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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,
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J\/\/ N J\/\/ N
HN ~ HN ~
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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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