between cardiovascular diseases (CVDs) and the development
of cognitive impairment exists, mainly involving hypertension on the one hand and dementia on the other [86]. Not
surprisingly, researchers’ attention has focused on anti-hypertensive therapeutic regimens as possible modifiers of

cognitive impairment.

6.1 Renin angiotensin system modulators
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Over the last decade, several studies have pointed towards the renin angiotensin system (RAS) as the main linker between
CVDs and AD, as a number of RAS components were altered in AD patients, in particular the key peptide angiotensin Il
(ANG I1) and its derivative angiotensin I11 (ANG I11) [87]. Typically, the RAS cascade starts with the enzyme renin that
is responsible for degrading angiotensinogen to the decapeptide angiotensin 1 (ANG 1), that in turn is converted into the
vasoconstrictor octapeptide ANG Il by angiotensin converting enzyme (ACE). This system is finely tuned by the
simultaneous activation of the ANG Il type 1 receptor (AT1R) responsible for vasoconstriction and primary signalling
pathway in RAS, and of the ANG Il type 2 receptor (AT2R), mediating vasodilation [88]. Moreover, ANG Il can also be
metabolized to ANG Il by aminopeptidase A (APA) and in turn to ANG IV by aminopeptidase N (APN), both acting on
AT1Rs and mediating vasoconstrictive effects [89]. Notably, ANG 1V, acting also through the ANG |1 type IV receptor
(AT4R), also called Insulin Regulated Aminopeptidase receptor (IRAP), has been shown to enhance neuronal and
cognitive functions [90]. A number of drugs have been marketed in order to correct a dysregulation of this system helping
the management of hypertension, either by reducing ANG 11 production and by preventing its actions on AT1R.

The brain possesses a paracrine RAS, independent from, but interacting with, the peripheral RAS and holds precursors
and enzymes required for the biosynthesis of ANG Il and its metabolites [91]. It is widely recognized that defects of this
system can be noticed in AD, in particular upregulation of ANG I, ANG Ill and AT1Rs and reduced activity of ACE and
APN. These observations gave rise to the angiotensin hypothesis in AD, focusing on the role of RAS in the brain. Indeed,
several studies demonstrated the involvement of ANG I in different pathways affecting AD: this peptide proved to reduce
acetylcholine release and to stimulate Ap production and tau phosphorylation when intracerebroventricularly injected to
non-transgenic rodents. Moreover, RAS over-activation in AD may modulate neuroinflammation, since ANG II could
exert pro- and anti-inflammatory effects, also contributing to BBB maintenance and to calcium signalling. On the other
hand, a reduction in APN activity could determine the accumulation of ANG 11l and a reduction in ANG IV production,
whose interaction with AT4Rs proved to improve learning and memory [91].

Taken together, these data suggest that targeting ANG 11 could not only positively impact on AD pathological mechanisms
mediated by AP and tau, but also promote cholinergic pathway, and RAS-interfering drugs may thus complement existing
therapeutic options [87]. Fortunately, the availability of a plethora of already tested medicines acting on this system that
could be repurposed for AD makes this approach easily feasible. Initially, attention was focused on ACE inhibitors
(ACEls), mainly due to their wide diffusion as anti-hypertensive agents. Unfortunately, not all ACEIs were able to cross

the BBB, giving rise to conflicting results. These drugs were then categorized in two different groups, the Centrally acting
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ACEIs (C-ACEls), including among others captopril, ramipril, fosinopril, lisinopril, and Non-Centrally acting (NC-
ACEISs), such as enalapril, cilazapril, imidapril [92]. Notwithstanding, the results of a study involving C-ACEls were
similarly unconvincing, indicating an improvement in cognitive performance only for a short time. In this picture,
captopril emerged as the most promising among C-ACEIls, being endowed of ancillary properties favourable in AD
managing. Indeed, treatment of Tg2576 AD mice with captopril (Figure 10) resulted in a decrease of ROS levels and
reduced hippocampal amyloidogenic processing of APP [93]. Moreover, a recent study of Asraf and co-workers
pinpointed an anti-inflammatory behaviour of captopril, proving that this ACEI can decrease LPS-induced nitric oxide
(NO) release from primary mixed glial cells, also regulating a number of mediators involved in microglia activation. In
addition, an IN administration of captopril decreased AP burden in treated mice, suggesting a neuroprotective role of
captopril in AD [94].

More recently, angiotensin receptor blockers (ARBSs), widely used to treat hypertension and metabolic disorders, were
deeply evaluated in AD managing perspective and generally proved to be superior to ACEIs. Several studies reported
positive outcomes with losartan, telmisartan and candesartan in rodent AD models [95-97], and in human clinical trials
superior improvement of cognitive loss with respect to ACEIs and other antihypertensive drugs was observed. ARBs
were endowed with a pleiotropic biological profile, being not only AT1Rs antagonists, but also PPARy agonists. This
dualistic behaviour appears of great interest in managing neuroinflammation, being AT1R associated with inflammation,
and PPARy exerting anti-inflammatory activity. In this respect, telmisartan (Figure 10) showed the most interesting
profile, being a strong ATIR ligand and an efficient PPARYy activator. Moreover, it easily crosses the BBB following oral
administration and exerts remarkable anti-inflammatory effects in in vivo AD mouse models [98]. A recent study by Wang
et al. demonstrated that telmisartan was also able to ameliorate AB-Oligomers (APO)-induced microglial inflammation
via PPARY/PTEN pathway, providing the first explanation of the molecular mechanism responsible for the protective
effects against microglia inflammation induced by ABO [99].

Interestingly, ARBs treatment has been suggested to induce an increase in ANG IV formation [100], which has been
involved in learning and memory amelioration through its interaction with AT4R. To validate this hypothesis, Royea et
al. evaluated, in a transgenic mouse model of AD, the ability of divalinal, an AT4R antagonist, to impact on the cognitive
improvements induced by the ARB losartan (Figure 10). The results proved that blocking AT4Rs effectively countered

the beneficial effects of losartan on different central functions, such as cerebrovascular function, neuroinflammation and
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spatial learning and memory. These interesting findings reinforce the hypothesis of the involvement of the ANG IV/AT4R

cascade in the cognitive and cerebrovascular dysfunctions observed in AD [101].
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Figure 10. ACE inhibitors and ARBs repurposed for AD.

6.2 Calcium channel blockers

During the evaluation of hypertension as a possible risk factor for AD, it was perceived that certain antihypertensive drugs
may exert protective effects independently from their ability to reduce high blood pressure. Epidemiological studies were
conducted, particularly with different calcium channel blockers (CCBs), aimed at determining their potential usefulness
in AD treatment. Verapamil (Figure 11) was initially identified from a library of approved drugs as autophagy inducer,
thus facilitating the degradation of cytoplasmic proteins prone to aggregate and involved in NDs, including a-synuclein
and tau [102]. Unfortunately, verapamil is unable to cross the BBB, and then the attention switched to 1,4-
dihydropyridines (DHPs), and studies were performed to validate a possible repurposing of this class of antihypertensives
in AD. Appreciable results were obtained with amlodipine, nitrendipine and nilvadipine (Figure 11), allowing to establish
that the protection against AD could not be explained on the basis of their typical mechanisms of action [6]. Moreover,
the observed anti-AD effects of certain DHPs could not be generically attributed to all DHPs, being some of them (i.e.

nifedipine) detrimental in AD patients. Experimental studies revealed that nilvadipine did not act in AD with a mechanism
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involving its CCB activity, but rather by inducing AP lowering effects [103]. Notably, unlike CCB effects, its anti-AD
properties were independent of the stereochemistry and included, beside AB-lowering, AB-BBB clearing, anti-
inflammatory activity and inhibition of aberrant tau hyperphosphorylation. Nilvadipine was also capable of increasing
regional cerebral blood flow and reducing the expression of BACE 1 enzyme and of proinflammatory mediators that
contribute to neuronal damage [104]. Following these observations, a large-scale Phase 1l investigator-driven clinical
trial (NILVAD) was performed. This study was conducted on 511 patients in nine European countries, and was a 78-
week randomized, placebo-controlled and double-blind trial. The results, published in 2018, unfortunately showed no
overall effect in the selected population covering mild to moderate AD [105]. Nevertheless, these discouraging results
need to be carefully evaluated, and some issue should be considered, among which the low dosage employed, the lack of
biomarkers to assess the actual diagnosis of AD and finally the timing of the intervention in the course of AD. The failure
of anti-Ap treatments may be due to a late intervention on the disease, when a significant neuronal damage was already
established [105].

Recently, Siddigi and co-workers published a study on felodipine (Figure 11), a BBB penetrating DHP, to evaluate its
autophagy-inducer potential on an in vivo mouse model of tauopathy, and its potential application to multiple NDs.
Felodipine, when administrated in mice at concentrations similar to those applied in humans, was able to induce autophagy
in mouse brain, leading to a reduction in neurotoxic proteins levels. These results underline the potential of this drug for

treating different NDs sharing the accumulation of misfolded proteins [102].
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Figure 11. CCBs repurposed for AD.

7. ANTICANCER DRUGS

Cell cycle can be deemed as a sequence of events usually leading to cellular division, occurring in four phases and
consisting of complex networked mechanisms and regulatory checkpoints aimed at preserving its proficiency. Cancer
cells keep dividing with uncontrolled cell cycles, and an aberrant cell cycle is also observed in post-mortem human and/or
animal studies of dying neurons in a series of neurological diseases, including AD [106]. Quiescent cells, such as mature
neurons, exist in silent GO phase and were generally thought to be incapable of re-entering cell cycle. In AD, and in cancer
too, an erroneous recruitment of quiescent GO neurons into G1 phase and beyond occurs, finally leading to neuronal death.
Pathological evidence, in the form of aberrant cell cycle markers and regulatory proteins, suggests that this cell cycle re-
entry is an early event in AD, which precedes the formation of AB plaques and NFTs. Notably, the precise origins of
mitotic dysfunction in AD are not fully understood, even if genetic, inflammatory and oxidative defects could induce the
pathways from which the altered mitotic signalling could arise [107]. Thus, the link between cancer and NDs in re-
entering cell cycle may allow a re-profiling of anticancer drugs acting on this target for AD cure, protecting mature
neurons from death. Remarkably, being the cell cycle re-entry an early event in the disease progression, a therapeutic

intervention at this stage could be effective in reversing or preventing symptoms.
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Src inhibitors target the Src kinase family causing cell cycle arrest. Indeed, abnormal Src activation has been reported in
NDs, such as AD. Moreover, Src inhibitors (PP2, AZD0530, Figure 12) have been tested for the treatment of AD and
other neurological diseases [106, 108].
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Figure 12. Src inhibitors for AD.

Microtubule stabilizing agents are among the most clinically useful chemotherapeutic drugs, acting by stabilizing
microtubules and inhibiting cell division [109, 110]. Neurons are particularly susceptible to microtubule defects, and
deregulation of the microtubule cytoskeleton occurs in a range of NDs, making the efforts to reposition microtubule-
targeting chemotherapeutic agents for these treatments of particular interest [111]. Currently, taxol (paclitaxel, Figure 13)
is a first-line chemotherapy anticancer agent for the treatment of breast and ovarian cancers. Study of paclitaxel binding
to microtubules revealed that it displaced tau protein from microtubules, suggesting that this compound and tau share a
common binding site and microtubule stabilization mechanism [112]. One major drawback for the potential use of
paclitaxel in the treatment of NDs is its limited bioavailability in brain, mainly due to its difficulties in BBB crossing. In
addition, the compounds of the taxane family are good substrates for P-gp transporters, which rapidly exports them from
cells into the bloodstream, reducing brain bioavailability and contributing to drug resistance. To overcome these hurdles,
experimental delivery approaches to the brain by exploiting taxol conjugation or taxol-loaded nanoparticles are in
progress.

Cabazitaxel (Jevtana, XRP-6258, Figure 13) is a second-generation microtubule-binding drug from the taxane family. It
received approval by the FDA in 2010 for the treatment of refractory metastatic prostate cancer [113]. Like classical
taxanes, cabazitaxel disrupts cell cycle by its effects on the microtubule cytoskeleton. Remarkably, this effect can be
obtained with a dosage not damaging surrounding primary neurons and astrocytes [114], suggesting for this drug the

ability to treat microtubule disorders in brain, in addition to tumors, with lower doses.
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TPI1-287 is a third generation taxane (Figure 13) and a semisynthetic derivative of abeo-taxane, widely used in cancer
therapy and now in Phase I clinical trials for the treatment of mild to moderate symptoms of AD (NCT 01966666).

The Epothilones are 16-membered macrocyclic lactones isolated from the soil dwelling bacteria Sorangium cellulosum
[115]. Like taxol, they bind and stabilize the microtubule polymers with the consequence of arresting the cell cycle. They
are water-soluble and, most importantly, poor substrates of the P-gp transport pump, thereby ensuring good brain
bioavailability. Since their first identification, several epothilone analogs have been synthesized, resulting in higher anti-
tumor efficacy compared to the original natural compounds epothilones A and B [115]. Analogs of epothilone B, such as
epothilone D (Figure 13), has proven beneficial for the amelioration of tau-related pathologies in experimental animal
models, by stabilizing microtubule polymers and restoring microtubule dynamics. Now, epotylone D is undergoing

clinical trials in patients with mild AD, hoping that this molecule, or its analogues, can provide beneficial treatment.
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Figure 13. Microtubule stabilizing agents for AD.

The attempt to reposition anticancer drugs for NDs treatment requires extreme attention, representing the cognitive

decline a relevant side effect often observed in patients that experienced antitumor therapy. Undoubtedly, a deeper
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understanding of the precise mechanisms and differences underpinning the cell cycle of both neuronal and cancer cells is

advisable to start a repurposing program of cancer drugs for NDs.

8. CONCLUSION

Drug repurposing is a promising approach allowing the identification of new and fast access points for therapeutic
regimens of complex and multifaceted pathologies such as AD. This strategy, based on the repositioning of molecules
that have already undergone all the steps of drug development, offers the advantage for new treatments to reach the clinic
with reduced timelines, this being a clear benefit for diseases that dramatically need effective pharmacological
interventions. In the last years, a number of drugs have been proposed to be repurposed for AD, thanks both to the new
hypotheses progressively conceived in order to explain new experimental findings and to the discovery of the involvement
of new targets that could be modulated by already employed medicines. Notably, further challenges in repositioning of
drugs for NDs are related to the need of BBB crossing and the difficulty in creating appropriate animal models to validate
the repositioning strategy and/or to support indications obtained, for instance, via phenotypic screening or computational
studies [116]

This review reported some of the most intriguing classes of drugs whose reprofiling for AD has been proposed, together
with structural features and modifications performed to overcome the most common issues for CNS-acting drugs, namely
poor pharmacokinetics or low brain penetration. At present, CCBs and ARBs seem to be the most promising agents, but
also (+) pioglitazone formulations, GLP1 analogues and minocycline showed appreciable in vivo data, although additional
studies are required to start clinical trials, in order to reduce the likelihood of failures, often occurring in AD research.
Moreover, an in-depth evaluation of the mechanism of action of the potential repurposed drug is of pivotal importance,
in order to establish which could be the appropriate stage of the disease to start the new therapeutic regimen. Despite the
often disappointing clinical trial results, these drugs deserve further investigations, holding validated scaffolds that could

serve as a starting point for chemical modifications, possibly leading to new and more effective compounds.

9. LIST OF ABBREVIATIONS

CNS = Central Nervous System
BBB = Blood Brain Barrier
ND = Neurological Disease
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AD = Alzheimer’s Disease

AB = Beta-Amyloid

APP = Amyloid Precursor Protein

BACE = Beta-site Amyloid precursor protein Cleaving Enzyme 1 (beta secretase)
NFT = NeuroFibrillary Tangles

Che = Cholinesterase

NMDA = N-Methyl D-Aspartate

HSV = HerpeS Virus

Tg = TransGenic

DOX = Doxycycline

CEF = Ceftriaxone

LTP = Long-Term Potentiation

DCS = D- Cycloserine

TOR = Target Of Rapamycin

CP = Chronic Periodontitis

CLQ = Clioquinol

PDE = PhosphoDiEsterase

PAMPA = Parallel Artificial Membrane Permeability Assay
T2D = Type 2 Diabetes

MET = Metformin

TZD = TiaZolidineDione

PPAR = Peroxisome Proliferator-Activated Receptor
Pgp = P-Glycoprotein

IN = IntraNasal

NLC = NanoLipid Carriers

LXR = Liver X Receptor

ApoE = Apolipoprotein E

CvD = CardioVascular Disease
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RAS

ACE

ATR

APA

APN

IRAP

ACEI

ARB

CCB

DHP

= Renin-Angiotensin System

= Angiotensin Converting Enzyme
= AngioTensin Receptor

= AminoPeptidase A

= AminoPeptidase N

Insulin Regulated AminoPeptidase
= ACE Inhibitor

= Angiotensin Receptor Blockers

= Calcium Channel Blockers

= Dihydropyridines
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