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Abstract: The main feature of neurodegenerative diseases, including Alzheimer’s disease, is the
network of complex and not fully recognized neuronal pathways and targets involved in their onset
and progression. The therapeutic treatment, at present mainly symptomatic, could benefit from a
polypharmacological approach based on the development of a single molecular entity designed to
simultaneously modulate different validated biological targets. This strategy is principally based
on molecular hybridization, obtained by linking or merging different chemical moieties acting
with synergistic and/or complementary mechanisms. The coumarin core, widely found in nature,
endowed with a recognized broad spectrum of pharmacological activities, large synthetic accessibility
and favourable pharmacokinetic properties, appears as a valuable, privileged scaffold to be properly
modified in order to obtain compounds able to engage different selected targets. The scientific
literature has long been interested in the multifaceted profiles of coumarin derivatives, and in this
review, a survey of the most important results of the last four years, on both natural and synthetic
coumarin-based compounds, regarding the development of anti-Alzheimer’s compounds is reported.
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1. Introduction

Coumarins are oxygen-containing heterocyclic compounds strictly related to flavonoids,

isolated for the first time in 1820 from melilot or sweet clover flowers and tonka bean

“coumarou” in French) and found in various species of plants. Presently, at least
1300 different coumarins have been identified from natural sources, mainly from green
plants, but also from fungi and microorganisms [1,2]. From a chemical point of view,
the coumarin core is a 2H-chromen-2-one or benzopyran-2-one and can be considered an
isomer of the benzopyran-4-one (chromone) found in the structure of flavones. As for
flavonoids, naturally occurring coumarins can be classified on the basis of their chemical
diversity as simple coumarins, isocoumarins, furanocoumarins, 4-phenylcoumarins and
pyranocoumarins (Figure 1).

This core structure, endowed with low molecular weight, high solubility and bioavail-
ability and low toxicity, has always appeared as a favourable, privileged structure wor-
thy of further development. Their broad spectrum of pharmacological activities makes
coumarins a valuable platform in medicinal chemistry from which to search for new drug
candidates [3,4]. Indeed, they possess several promising biological effects, including anti-
inflammatory, neuroprotective, antioxidant, antidiabetic, anticoagulant, antimicrobial, and
antiproliferative effects [5]. Moreover, their luminescent properties allowed researchers
to widely exploit this scaffold as a fluorescent probe. Over the years, mainly due to the
quite simple synthetic procedure and the reactivity of the benzene and pyrone rings, a huge
number of synthetic derivatives, endowed with increasingly targeted activities, have joined
the known natural coumarins. Consequently, the literature reports several interesting
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reviews dealing with the multifaceted profiles of both natural and synthetic coumarins
in many different pathological conditions, including neurodegenerative diseases (NDs),
particularly Alzheimer’s disease (AD) [6-8].
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Figure 1. The main classes of coumarins.

AD is the most prevalent age-associated ND, mainly characterized by memory loss,
progressive cognitive impairment, movement dysfunction, depression and alterations in
personality. The neuronal loss, predominantly from the cholinergic system, represents
the main hallmark of the disorder, together with the formation of extracellular senile
plaques, due to the deposit of amyloid-B peptide (Af3), and intracellular neurofibrillary
tangles (NFTs), generated by the aggregation of hyperphosphorylated tau protein [9]. The
cholinergic dysfunction in AD is characterized by a huge reduction in the neurotransmitter
acetylcholine (ACh), and its nicotinic and muscarinic receptors, and by increased ACh-
esterase (AChE) and butyrylcholine esterase (BChE) activities [10]. AP peptide aggregates
derive from the amyloid precursor protein (APP), that under pathological conditions is
processed by [3-secretase ([3-site amyloid cleaving enzyme 1, BACE-1), releasing the soluble
peptide APP-3 and a 99-residue-C-terminal fragment. The latter is further cleaved by
the y-secretase enzyme, leading to the formation of 40- and 42-aminoacid-long peptides
(AB1-40 and AP1-42, respectively), AB1-42 being the main component of A3 senile plaques
(amyloidogenic pathway) [11]. On the other hand, NFTs originate from the hyperphospho-
rylation of microtubule-associated tau protein, and a number of serine-threonine kinases
are involved in this pathological pathway. Glycogen synthase kinase-33 (GSK-3f3), overex-
pressed in AD patients’ brains, appears to be crucially involved in this process [12]. The
complex networked biochemical alterations involved in neurodegeneration also include
oxidative stress (OS), induced by an imbalance between the formation of reactive oxygen
species (ROS) and the antioxidant defence mechanisms [13]. Notably, due to its high
energy requirements and the relevant presence of peroxidable lipids, the brain is highly
susceptible to OS, mainly during ageing. Neuroinflammation is also closely related to
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the progression of AD and is mainly sustained by glial cells (microglia and astrocytes),
accounting for the innate immune system of the central nervous system (CNS), activated by
an increase in OS. Glial activation triggers a cascade of events, among which the induction
of pro-inflammatory enzymes, such as cyclooxygenase 2 (COX-2), and inducible nitric
oxide synthase (iNOS) are included [14].

From this general picture, it is clear that AD has an extremely complex pathology,
involving many pharmacological targets to be properly modulated (Figure 2). Despite the
recent approval of anti-amyloid monoclonal antibodies, able to improve mild cognitive
impairment [15], the availability of small molecules endowed with structural versatility and
synthetic accessibility, to be appropriately modified to engage different potential targets,
still appears to be of pivotal importance for fighting the multifaceted AD. Indeed, the
coumarin nucleus showed the ability to affect various pathways and targets involved in the
pathology, including the abovementioned AChE and BChE, BACE-1 and COX-2, but also
lipoxygenase (LOX), cannabinoid receptors (CBRs) and fatty acid amide hydrolase enzyme
(FAAH), GABA receptors and monoaminoxidases (MAQOs), which are similarly considered
to be involved in the AD pathogenic mechanisms [16,17]. MAO enzymes are responsible
for the oxidative deamination of several amines, among which neurotransmitters such
as serotonin and dopamine are included. In particular, the MAO-B isoform, primarily
localized in the brain, can be considered one of the most exploited targets in AD [18] since
its activity increases with ageing and correlates with AD progression [19,20]. The precise
mechanism involved in its neurotoxicity is still largely unknown but is probably related
to the formation of toxic byproducts, namely aldehydes, ammonia and H,O, during the
catalysed biochemical reactions. A huge number of papers have been published on this
topic, most of which have recently been reviewed [21-23].
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Figure 2. Targets involved in the pathogenesis of AD engaged by coumarin-based compounds.
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This review will survey the most significant results of the last four years regarding
both natural and synthetic coumarin derivatives.

2. Natural Coumarin Derivatives in AD

Even if the actual mechanism of action of natural compounds is poorly understood,
especially in the context of a complex disease such as AD, the interest in naturally occurring
coumarins remains very high, and the search for previously unexplored natural products
bearing the coumarin core still intrigues and involves many research groups. A number of
coumarin-based natural products have indeed been reported as endowed with anti-AD
activity, namely umbelliferone (1), esculetin (2), scopoletin (3), daphnetin (4), decursinol (5)
and mesuagenin (6) [24,25] (Figure 3).
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Figure 3. Natural coumarins endowed with anti-AD properties.

In a recent paper, Orhan et al. evaluated seventeen natural coumarin derivatives
(badrakemin, 14’-acetoxybadrakemin, badrakemone, 14’-acetoxybadrakemone, colladonin,
colladonin acetate, 14’-acetoxycolladonin, karatavicinol, deltoin, smyrnioridin, marmesin,
osthol, oxypeucedanin, oxypeucedanin hydrate, isoimperatorin, scopoletin, and umbel-
liprenin) against both AChE and BChE and found a selective inhibitory activity against
BChE, with 14’-acetoxybadrakemin (7), colladonin (8), karatavicinol (9) and isoimpera-
torin (10) (Figure 4) showing the best inhibitory activity and an increased potency with
respect to the reference compound galanthamine. These compounds, together with deltoin
(11) (Figure 4), also active towards AChE, were then selected to evaluate their binding
conformations within the active sites of both ChEs via molecular docking studies. The
results agreed with the experimental data: in #AChE, the compounds proved to follow
the shape of the gorge surface but were unable to establish the appropriate interactions
to provide compound/enzyme stabilization. On the contrary, in the larger " BChE active
gorge, the compounds adopted a more relaxed conformation, forming 7t-7 stacking contacts
and H-bonding with oxyanion hole and peripheral anionic site (PAS) residues, consistently
with their inhibitory potency against this enzyme [26].

A similar approach was applied by Khalid et al. in a very recent paper [27] where three
natural coumarin derivatives (2'-O-ethylmurrangatin, murranganone (12) and paniculatin
(13), Figure 5), previously isolated by the same group from the leaves of Murraya paniculata,
were tested in vitro against AChE and BChE. The ICsy values indicated 13 as the most
active compound against AChE (ICs5p = 31.6 uM), followed by 12 (IC5y = 79.1 uM), that
in turn proved to be the most active compound against BChE (ICsy = 74.3 uM) (Figure 5).
2/-O-ethylmurrangatin appears to be inactive in both enzymes. Classical inhibition kinetics
were also investigated, and from the obtained Ki values, 12 appeared as a mixed-type
inhibitor of both enzymes, slightly more potent against AChE, whereas 13 behaved as a non-
competitive AChE inhibitor and a BChE mixed-type inhibitor. A molecular docking study
was applied to evaluate the structural features responsible for the molecular recognition
pattern involved in ChEs inhibition and it was observed that the binding to the enzymes was
deeply affected by the H-bonds formed by the keto group and the hydroxyl functionalities
at different positions on the main structure, while the isopropyl group at the C-3’ position
was involved in hydrophobic interactions. MD simulation studies confirm that the stability
measured for the complex formed by the most potent compound, 13, was comparable to
the standard drug Tacrine. Moreover, these compounds also showed optimal predicted
physicochemical properties, namely oral bioavailability and gastro-intestinal and brain
permeation, and appeared worthy of further development to improve binding and potency.
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Figure 4. Natural coumarins as dual BChE/AChE inhibitors.
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Figure 5. Natural coumarins from Murraya paniculata (Orange Jasmin).

Among natural coumarins, Esculetin (2, Figure 3), the principal bioactive compound of
Fraxinus rhynchophylla Hance, is being increasingly studied due to its multifaceted biological
profile. Structurally, it is a simple 6,7 dihydroxy coumarin found in many different plant
species, such as Citrus limon (L.) Osbeck (Rutaceae), Euphorbia lathyris L. (Euphorbiaceae)
and Aesculus hippocastanum L. (Sapindaceae) Artemisia capillaris var. acaulis Pamp. (Com-
positae), commonly used as herbal medicines in Asian countries [28,29]. Multiple in vitro
and in vivo studies corroborated the broad spectrum of biological activities reported for
Esculetin, particularly those related to antioxidant, anti-inflammatory and antiapoptotic
mechanisms. Regarding its possible role in AD, its potential has recently been reviewed by
Zhang et al. [30], and a promising multifaceted therapeutic effect emerged in many different
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studies. Esculetin showed well-balanced in vitro inhibition of AChE, BChE and BACE1
enzymes. In a different experiment, it proved to significantly impact oxidative stress, in-
flammatory mediators’ secretion and cholinergic dysregulation in the hippocampus region
of rats with Streptozotocin (STZ)-induced AD. Moreover, the expression level of the nuclear
factor erythroid 2-related factor 2 (Nrf2), a well-known regulator of cellular resistance to
oxidants [31], appeared upregulated, whereas the pathologically increased levels of NF-xB
were inhibited, leading to a mitigation of the STZ-induced neurotoxicity.

In a recent paper, Boulaamane et al. reported the construction of a chemical library,
including all available naturally occurring coumarins found in the literature, in order to
obtain a tool that will enable scientists to identify potential lead compounds. PubMed
was employed as a search engine to find the available literature on coumarin-containing
compounds identified from natural sources. Aiming at identifying dual-acting natural
coumarins, a multistage virtual screening against MAO-B and AChE (two relevant enzymes
involved in AD) was then applied by combining QSAR modelling, molecular docking and
ADMET prediction. Indeed, MAO-B can be considered a significant target in NDs, being
involved in the formation of neurotoxic free radicals and reactive oxygen species that induce
neuroinflammation and apoptosis in neuronal cells [32,33]. From this study, ten coumarin
derivatives emerged, potentially acting as dual-target compounds against MAO-B and
AChE. Two of them, CDB0738 and CDB0046 (14 and 15, Figure 6), were selected from the
molecular docking study, showing the ability to interact with critical amino acids of both
enzymes and a suitable ADMET profile. Moreover, analysis of molecular interactions for
ACHE revealed critical interactions with central anionic site (CAS) and PAS residues, similar
to the well-known inhibitor donepezil. Obviously, the proposed candidates emerging by
using this tool will need to be carefully evaluated in experimental in vitro and in vivo
studies to confirm their effectiveness [34].

0]
& O o O HO = O o O
CDBO0738 (14) CDB0046 (15)

Figure 6. Natural coumarins emerged from a virtual screening on MAO-B and AChE.

Maybe due to the lack of “disease-modifying” small molecules for a multifactorial and
devastating disease such as AD, the interest in natural compounds endowed with multiple
mechanisms of action appears to be continuously increasing. Some natural coumarins
have been tested in mouse models of AD aimed at defining the pharmacological basis of
their action [35]. Daphnetin (4, Figure 3), a natural coumarin derivative endowed with
anti-inflammatory and antioxidant activities, has been evaluated in an amyloid precursor
protein (APP)/presenilin 1 (PS1) double-transgenic mouse model of AD (APP/PS1 mice),
showing the ability to improve memory and spatial learning. This compound proved to
downregulate the enzymes responsible for APP processing (BACE-1, nicastrin and PEN2),
leading to a marked reduction of AB-40 and A(-42 levels in the cerebral cortex. Moreover,
4 suppressed astrocyte activation and reduced serum levels of proinflammatory cytokines,
such as interleukin-1 (IL-1p), interleukin-6 (IL-6) and tumour necrosis factor-o (TNF-x),
probably through the inhibition of the STAT3/GFAP pathway. Daphnetin also proved
to reduce the expression of Glial Fibrillary Acidic Protein (GFAP), an essential cellular
protein, whose upregulation is a marker for reactive gliosis, improving cognitive deficits
and proving that astrocytes may be one of its main targets in APP/PS1 mice. Considering
that astrocyte reactivity and Af3 deposition are early features of AD, 4 can be considered a
promising candidate for both AD prevention and treatment.

To investigate the therapeutic potential of scopoletin (3, Figure 3) and pteryxin (16,
Figure 7) for AD treatment, Baykal et al. tested the compounds in a 12-month-old 5xFAD
mouse model of AD and evaluated their effects on spatial learning and memory by way
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of the Morris water maze test [25]. They also studied the proteome alterations in the
brain cortex, cerebellum and hippocampus by exploiting the label-free nanoLC-MS/MS-
based protein expression analysis, and modifications in the Af3 load were measured via
immunohistochemistry (IHC). Scopoletin (3) is a simple, naturally occurring coumarin,
endowed with many interesting properties for combatting AD: it is an inhibitor of AChE
and a neuroprotective compound, able to reduce neurodegeneration via the activation of
anti-oxidant enzymes [36], and showed promising anti-oxidant potential by protecting
neuronal living cells against Ap 25-35-induced cytotoxicity [37]. Pteryxin is a less stud-
ied dihydropyranocoumarin that proved to be a better BChE inhibitor than galantamine
(ICs0p = 12.96 and ICsp = 22.16 mg/mL, respectively) [38]. These data are supported by
molecular docking experiments, showing the different possible binding modes of 16 within
the binding pocket of BChE. The 12-month-old 5XFAD mouse model was selected consider-
ing that the altered gene expression and its associated pathways in this model were similar
to human AD. This study assessed a cognitive improvement after 7 days of intraperitoneal
injection administration (16 mg/kg), in particular with 16. In detail, even though no sub-
stantial changes were noticed in the A plaque burden, proteomic analysis of the mice’s
cortices showed that proteins involved in Ap pathology, such as ABPP, GFAP and ApoE,
were restored by treatment with 16. Moreover, 16 increased the expression levels of proteins
involved in cognition and synaptic plasticity, suggesting the ability to reverse or halt the
progression of late stages of AD [25].

(0]
0., <,
o A
(0] o 0O
Pteryxin (16)

Figure 7. Structure of pteryxin.

3. Synthetic Coumarin Derivatives in AD
3.1. Multipotent Coumarin-Based Derivatives Mainly Focused on ChEs Inhibition

The exploitation of natural products as sources of synthetic or semisynthetic deriva-
tives is invariably considered extremely relevant due to the intrinsic ability of natural
compounds to interact with a wide range of different proteins, which enables them to bind
with diverse cellular targets. This approach has been extensively investigated in medicinal
chemistry, i.e., by designing pseudo-natural products, combining different fragments from
natural sources with the aim to explore the chemical space and find new possible biological
targets [39] or by purposely combining scaffolds with synergistic biological effects to obtain
chimeric molecules with improved potency for the selected target(s) [40]. The latter strategy
is widely exploited to obtain hybrid compounds, also referred to as multitarget-directed lig-
ands (MTDLs), with an improved biological profile towards specific pathogenic pathways,
in particular when the core structure is synthetically accessible.

Coumarins can be obtained by applying many versatile synthetic methods, among
which the Perkin and Pechmann reactions are the best known (Figure 8) [41].

The Perkin method is commonly performed by reacting properly substituted sal-
icylaldehydes with carboxylic acid anhydrides, while Pechmann found that coumarin
derivatives can be synthesized by condensing 3-ketoesters with phenols in the presence
of concentrated sulfuric acid. Both methods have been extensively modified over the
years, allowing them to overcome their limitations and obtain a huge number of variously
modified derivatives. Therefore, the hybridization strategy applied to coumarins appears
particularly profitable, and due to the ability of coumarins to engage ChEs, a number of
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studies have been performed which aimed at designing potent inhibitors of these enzymes,
possibly endowed with other convenient properties.

)

O O
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Perkin Rs:_@f‘\m . )J\ok
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R
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—_— +
R3 - OH W

Figure 8. Most common synthetic approach to coumarin derivatives.

A ligand-based approach, connecting different privileged structures endowed with
different neurodegenerative effects, was applied by the group led by El-Zoheiry [42], who
synthesized twenty novel 7-benzyloxycoumarin-based compounds bearing a variety of
bioactive chemical fragments, selected based on their presence in many reported AChE
inhibitors (AChEIs). In particular, different heterocycles were connected to position 4 of the
7-benzyloxycoumarin core through appropriate linkers, selected with the aim to correctly
span the distance between PAS and CAS and to stabilize the molecule inside the gorge of
AChE. Among these, nitrogen-bearing spacers, such as hydrazonomethyl, acetamide and
acetohydrazide, recurrent in potent reported AChEIls, were preferred. Some compounds
showed promising AChE inhibitory activity, even better than donepezil, used as a reference
compound. Kinetic studies indicated the most active derivative, 17 (Figure 9), as a mixed-
type inhibitor, able to bind both PAS and CAS of AChE, and molecular docking studies at
the active site of recombinant human AChE corroborated the experimental data. The most
promising compounds, 17, 18 and 19 (Figure 9), were evaluated in the scopolamine-induced
impairment in vivo model, showing a relevant memory improvement in tested mice.

The pyrazole pharmacophore, found in compound 18 and endowed, among other in-
teresting properties, with the ability to inhibit ChEs and A3 amyloid aggregation [43], was
also exploited by Benazzouz-Touami et al., who linked this structure to the coumarin
scaffold in an effort to obtain potent AChE and BChE inhibitors [44]. In this series,
in vitro studies showed that compounds 20 and 21 (Figure 10) were the most effective
as AChE inhibitors, while 22 and 23 (Figure 10) were more potent as BChE inhibitors,
with an ICsj value comparable to galantamine, used as a reference compound. These data
were supported by molecular docking studies that indicated compound 20’s ability to
occupy the PAS of AChE. Interestingly, all pyrazole-coumarin hybrids showed significant
antioxidant activities.

In a similar approach, Shi et al., as a follow-up to a previous study [45], designed
potential dual-binding AChE inhibitors by bridging the coumarin moiety, as a ligand for
the PAS, with carbazole, a natural-derived privileged structure also reported in some AChE
inhibitors, able to target the CAS and endowed with Af-antiaggregating and antioxidant
properties [46]. The new hybrids showed an in vitro moderate inhibitory effect against
AChE, revealing the pivotal role of the spacer length. The most interesting compound of
the series (24, Figure 10) showed good potency for AChE with good selectivity over BChE.
Docking studies confirmed that this molecule could interact with both CAS and PAS of
AChE, paving the way for further studies.
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Figure 9. Design of hybrids based on 7-benzyloxycoumarin and various heterocycles, connected by
nitrogen-bearing linkers.
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Figure 10. Hybrids coumarin-pyrazole, coumarin-carbazole and coumarin-aromatic/heterocycles.

Continuing on this path, Tharamak et al. synthesized [47] a new series of hybrids bear-
ing the carbazole and the coumarin moieties, linked by a hydrophobic long hydrocarbon
chain or hydrophilic piperazine scaffold, to discover new potent dual-binding AChEIs. The
most effective AChEI was 25 (Figure 10), bearing a long 12-methylene chain and showing
high selectivity over BChE. Kinetic studies displayed its mixed-type inhibition, also con-
firmed by molecular docking studies. Notably, 25 did not show toxicity when tested on
HepG2 and Vero cells.
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A related strategy was applied by Kamel et al., who designed a series of hybrid
derivatives obtained by connecting coumarin and 4-methylcoumarin with aromatic and
heteroaromatic moieties through a 7-oxymethylene acetohydrazide linker (general struc-
tures A and B, Figure 10), which should stabilize the molecule inside the AChE gorge
thanks to the contribution of its nitrogen atoms and carbonyl group [24]. The newly syn-
thesized compounds were evaluated as AChEIs and antioxidant agents, and donepezil
and ascorbic acid were used as reference drugs, respectively. The results indicated com-
pound 26 (Figure 10) as the most promising, endowed with a significant AChE inhibitory
potency and a good 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity. When
tested in vivo, this derivative showed irrelevant changes in the blood biochemical profile
with respect to untreated rats. In particular, the hepatic enzyme levels and the total urea
appeared unmodified, and no histopathological damage was observed in the examined
tissues, namely the liver, kidney, heart and brain. Furthermore, the T-maze test revealed a
significant improvement in cognitive function, comparable to donepezil. In addition, the
pharmacokinetic properties of 26 appeared very favourable, with a good oral bioavailability,
a high human intestinal absorption, and a safe toxicity profile.

After having developed coumarin-carbazole hybrids (24), Shi’s group turned its at-
tention towards the 1,3,5-triazine scaffold, a six-membered aromatic ring containing three
nitrogen atoms and widely used to design hybrid molecules endowed with antioxidant,
ChEs and BACE-1 inhibition properties [48] to obtain new potential AChEIs [49]. The
coumarin scaffold was then linked to the 1,3,5 triazine core, and among the obtained
derivatives, 27 (Figure 11) emerged as the most potent, showing an inhibitory activity com-
parable to donepezil as a reference compound. Enzyme kinetic studies, molecular docking,
molecular dynamics simulation studies and binding free energy calculation experiments
demonstrated that 27 could stably interact with both the CAS and PAS of AChE [50].

H

CLim,
1P
‘ 0/\/\/\0/©\)010 N>/=:\>_ N\

Cl
24 1,3,5-triazine derivative

AChE: IC50= 6.72 uM AChE: IC50= 44 nM

AChE: IC5p= 18 nM
Figure 11. Design strategy for coumarin-1,3,5-triazine derivatives.

The hybridization of coumarins obtained from natural sources with the N-benzylpiperidine
function of donepezil has been explored in an interesting paper by Sharma et al. [51] that
started with a phytochemical investigation of Nardostachys jatamansi, whose rhizomes were
sequentially treated with different solvents and the extracts were tested on AChE, BChE and
BACE-1 enzymes. The methanolic extract gave weak but promising results and was then
purified through a chromatographic column to separate the components: five secondary
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metabolites, among which 4-methylangelicin (28) and 8-acetyl-7-hydroxycoumarin (29)
(Figure 12) showed inhibitory potency in the micromolar range on the selected targets.
Aiming at improving activity, a lead optimization strategy was applied starting from 29, a
well-balanced AChE/BACE-1 inhibitor (IC5p =22 pM and 17 uM, respectively), leading to
two different series of compounds by exploiting the acetyl group in the Claisen-Schmidt
condensation to obtain chalcones (series 1) or linking side chains to the hydroxyl group
(series 2). From these semisynthetic modifications, two compounds emerged, endowed
with different activity profiles: the trifluoromethyl substituted chalcone 30 (series 1) and
the coumarin-donepezil hybrid 31 (series 2). Compound 30 showed an improved potency
for BACE-1 inhibition (ICsg = 3.3 uM), while 31 was an effective dual-binding AChE/BChE
inhibitor (ICsps = 1.22 and 3.09 uM, respectively). The coumarin-donepezil hybrid (31)
also proved to have a significant inhibitory effect on A3 self-aggregation while showing a
poor inhibition of BACE-1 (29% at 10 uM). In a follow-up study [52], in order to improve
the activity on BACE-1, the same research group further modified the side chain of 31 by
introducing a functionalised 1,2,3-triazole moiety that was reported as able to engage the
catalytic sites of ChEs and BACE-1, as well as to hamper Af} self-aggregation. Derivative
32, the most active of this series, proved to be a good MTDL, showing a balanced potency
on the selected enzymes in the low micromolar range (ICsp = 2.57, 3.26 and 10.65 pM on
AChHE, BChE and BACE-1, respectively), and this finding was supported by a molecular
dynamic simulation study that indicated strong interactions of 32 with the critical residues
of the three enzymes. Moreover, this compound proved to inhibit the self-aggregation
of A3-monomers and was able to cross the BBB via passive diffusion. The SAR study
performed on this series proved that the 3,5-dimethoxybenzyl substituent on the triazole
and the acetyl-substituted coumarin core played a pivotal role in activity.

=
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Figure 12. Synthetic derivatives inspired by natural compounds.
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It is well known that all marketed AChEIs possess a basic nitrogen atom protonated
at physiological pH and involved in the process of binding to the enzyme. Taking this
concept into account, the group led by Khoobi has been involved for many years in the
development of some coumarin-based derivatives linked to the nitrogen of a pyridine via
different spacers as potent AChEIs for AD. The pyridine moiety was selected due to its
antioxidant and anti-inflammatory activities [53]. This approach gave rise to pyridinium
salts that proved to strongly bind the CAS of AChE by means of its charge and 7-stacking
interactions. The design of pyridinium salts, albeit suffering from an evident low BBB
permeability, has been widely exploited, leading to very potent in vitro ChEs inhibitors.
A review published in 2022 [54] reports the most recent advances in this direction and
confirms the crucial role of the coumarin scaffold in the conceptualization of such inhibitors.
Indeed, in the same year, as a follow-up to previous studies, Khoobi et al. designed novel
3-arylcoumarin-pyridine hybrids, among which compound 33 (Figure 13) emerged as a
promising MTDL, showing low-nanomolar potency on both AChE and BChE (ICs5q = 2
and 24 nM, respectively) and the ability to reduce Ap-amyloid self- and AChE-induced
aggregation. Additionally, a valuable neuroprotective activity against HyO;-induced cell
death in PC12 cells and against amyloid toxic effects in SH-SY5Y cells was also observed.

4 |
OZN AN O

o o 33

Figure 13. 3-arylcoumarin-based pyridinium salt 33.

Abnormal accumulations of misfolded A3 and hyperphosphorylated tau proteins rep-
resent neuropathological hallmarks of AD and other tauopathies. These abnormal protein
deposits are responsible for the onset of oxidative stress and neurodegeneration by means
of a number of proposed mechanisms, including a reduction in the Nrf2-mediated tran-
scription of antioxidant genes and downregulation of the cAMP-response-element binding
protein 1 (CREB) signalling pathway, also involved in promoting neuroprotection. Notably,
the chalcone Licochalcone A, a natural compound found in the root of Glycyrrhiza inflata, is
able to enhance the Nrf2-mediated defence mechanism against oxidative stress and cell
death [55]. The chalcone scaffold is widely found in secondary metabolites of terrestrial
plants and represents one of the most studied privileged structures, mainly due to its syn-
thetic accessibility which allows researchers to introduce selected substituents in different
positions of both aromatic rings. Moreover, the presence of the &, 3-unsaturated carbonyl
linker introduces a peculiar reactivity in these compounds that has been extensively ex-
ploited in many medicinal chemistry fields. Indeed, a number of biological activities have
been ascribed to chalcones, among which potential anti-AChE activity is included [56].
Aiming at counteracting the oxidative stress implicated in AD pathogenesis, Lee et al. re-
ported the design of a series of derivatives obtained by merging the coumarin core, acting as
a free radical scavenger, and the chalcone structure of Licochalcone A. Among the obtained
compounds, LM-031 (Figure 14) showed the ability to upregulate CREB, demonstrating
promising neuroprotective activity and the potential to reduce oxidative stress, as well as
Ap and tau accumulation [17]. Starting from these premises, the same group designed a
small series of LM-031-related compounds and investigated their capacity to activate CREB
signalling pathways. The obtained results suggested that coumarin-based derivatives
34 and 35 (Figure 14) exerted neuroprotective activity in AK280 taugrp SH-SY5Y cells by
increasing the CREB signalling pathway through the activation of tropomycin receptor
kinase B (TRKB) and by reducing caspase activity [57].
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Figure 14. Design of chalcone-coumarin merged derivatives acting as TRKB pathway activators.

Following a similar hybridization strategy, the group led by Jamalis conceived a
series of chalcone-coumarin hybrids, introducing in the chalcone core a thiophene ring,
considered a promising heterocyclic scaffold due to the presence of the sulphur atom. The
obtained thiophene-chalcone system was then connected to the coumarin via aliphatic
chains of different lengths, and an in-silico ADMET prediction study was performed in
order to select the most appropriate compounds to be synthesized. A small series of hybrids
was then prepared and tested to evaluate ChEs inhibitory activities. All compounds showed
low-micromolar inhibitory potencies, and 36 (Figure 15) emerged as the most interesting,
showing good activity on AChE (ICsg = 0.42 pM), with selectivity over BChE and low
cytotoxicity. In a follow-up study aimed at increasing the potency and completing the
SAR study, the same group broadened the series of coumarin-chalcone hybrids, variously
decorating the chalcone moiety. The 2-chloro derivative, 37, can be considered the most
promising hybrid of the series, showing good anti-AChE activity (ICs5p = 0.201 uM) due to
the ability to target the active sites of the enzyme and a low cytotoxicity [58].

In their ongoing search for a lead compound, the same research group [59] rationally
designed a novel series of hybrid coumarin-Schiff bases as AChElIs. The molecular docking
studies showed the ability of the designed compounds to establish significant molecular
interactions via hydrogen bonds with key residues of the target enzyme, and the pattern
of binding sites and binding energy, together with QSAR descriptors and calculated drug
likeness, indicated 38 (Figure 16) as the optimal candidate for AChE inhibition in this set of
derivatives. These in silico data correlated with the experimental results, being compound
38 with an ICs( value of 0.19 uM, the most potent in the series, ~fivefold more potent than
galantamine, used as a reference compound.
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Figure 16. Coumarin-Schiff base hybrid as AChEL

3.2. Coumarins Acting on Different Selected Targets

As previously stated, the versatility of the coumarin nucleus and its ability to be
easily synthesized and substituted allows it to be considered a suitable platform for the
design of hybrid small molecules able to interact with multiple targets involved in AD.
This multifunctional approach, leading to a plethora of MTDL compounds that have been
widely reviewed [60,61], is still particularly attractive and, besides ChEs, involves many
other pathways related to AD progression. In 2021, Mzezewa reported the preliminary data
for inhibitory activity on ChEs and MAO-B, cytotoxicity and the neuroprotective ability of a
series of 3,7-substituted coumarin derivatives. The compounds were designed by introduc-
ing to the coumarin scaffold different groups reported as endowed with MAO inhibition
(propargylamine), AChE/MAOQ inhibition (phenethoxy) and AChE/neuroprotection (car-
bamate) properties. Most compounds showed significant in vitro neuroprotective effects
towards MPP*-compromised SH-SY5Y neuroblastoma cells and appreciable inhibition and
selectivity towards MAO-B, with ICsy values ranging between 0.014 and 0.498 uM. Despite
the lack of ChEs inhibition ability, the most active derivatives, 39 and 40 (Figure 17), bearing
the propargylamine functional group, displayed the best potential as MAO-B inhibitors
(IC5p = 14 and 101 nM, respectively) and a favourable cytotoxicity profile. Moreover, in sil-
ico studies using online prediction tools suggested suitable pharmacokinetic and drug-like
properties [32].

QL JOLLH™S jk@@f s

39 40

Figure 17. Coumarin-propargylamine derivatives.
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Applying a similar target-based approach, Guo et al. [62] designed a series of hybrid
compounds by combining the iron-chelating 3-hydroxypyridin-4(1H)-one and the MAO-
B inhibitor coumarin pharmacophores, aiming at obtaining MTDL agents (Figure 18).
3-hydroxypyridin-4(1H)-one is structurally related to deferiprone, a chelating drug used
for treating iron overload in different pathologies, such as thalassemia [63], and can be
easily modified, allowing for a wide SAR study. All the new derivatives showed good
Fe?*-chelating properties and favourable MAO-B inhibitory activity, with compound 41
being the most promising with an ICsy = 99.3 nM, very close to the corresponding activity
value of the selective MAO-B inhibitor pargyline (IC59 = 86.9 nM), used as a reference drug.
These data were corroborated by molecular docking analysis, indicating that compound
41 could occupy both the entrance and the substrate cavities of MAO-B. Notably, this
derivative also exhibited a relevant antioxidant effect and proved to protect PC12 cells
from the damage induced by Af3. BBB penetration ability was evaluated by applying in
silico tools, and 41 appeared to be able to overcome the challenge of brain exposure. These
results were confirmed in a behavioural study of mice, where compound 41 significantly
improved the scopolamine-induced cognitive impairment.
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Figure 18. Design of hybrid 41.

In a different approach, Zhao et al. started from a previous study on notopterol
(Figure 19), a furanocoumarin-based natural compound endowed with many biological
activities, among which is the ability to inhibit both GSK-3f3 and BACE-1 enzymes, even if
to a different extent. Aiming at driving the activity toward AChE as well, the structure of the
lead notopterol was purposely modified by introducing the N-benzylpiperidine function
found in donepezil and also expected to be useful for increasing BACE-1 inhibitory activity.
Moreover, the furan portion of notopterol was removed, with the idea of reducing toxicity,
while maintaining the AChE and GSK-3f3 targeting ability. Compared with notopterol, the
27 new coumarin-donepezil hybrids obtained showed promising AChE inhibition, good
selectivity with respect to BChE, a moderate ability to inhibit GSK-33 and an impressive
increase in BACE-1 inhibitory activity; all these data were supported by docking studies.
The most active compound (42) behaved as a competitive AChEI endowed with good BBB
permeability, acceptable predicted physicochemical properties and a tolerable cytotoxicity
profile, confirmed by in vivo acute toxicity experiments [64].
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Figure 19. Design strategy for the naturally inspired derivative 42.

Continuing their research program on coumarin derivatives as MTLDs for AD treat-
ment, the group led by Khoobi planned to introduce a N-benzyl triazole substructure
on the 3-arylcoumarin core, aiming at engaging both ChEs and 15-LOX [65], the enzyme
responsible for the peroxidation of specific atoms in polyunsaturated fatty acids and found
to be involved in ND development, including AD [66,67]. The phenyl group in position
3 of the coumarin core could allow for the strengthening of the hydrophobic interactions
in the active site of 15-LOX, and the triazole was introduced due to its recognized ChEs
inhibition potential [68]. Both the coumarin core and the benzyl triazole were variously
substituted and the new compounds were evaluated on the selected enzymes. In general,
all the reported 3-arylcoumarins proved to be selective for BChE inhibition over AChE, and
most of them showed significant inhibitory activity on LOX, with an acceptable toxicity
profile. The most balanced dual inhibitors (derivatives 43 and 44, Figure 20) were selected
to evaluate their neuroprotective effect against HyO,-induced P-12 cell death and the anti-
amyloid effects on both self- and AChE-induced aggregation. Derivative 43 was the most
potent neuroprotective compound and A self-aggregation inhibitor but appeared unable
to counteract the enzyme-induced AP aggregation, probably due to the low inhibitory
activity on AChE.

43 ‘oo

44
1C5o BChE =45.0 uM 1C5o BChE =19.5 uM
15-LOX =42.5 uyM 15-LOX =39.0 uM

Figure 20. N-benzyltriazole derivatives with dual BChE and 15-LOX activity and neuroprotective
and anti-aggregating properties.

A coumarin-based MTDL approach was also followed by Wang et al. [69] who devel-
oped a series of 4,7-dihydroxy coumarins carrying a Schiff base in the 3-position, so that
the nitrogen and the 4-hydroxy substituent in the coumarin core could act as chelating sites,
able to form a stable six-membered ring when coordinating with metal ions (Figure 21).
Moreover, tertiary amino groups were inserted both to improve the anti-ChE abilities and
to optimize the lipid /water partition coefficient.
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Figure 21. Design of metal-chelating coumarin-based compounds.

The anti-AD activities of 45a-c were studied both in vitro and in silico. The results
showed that the compounds were endowed with potent antioxidant activities, related
to the ability of the 7-OH group to stabilize the phenoxy radical, with good inhibition
activity on AChE and AR aggregation and with the ability to selectively chelate Cu?* and
AIR*, regulating metal homeostasis. Furthermore, ADMET performance prediction data
indicated that the compounds were able to cross the BBB.

3.3. Coumarins as MTDLs for Emerging Targets

One of the main challenges in MDTL research for multifactorial disease management
is the assessment of the role of new potential targets and their engagement by specific
pharmacophores. In recent years, the endocannabinoid system (ECS) appears increasingly
involved in neuroprotection, since its activation can suppress microglial activation, thus
hampering neurodegenerative processes. The ECS consists of endocannabinoids (eCBs),
a relatively small group of endogenous fatty acid derivatives (mainly anandamide and
2-arachidonoylglycerol), acting on two CBRs, CB1 and CB2, and a set of enzymes respon-
sible for their synthesis and breakdown [70]. The enhancement of eCB signalling can be
attained by acting on CBRs or, indirectly, by inhibiting FAAH, the enzyme responsible
for the inactivation of eCBs. The latter approach appears more promising for the chronic
treatment required by AD, thanks to a lower risk of psychotropic side effects related to a
prolonged stimulation of receptors, particularly CB1. A simultaneous inhibition of ChEs
and FAAH could then represent a valuable therapeutic option to achieve a more effective
AD treatment and counteract its progression [71]. In continuing their studies in this field,
Montanari et al. [72] reported a series of coumarin-based carbamic and amide derivatives,
designed as MTDL compounds acting on ChEs and eCS-related targets, namely FAAH
and cannabinoid receptors. Moreover, their ability to reduce A self-aggregation was also
assessed. The lead compound, 46 (Figure 22), a coumarin-based derivative previously
reported by the same group as a very potent inhibitor of BChE (IC5y = 1.86 nM) and a
well-balanced AChE and FAAH inhibitor (ICsy = 37.4 nM e 28.5 nM, respectively) [73], was
modified in order to expand the SAR study and assess further potential activities. In partic-
ular, the carbamate moiety was modified by enclosing the heptyl chain in cyclic structures
(cyclopentyl, cyclohexyl and naphthalene) to boost the steric interactions with the binding
pocket of the selected enzymes, and by replacing the carbamate with the widely exploited
amide group, to evaluate the actual role of the carbamate in enzyme inhibition and the
feasibility of achieving reversible inhibitors. From the results, the carbamates 47 and 48
emerged as promising inhibitors of ChEs, FAAH and A self-aggregation, endowed with
calculated brain-to-blood ratios better than the n-heptyl lead, 46. Interestingly, the amide
derivative, 49, showed promising BChEs and A self-aggregation inhibitory activities and
a potential CB1/CB2 receptor affinity.

Another very recent target to be exploited in MTDL design is human carbonic an-
hydrase (hCA). This enzyme catalyses the reversible hydration of CO, to bicarbonate
and a proton and plays a pivotal role in many physiological functions, among which is
pH regulation. Recent studies demonstrated that acetazolamide, the most widely used
inhibitor of hCA, may reduce caspase activation, cerebral, vascular and glial A accumula-
tion and weaken gliosis, leading to a cognitive improvement in TgSwDI mice [74]. In an
attempt to obtain dual ChEs and hCA inhibitors, two series of coumarin-dihydropyridine
derivatives were designed by Zahedi et al. based on the molecular merging of effective
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pharmacophores found in the literature [75]. The new compounds (Figure 23) were tested
in vitro and in silico on ChEs and two of the different hCA isoforms, namely CA I and CAII.
In vitro studies proved that some of the title compounds were more potent AChE and/or
BChE inhibitors compared to the reference drug tacrine, while most of them inhibited the
selected hCA isoforms better than acetazolamide, used as the standard compound, with
50 and 51 being the most promising compounds. For these compounds, in silico studies
predicted significant interactions with key residues in the active site of the enzymes and
encouraging pharmacokinetic properties.

R= ):> 47 1C59 AChE =521 nM, BChE = 8.42 nM, FAAH =2.53 uM

R :/O 48 1C5y AChE = 104 nM, BChE = 34.9 nM, FAAH = 1.33 uM

49 IC50BChE =11.6 uM 20% AP aggreg. inhibition

Figure 22. Development of ChEs-FAAH inhibitors.

50 51

Figure 23. Merged coumarin-dihydropyridines as ChEs/hCA inhibitors.

In 2023, the Supuran group reported [76] a small library of coumarin derivatives,
designed to obtain compounds capable of managing neuroinflammation by the simul-
taneous inhibition of three enzymes involved in neurodegeneration (CAs, MAOs and
ChEs). To achieve this goal, properly selected alkyl chains were introduced at positions
4, 6 and 7 of the coumarin scaffold, and position 7, considered as a privileged position to
gain potent "MAOQOs inhibition, was the most explored among the series. Notably, many
compounds have been designed to date to engage both "MAO and hChE, but in this paper
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the potential neuroprotective activity of the coumarin scaffold also involving CAs inhibi-
tion was investigated for the first time. All the new derivatives proved to effectively and
selectively inhibit the hCA isoforms of interest (#{CA VII, IX and XII) over the off-target
isoforms hCA I and II. The most promising compounds were 52 and 53 (Figure 24), acting as
nanomolar and balanced inhibitors of iIMAO-B and hCA isoforms VII, IX and XII. Further-
more, they also displayed weak AChE and BChE inhibitory activities. These compounds
proved to permeate the BBB, and further in vitro biological studies using LPS-stimulated
rat astrocytes showed their ability to counteract oxidative stress-induced neuroinflam-
mation and to hamper interleukin-6 secretion, thus corroborating the rationale of this
multitarget approach.

= N
0 0”0 \\/\/\o 0”0

52 53
Figure 24. Coumarins acting on MAO-B and CA VII, IX and XII

4. Conclusions

The main feature of NDs is their complex aetiology, involving a number of apparently
unrelated and still not fully identified neuronal pathways and targets. As a consequence,
the “one target, one molecule” paradigm appears unproductive in affecting the progression
of these multifactorial disorders, and a more promising strategy involves the development
of single molecular entities able to simultaneously modulate different biological targets
involved in their onset and progression. This polypharmacological approach is mainly
based on the design of hybrid molecules obtained by combining different chemical moieties
acting with different mechanisms and exerting complementary and synergistic actions. In
this respect, the identification of an appropriate main scaffold, capable of being variously
and easily modified, acquires pivotal importance. Coumarins are naturally derived priv-
ileged structures in medicinal chemistry and represent suitable scaffolds for the design
and development of novel multifunctional compounds for ND treatment. Indeed, besides
their favourable physicochemical properties and innate pharmacological activities, their
core structure exhibits several positions that could be variously substituted, allowing for
a huge variety of different compounds. Therefore, combining coumarins with diverse
pharmacophores endowed with selected biological properties may represent a valuable
strategy to combat NDs. In this review, the recent literature has been explored and still
the coumarin core arises as a valid starting point for hybridization. Focusing on AD, its
structure has been combined by means of selected linkers with diverse heterocycles, often
leading to promising compounds capable of engaging both the most predictable targets,
namely AChE, BChE, MAO-B, GSK-3f3 and metals, and some unconventional and emerg-
ing ones, such as CB receptors and CA and FAAH enzymes, always proving to possess
promising activity. The design of coumarin-based hybrid MTDLs is thus a prospective
approach to tackle effective treatments for NDs, in particular AD. Nevertheless, additional
studies are mandatory to address several issues arising from the polypharmacological
strategy, in particular regarding the BBB permeation, the pharmacokinetic properties and
the possible off-target adverse effects of the new hybrid compounds.
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