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ARTICLE INFO ABSTRACT

Keywords: A set of twenty-five thioxanthene-9-one and xanthene-9-one derivatives, that were previously shown to inhibit
Thioxanthene-9-one and xanthen-9-one de- cholinesterases (ChEs) and amyloid p (AP4o) aggregation, were evaluated for the inhibition of tau protein ag-
rivatives

gregation. All compounds exhibited a good activity, and eight of them (5-8, 10, 14, 15 and 20) shared com-
Multitarget.directed ligands (MTDLs) par.able. lo.wA r.nicromolar inhibitory p.otency versus A4 aggregation z.ind human acetylchqlinesterase (AChE),
AB and tau aggregation inhibition while inhibiting human butyrylcholinesterase (BChE) even at submicromolar concentration. Compound 20
AChE and BChE inhibition showed outstanding biological data, inhibiting tau protein and AB4o aggregation with ICsp = 1.8 and 1.3 pM,
respectively. Moreover, at 0.1-10 pM it also exhibited neuroprotective activity against tau toxicity induced by
okadoic acid in human neuroblastoma SH-SY5Y cells, that was comparable to that of estradiol and PD38. In
preliminary toxicity studies, these interesting results for compound 20 are somewhat conflicting with a narrow
safety window. However, compound 10, although endowed with a little lower potency for tau and Ap aggre-
gation inhibition additionally demonstrated good inhibition of ChEs and rather low cytotoxicity. Compound 4 is
also worth of note for its high potency as hBChE inhibitor (ICso = 7 nM) and for the three order of magnitude
selectivity versus hAChE. Molecular modelling studies were performed to explain the different behavior of
compounds 4 and 20 towards hBChE.

The observed balance of the inhibitory potencies versus the relevant targets indicates the thioxanthene-9-one
derivatives as potential MTDLs for AD therapy, provided that the safety window will be improved by further
structural variations, currently under investigation.

Alzheimer’s disease

1. Introduction disorder accounted as the third most frequent human pathology after
cancer and cardiovascular diseases. AD is characterized by progressive
Alzheimer’s disease (AD) is an age-related neurodegenerative memory loss and cognitive impairment, leading to dementia and daily
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life disability. The histopathological evidence of AD is mainly related to
extracellular protein aggregates formed by amyloid p (Af) peptide (am-
yloid plaques) and intracellular protein deposits constituted by hyper-
phosphorylated tau protein (neurofibrillary tangles). However, several
other pathological factors may contribute to the progression and wors-
ening of AD such as oxidative stress, inflammation, autophagy, mito-
chondrial disfunctions and so forth [1-3].

The deposition of amyloid plaques, starting from the cholinergic
neurons of hippocampus, progressively extends to the whole brain cor-
tex with the loss of cholinergic neurons and the consequent lowering of
the synaptic level of neurotransmitter acetylcholine (ACh) [4]. Thus, the
current symptomatic therapy of AD mainly relies on the restoration of
normal ACh levels [5] through the inhibition of acetyl- and butyr-
ylcholinesterase (AChE and BChE), without provisioning alteration in
the disease’s prognosis. Interestingly, some cholinesterase inhibitors,
namely dual binding site (DBS) inhibitors, besides increasing the ACh
levels, may block the aggregation of Ap promoted by their binding at the
enzyme peripheral anionic site (PAS) [6-8].

AP aggregation blockade may be provided by different kinds of
molecules, most of which have failed in all clinical trials performed so
far. However, quite recently, aducanumab, a human monoclonal anti-
body (MAB) targeting Ap oligomers, has been approved by the FDA as
the first Ap-directed drug for the therapy of AD [9] even though after
many controversies. In addition, preliminary data on lecanemab,
another human MAB in clinical trial, showed a significant slow of mental
decline in AD patients [10].

It has been argued that soluble low-molecular-weight oligomers, as
intermediate species in the aggregation process of Af, may be respon-
sible for neuronal damage and ultimately cell death [11]. It has been
postulated that Ap aggregation occurs at early stage of AD, while tau
aggregation correlates better to disease progression. Indeed, tau protein
displays multiple physiological functions by interacting with a variety of
cellular partners, but it is also able to interact with other tau molecules
to form oligomers and filaments. The smaller diffusible Af oligomers
may penetrate cells and trigger tau phosphorylation (and consequent
aggregation) and/or direct tau aggregation [12,13]. It has also been
suggested [14] a toxic role for extracellular tau (released physiologi-
cally, or resulting from the disruption of dead cells), which may spread
in the brain, in a prion-like manner [15], as conformationally misfolded
monomers, paired helical filaments (PHFs) or other forms, seeding the
intracellular aggregation and representing a primary event in AD, even
preceding AP aggregation.

In addition to the anti-Ap aggregation, the tau aggregation inhibition
can be seen as promising disease-modifying treatment (DMT) in AD.
With this aim, the prevention of tau aggregation may be gained by
dampening its phosphorylation (through the block of specific kinases, or
the activation of specific phosphatases), or by the direct inhibition of the
initial step of aggregation process. The neuronal uptake of the different
kinds of tau aggregates and/or their enhanced clearance, might result
even more beneficial for AD therapy.

In order to find AP and/or tau aggregation inhibitors, a wide
chemical space has been explored, and a huge number of compounds
have been illustrated in some reviews and recent articles [13,16-26].
Besides the multiple conjugated double bonds, allowing an extensive
delocalization of a cationic charge (as found in cyanines, methylene blue
and analogues, presently in a clinical phase III for AD therapy),
frequently encountered structural features of aggregation inhibitors are
carbonyl groups (isolated or conjugated with a C=C or C=N double
bond), in open chain molecules or embodied in mono- or polycyclic
systems, commonly further decorated with hydroxy and/or amino
groups. Aromatic ketones may also contribute as hydrogen bond
acceptor molecules in disrupting the p-sheet ordered sequences
responsible for Ap aggregation [27]. The isolated or conjugated carbonyl
functions may undergo imine formation, by reacting with the e-amino
group of lysine residues or by Michael addition reaction with the thiol
group of cysteines from tau, respectively. When phenolic hydroxyls are
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present, while acting as scavenger of oxidative species, they may
generate novel carbonyl groups as additional electrophilic centers
[28-30]. Examples of these compounds (dyes, chalconoids, flavonoids,
quinones and complex polyheterocyclic systems) are depicted in Fig. 1,
along with corresponding references [26,31-45].

A few years ago [46], we described sets of carbonyl-containing
compounds as naphthoquinone, anthraquinone, xanthene-9-one and
thioxanthene-9-one derivatives, acting as multitarget directed ligands
(MTDLs) by inhibiting cholinesterases and Ap aggregation (Fig. 2).
These compounds are characterized by the presence of basic side chains,
mainly quinolizidinylalkyl moieties, that were previously shown to
produce potent cholinesterase inhibition when linked to diverse bi- and
tricyclic (hetero)aromatic systems [47].

Most of these compounds exhibited ICsg values from the low to sub-
micromolar range versus the cited biological targets. The inhibition of Ap
aggregation did not linearly correlate with the inhibition of cholines-
terases; nevertheless, some compounds inhibited one or both ChEs and
Ap aggregation with similar potencies, thus fulfilling a fundamental
requirement of a multitarget drug, that is balanced pharmacological
activities. Moreover, exploratory investigation on a couple of repre-
sentative compounds [46] indicated that they may cross the BBB with a
permeability comparable or even superior to that of diazepam.

Structure-activity correlation suggested that tricyclic compounds are
more prone than the bicyclic ones to the inhibition of Af aggregation,
and among the former, thioxanthenone derivatives emerged as more
active inhibitors of Ap aggregation than xanthenone and anthraquinone
derivatives. Moreover, compounds bearing the bulky and highly lipo-
philic quinolizidine moiety performed better in the inhibition of Af
aggregation with respect to analogues bearing dialkylaminoalkyl basic
chains.

It was additionally observed that the aforementioned thio-
xanthenone derivatives displayed a high inhibitory activity (ICsy range
= 0.088-6.1 uM) versus butyrylcholinesterase (BChE), that is another
designated target in AD due to its compensation character to hydrolyze
ACh in progressed disease, and its close relation to progressive Ap
deposition [48]. More recently, the target combination, consisting of the
Ap and tau, has been proposed as the right choice to tackle AD, their
aggregation inhibition possessing the potential to deliver DMT effects
[13]. Given the multifactorial nature of the onset and development of
AD, the MTDL strategy continues to represent a more promising
approach than the traditional “one drug-one target” one, even because it
could be used in various target combination strategies [49].

2. Results and discussion

In this complex and challenging context, the multitarget profile
displayed by the aforementioned thioxanthenone (1-22) and xanthe-
none derivatives (23-25) towards eeAChE, esBChE, and AB4o self-
aggregation inhibition prompted us to deepen and enlarge the study of
their multitarget behavior. Piperidine derivative 20 was designed and
prepared with the aim of replacing the quinolizidine basic moiety with
the smaller and less lipophilic piperidine but still endowed with greater
bulkiness than linear dialkylamine-O-alkyl chains. Our aims were the
evaluation of the role of the quinolizidine moiety in the diverse inhibi-
tion processes, the increasing of aqueous solubility, the decrease of
lipophilicity and the reduction of the potential cytotoxicity of our mol-
ecules (see section 2.6).

Due to the crosstalk between Ap and tau leading to AD pathological
burden, we assessed the ability of our library to also inhibit tau protein
aggregation, as a novel and additional biological property with higher
credentials for displaying DMT effects. Accordingly, we first explored
the inhibition activity of some representative compounds versus faster
PHF6 peptide aggregation [50,51], and then, following the positive
feedback, we screened the library in a cell-based assay against
full-length tau [52]. Finally, to further corroborate their potential
therapeutic efficacy, we also evaluated the activity of the most potent
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Fig. 1. Examples of Ap and tau protein aggregation inhibitors (and corresponding references).

ChEs inhibitors against the corresponding human ChEs enzymes.

2.1. Chemistry

The chemical structures of the investigated compounds (22 thio-
xanthenone and 3 xanthenone derivatives) are depicted in Table 1. With
the exception of compound 20, all compounds of Table 1 were obtained
from our in-house library, having been synthesized and studied in the
past as antimicrobial, antileishmanial, antileukemia P388 agents

quercetin [36-38]
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[53-55], and as dual inhibitors of ChEs and A aggregation [46]. In
particular, the multitarget activities of compounds 1-3, 5-12,16 and 17
[54], and 4, 13-15, 18 and 21-25 [46] have been described in the
quoted references. Compound 19 (lucanthone) was synthesized as re-
ported by Archer and Suter [56]. The newly designed compound 20 was
prepared (Scheme 1) by reacting the 2-(1-methylpiperidin-4-yl)
ethan-1-amine with 1-chloro-7-methoxy-4-methylthioxanthen-9-one,
obtained according to Archer et al. [57].
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MTDL profile, range ICs, (M)

= Naphthoquinones
eeAChE inhib. = 0.011-5.8
esBChE inhib. = 4.1-12
AB,, aggregation inhib. = 61%

= Anthraquinones

eeAChE inhib. = 0.84 - 3.8
esBChE inhib. =1.1-3.4

APy, aggregation inhib. = 6.4 — 61

= Thioxanthenones

eeAChE inhib. = 0.12 (15)-8.3 (3)
esBChE inhib. = 0.088 (4)- 6.1 (1)

AP, aggregation inhib. = 0.84 (2) - 28 (1)

= Xanthenones

eeACHE inhib. = 0.14 (25)- 9.4 (23)
esBChE inhib. = 0.37 (25) - 2.4 (24)

AP, aggregation inhib. = 13 (25) - 48 (24)
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Fig. 2. Schematic representation of our previously studied MTDL [46], efficiently targeting electric eel AChE (eeAChE), equine serum BChE (esBChE) and AP4o
aggregation; the bold numbers refer to compounds cited also in the present paper. # The ICs, value refers to 3-Chloro-2-{[(15,9aR)-(octahydro-2H-quinolizin-1-y1)

methylthio]-prop-1-ylamino}-1,4-naphthoquinone.

Table 1
Inhibitory activities of thioxanthenone (1-22) and xanthenone (23-25) derivatives against tau and Af protein aggregation.

- 0 NH-R X R’ R* R tau aggregation Ap4o aggregation®

% inhib. at 10 pM ICso (UM)© ICsp (1M)
X f

1 S CH»-Q CHj3 H nt nt 28

2 S CH,CH,-Q CHs H 46 0.84

3 S CH,CH,CH»-Q CH3 H 26 +2 4.3

4 S CH,CH,CH,SCH»-Q CH3 H 20 4.3

5 S CH»-Q CHs OH 9.1 5.9

6 S CH,CH»,-Q CH3 OH 8.9 2.4+0.1

7 S CH,CH,CH3-Q CH3 OH 7.3 2.9

8 S CH»-Q CH3 OCHj3 5.5 4.3

9 S CH,CH,-Q CH, OCH,4 14 24+0.1

10 S CH,CH,CH>-Q CH3 OCHj3 5.9 2.5

11 S CH,-Q NO, H 15 20

12 S CH,CH,CH»-Q NO, H 22+ 2 13

13 S CH,-Q NO, OCHj3 32+2 11

14 S CH,CH»-Q NO4 OCHj3 6.9 9.1

15 S CH,CH,CH»-Q NO, OCHj3 3.0 7.9

16 S CH,-Q NH, H 8.6 14

17 S CH,CH,CH»-Q NH, H 26 +1 1.3

18 S CH,CH»-Q NH, OCHj3 33+2 13

19 S CH,CH,-N(CH,CH3), CH3 H 10.9 24

20 S C CH3 OCHj3 1.8 1.3+£0.1

CH,CH, N-CH,

21 S CH,CH,CH,-N(CH2CH3), NO-, OCH3 4.8 17

22 S CH,CH,CH,-N(CH,CH3), NH, OCHj; 24 +2 21

23 (¢] CH,CH,CH,-N(CH>CH3), CH3 H 16 (55)¢

24 (¢] CH»-Q CH3 H 35+3 48

25 (6] CH,CH,CH3-Q CH3 H 23 13

Quercetin 0.82 + 0.07

2 Values are taken from Ref. [46], except for 6, 9 and 20.
b Q = quinolizidin-1a-yl moiety.

¢ Values are the mean of three independent experiments, SEM < 10%; nt: not tested.

4 9 inhibition at 100 pM.

2.2. Inhibition of PHF6 and tau aggregation

According to a fast assay based on thioflavin T (ThT) fluorescence
[58], six compounds were exploratively tested using the highly repeated
peptide sequence (306)VQIVYK(311) of tau responsible for protein

aggregation in paired helical fragments (PHF6) [59]. Results depicted in
Fig. 3 enlighten the high potency profile of some of the selected com-
pounds in inhibiting PHF6 aggregation, with inhibition >80% at 10 pM
concentration for three derivatives 2, 7 and 22, comparable to reference
compound quercetin. However, while compound 7 was also a good
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Scheme 1. Reagents and conditions: a) chlorothioxanthenone/amine ratio 1:2, fusion at 170 °C, 6 h.
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Fig. 3. Inhibition of 50 pM PHF6 aggregation by 10 pM test compounds (ThT
fluorescence test); reference quercetin (QUR).

inhibitor of tau aggregation in cellular assay (ICso = 7.3 pM), the other
two (2 and 22) were less effective (ICso = 46 pM and 24% inhibition at
10 pM), as reported in Table 1. Thus, the aggregation inhibition of tau
protein and hexapeptide PHF6 may develop through different modal-
ities in relation to their diverse chemical structures, which may entail
distinct binding modes. This trend has also been delineated for other
classes of tau aggregation inhibitors [13].

Concerning the full-length tau protein aggregation [52,60], all tested
compounds showed an interesting and quite valuable inhibitory activity,
with ICsg values < 10 pM for the ten most active compounds (5-8, 10,
14-16, 20 and 21). Seven other compounds displayed ICs( values in the
range 10.9-46 pM, whilst for the remaining ones the ICso could not be
assessed because of solubility problems (22-35% inhibition at 10 pM
concentration).

Most of the tested compounds inhibited the aggregation of tau pro-
tein and AB4o [46] with similar potencies, suggesting the existence of
common epitopes in the two biomolecules [61]. In particular, eight
compounds (5-8, 10, 14, 15 and 20) exhibited ICsy < 10 uM versus both
biomolecules, and compound 20 displayed an outstanding activity, ICsg
= 1.3 pM and 1.8 pM versus Ap and tau aggregation, respectively. Seven
other compounds (4, 9, 11, 16, 19, 21 and 25), even if endowed with
somewhat more divergent potencies versus the two targets, may be still
considered interesting dual inhibitors of Ap and tau aggregation. Rather
intriguing were the results concerning compounds 2 and 17, which,
while displaying high potencies against A aggregation (IC5o = 0.84 pM
and 1.3 pM, respectively), exhibited modest or poor inhibitory activity
versus tau aggregation (ICsp = 46 pM and 26% inhibition at 10 pM
concentration).

Each considered structural feature (nature and length of the linker
chain, nature of substituents in positions 4 and 7 of tricyclic system) may
be associated with some degree of inhibition of tau protein aggregation.
However, the presence of a substituent (OH or OCHj3) at position 7
warranted a higher activity: ten compounds with ICso in the range
1.8-13.6 pM (mean ICsp— 6.7 pM) versus seven 7-unsubstituted com-
pounds with ICs in the range 8.6-46 pM (mean ICs— 20 pM). The good
activity on tau aggregation, observed in sixteen out of twenty tested

compounds bearing a methyl or a nitro group at position 4 of the tri-
cyclic system, is even higher when an additional substituent (OH or
OCHjy) is present in position 7. Among the 4-amino derivatives exam-
ined, only 7-unsubstituted compound (16) was active, in contrast with
foregoing considerations. All the seven basic side chains, linked to the 1-
amino group, were consistent with the inhibition of tau protein aggre-
gation, but the highest potencies were observed for bulkier chains, like
the [3-(quinolizidin-1-yl)propyl] and, particularly, [2-(1-methylpiper-
idin-4-yl)ethyl], suggesting a key role for the two nitrogen atoms sepa-
rated by five carbon atoms. Comparing the thioxanthen-9-one and
xanthen-9-one scaffolds, the sulfur bridge of the former seems to be
more suitable for tau aggregation inhibition than the oxygen atom
(23-25), as already observed [46] for the inhibition of Ap aggregation.

2.3. Neuroprotective effect against okadaic acid-induced tau toxicity

The hyperphosphorylation of tau leading to neurofibrillary tangles
(NFT) is one of the key pathological hallmarks of AD. The dephos-
phorylation of phospho-tau is mainly mediated by protein phosphatases
(PPs), among which PP2A is considered the major phosphatase in vivo
[62]. In some areas of AD brain, both the expression and activity of PP2A
have been reported to be reduced whilst the kinase-mediated tau
phosphorylation is increased. In this context, we hypothesized that the
most promising tau inhibitor 20 could exert a neuroprotective effect
against tau-induced toxicity. To test this hypothesis, human neuroblas-
toma SH-SY5Y cells were incubated for 24 h with a PP2A inhibitor, the
okadaic acid (OA) [62], to induce tau phosphorylation, in the presence
of 20 in the concentrations range 0.1-50 pM. Then, cell viability was
evaluated by MTT assay, and the results were reported as % of cell
viability referred to untreated cells (CTRL) as shown in Fig. 4. Estradiol
and PD38, a known inhibitor of MAPK pathway, were used as positive
controls. Notably, compound 20 demonstrated the ability to restore cell

— 100~ . o

- e

E R 5w £ L

= e,

o 1 T T

— ]

<

>

-

§ 50—

>

°

o o

. |

OA[nM] =~ + + + + + + + + + + + - +

20[pM] - - 01 1 5 10 5 - = = - - - =
Estradiol [uM] - . - = - - = 01 1 5 10 50 - =

PD38 [uM] - - - - - - - - - - - - 10 10

Fig. 4. Neuroblastoma cell line SH-SY5Y were incubated for 24 h with okadaic
acid (100 nM) in the presence of the compounds tested. Then cell viability was
evaluated by MTT assay, and the results were reported as % of cell viability
referred to untreated cells (CTRL). Estradiol and PD38 were used as positive
controls. Results represent the mean + SD of three independent experiments.
(One-way analysis of variance (ANOVA) followed by the Dunnett’s test *p <
0.1, **p < 0.01, ***p < 0.001). (GraphPad Prism version 5).
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viability counteracting tau-induced toxicity even at the low-test con-
centrations. In fact, from 0.1 to 10 pM compound 20 exhibited a potent
neuroprotective effect comparable to that of estradiol and PD38,
whereas at superior concentrations the cell viability decreased, probably
because of its intrinsic toxicity (see section 2.6, Cytotoxicity profile).

2.4. Inhibition of human AChE and BChE

Bearing in mind the inhibition activity of thioxanthenone and xan-
thenone derivatives towards electric eel AChE and equine serum BChE
(eeAChE and esBChE), we tested the most promising compounds also
against human enzymes to confirm their inhibitory behavior (Table 2).
The newly synthesized derivative 20 and compounds 6 and 9 (not pre-
viously tested) were also considered in the in vitro screening (Tables 1
and 2), resulting to be potent DBS inhibitors of ChEs (BChE preferring)
and AP aggregation (IC59 = 1.3-2.45 pM), in accordance with the ob-
servations previously made [46]. Interestingly, the compounds demon-
strated to be dual targeting agents also against human ChE isoforms with
a preferential inhibition activity for hBBChE. Whereas hAChE ICs( values
fell in the low micromolar range, those versus hBChE mainly reached
sub-micromolar potencies, or an outstanding nanomolar potency
recorded for compound 4 (IC5y = 7 nM), which resulted the most potent
hBChE inhibitor as well as highly selective over hAChE. Inhibition ki-
netics of 4 disclosed a mixed-type inhibitory mechanism, a typical
feature of DBS inhibitors of ChEs (Fig. 5). The linker of five units be-
tween the thioxanthenone scaffold and the quinolizidine ring of com-
pound 4 resulted as the best suited moiety, while the influence on
inhibition potency exerted by substituents R* and R’ appeared as less
significant. Conversely, the replacement of the bulkier and high lipo-
philic quinolizidine ring with the N-methylpiperidine moiety in com-
pound 20 was responsible for the breaking down of hBChE inhibition
(16% inhibition at 10 pM), while preserving the ability to efficiently
target the esBChE (ICso = 0.96 pM). The analysis of interspecies activity
profile revealed an inhibitory potency decrease passing from animal to
human enzymes, although with a few exceptions as for 4 and 9, which
were about 10- and 1.5-folds more active against hBChE and hAChE,
respectively. Hence, the present biological findings strengthen the
overall merit of these chemotypes which were able to provide promising
multitarget activity, including both AChE and BChE inhibition,
acknowledged as early and advanced stage targets to treat AD.

2.5. Molecular modelling studies

To gain insight into the interaction of the compounds into the hBChE
active site (PDB code: 1POI), we performed a computational assessment
of the best ligand of the series, the quinolizidinyl derivative 4, compared
to its piperidinyl analogue 20. The comparison between the optimum

Table 2
Inhibitory activities of representative thioxanthenone and xanthenone de-
rivatives against AChE and BChE from different species.

ICso (uM)*

eeAChE" hAChE esBChE" hBChE
4 0.18 7.84 + 0.86 0.088 0.0070 -+ 0.0005
6 3.2+0.1 4.26 + 0.59 0.16 + 0.01 0.90 + 0.04
9 51+1.2  3.59+0.47 0.14 £0.03  0.71 +0.11
14 2.3 475 + 0.54 0.15 1.82 +0.27
15 0.12 1.75 + 0.30 2.0 7.31 £ 0.85
18 1.9 2.40 £ 0.73 0.15 0.99 + 0.08
20 4.4 +0.1 16.10 + 0.90 0.96 £0.15 (16 + 1)°
25 0.14 8.81 + 0.50 0.37 0.30 + 0.04
Donepezil  0.020 0.017 +0.002  1.90 4.80 + 1.00

@ Values are means of three independent experiments.

b 1Cs values for eeAChE and esBChE are from Ref. [46], except for the newly
tested compounds 6, 9 and 20.

¢ % inhibition at 10 pM.
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binding pose obtained for each protonated compound suggested that
compounds 4 and 20 share common stabilizing interactions but also
some important dissimilarities in binding the esterase. To confirm and to
corroborate the docking result and understand the different behaviors of
the two compounds in the enzymatic assay (Table 2), we performed 100
ns of molecular dynamics (MD) simulation of the E-I complexes in
explicit solvent. Finally, the corresponding ligand/protein free energy of
binding (AG) and the specific enthalpic contribution for the main
effective protein residues (AH,es) were calculated through MM/PBSA
(Molecular Mechanics/Poisson Boltzmann Surface Area) analysis and
PRBFED (per-residue binding free energy deconvolution) analysis,
respectively. From the equilibrated MD trajectories (Fig. 6A and B), it
arose that the similar thioxanthenone moieties showed the same in-
teractions pattern for both 4 and 20 derivatives.

Specifically, the three condensate rings are perfectly lodged in the
hydrophobic cavity lined by hBChE residues L314, F357, and F426 with
a total enthalpy contribution of —2.78 kcal/mol and —3.03 kcal/mol
(Fig. 6C) for 4 and 20, respectively. Further favorable interactions are
given by residues W110 and W259 through van der Waals and n-x sta-
bilizations with the aromatic counterpart in the thioxanthenone ring. As
shown in Fig. 6C, even these XAH,.s are very comparable for both in-
hibitors, and they correspond to —3.58 kcal/mol for 4 and -3.62 kcal/
mol for 20. Eventually, the most relevant differences in hBChE binding
between 4 and 20 rely on their protonated rings’ binding performances.
In fact, the quinolizine moiety of 4 are able to create two crucial specific
interactions with hBChE: i) a stable n-cation interaction between its
positively charged nitrogen atom and the aromatic side chain of Y360
(AH;es = —2.51 kcal/mol); and ii) a permanent hydrogen bond between
the same basic nitrogen atom and the carboxylic group of D98, oriented
in an optimal position by virtue of other two hydrogen bonds with S100
and S017 (Fig. 6A, £AH;es = —3.04 kcal/mol). On the other hand, the
piperidine ring cannot exploit the same stabilizing scheme with the
hBChE residues; given its shorter ethyl spacer, indeed, the piperidine
nitrogen atom can provide only a stable hydrogen bond with the hy-
droxyl group of T148 (Fig. 6B, AHyes = —2.09 kcal/mol). Accordingly,
the final calculated free energies of binding against hBChE were —9.83
kcal/mol and —7.49 kcal/mol for 4 and 20, respectively (Fig. 6D), in
agreement with their different inhibition potencies in the enzymatic
assay (Table 2).

2.6. Cytotoxicity profile

Finally, cytotoxicity in primary mouse cortical cells was examined, at
four concentrations (2.5, 5, 10 and 30 pM) for three compounds
(Table 3), which were, respectively, the most (20), the least (12) and a
middle potent (10) inhibitor of tau aggregation; compound 20 was also
proven to be a potent inhibitor of Af} aggregation.

Compounds 12 and 20 (the least and the most potent inhibitor of tau
aggregation) reached the maximal toxicity (~80% death) after 24 h of
incubation, which practically remained unchanged up to 72 h of expo-
sure. On the other hand, compound 10 (a middle potent inhibitor)
exhibited the lowest toxicity, causing, only after 72 h of incubation, the
34-54% of mortality in relation to the concentration tested. A similar
trend may be observed by correlating the Ap4o inhibition to cytotoxicity.
These results suggest that only a weak correlation may exist, if any,
between cytotoxicity and inhibition potency for aggregation of both
proteins.

Concentrations used in this toxicity test were close to some of the
ICsp values for the inhibition of tau and A aggregation, indicating a
rather narrow safety margin. Moderate safety windows were also
observed, taking into account the cytotoxicity previously determined for
compound 2 versus the human neuroblastoma cell line SH-SY5Y (ICs5p =
7.22 pM) [46], and for compounds 1, 2 and 19 versus the monkey kidney
Vero76 cells (IC5p within the range 12.4-23.5 pM) [55]. It is worth
noting that compound 19 (lucanthone), while displaying an ICsq = 12.4
pM against Vero76 cells, was safely used in the past for the therapy of
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Fig. 6. Details of binding interactions of compounds 4 (A) and 20 (B) in the binding pocket of hBChE. Both ligands are shown as atom-colored sticks-and-balls (C,
grey, N, blue, O, red) while the side chains of protein residues mainly interacting with the two compounds are depicted as colored sticks and labeled. Hydrogen
atoms, water molecules, and ions are omitted for clarity. (B) Comparison between hBChE per-residue analysis of compound 4 (firebrick) against 20 (green). (C)
Comparison between the calculated free energy of binding (AG) and its components of compound 4 (firebrick) against 20 (green).

schistosomiasis up to 2-3 g per daily dose [63].

Undergoing studies have already revealed that compound 2 displays
low toxicity against primary cultures of cerebellar granule cells from
postnatal rats (P7) [78% viability at 10 pM, in comparison with vehicle-
treated control], whilst compound 20, the most active against tau ag-
gregation seems to be toxic against this cell line [30% cell viability at 10
pM].

By comparing the present data collected in Tables 1 and 2 with
previous ones, it may be observed that the eight best dual inhibitors of
tau (ICsop within the range: 1.8-9.1 uM, mean ICsyo = 6.0 pM) and Ap
aggregation (ICsg in the range: 1.3-9.1 pM, mean IC5¢p = 4.5 pM) also
exhibited low micromolar or submicromolar inhibition of hAChE (ICsq

range: 0.12-7.6 pM, mean ICso = 4.19 pM) and BChE (ICsp range:
0.15-2.0 pM, mean ICsg 0.91 pM), thus representing interesting
multitarget leads for AD therapy. Therefore, the biological multifunc-
tional profile experienced by these compounds well matches with that of
lead compounds at the early stages of anti-AD drug development.
Anyhow, for a more meaningful assessment of the therapeutic potential
of the present compounds, the issue of their in vitro and in vivo toxicity,
in comparison with licensed drugs for AD should be further investigated.

3. Conclusions

A set of twenty-five thioxanthene-9-one and xanthen-9-one
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Table 3
Cytotoxicity of compounds 10, 12 and 20 at different concentrations in primary mouse cortical cultures. Results represent the mean of three independent experiments;
SEM < 10%.
Compd. Conc. % cellular death after n hours of incubation
(uM) 1 2 3 4 5 6 24 48 72
10 2.5 -0.1 1.6 1.8 2.2 1.9 2.0 8.9 18.4 33.6
5 1.0 3.4 1.8 3.3 4.4 5.7 17.8 27.8 37.6
10 4.2 5.8 4.9 5.3 6.1 4.0 19.6 27.4 42.1
30 3.8 5.7 7.1 9.5 9.3 10.7 48.6 52.4 54.3
12 2.5 0.3 3.1 3.7 4.7 5.2 5.2 85.5 83.3 79.6
5 1.6 2.9 5.0 4.3 6.6 5.7 77.0 72.4 79.4
10 -3.1 1.7 6.4 16.2 31.0 35.9 86.1 79.1 74.8
30 11.6 19.1 29.7 42.0 51.0 54.3 82.1 82.9 80.8
20 2.5 2.9 3.8 8.5 17.4 23.8 29.9 76.2 81.5 77.8
5 1.6 7.6 15.8 25.8 32.6 41.4 91.3 85.6 85.7
10 16.7 43.5 48.9 52.6 54.4 55.7 88.5 84.1 92.4
30 28.5 46.5 54.7 56.1 60.4 61.9 86.1 88.1 89.4

derivatives, that were previously shown to inhibit ChEs and Af4 ag-
gregation [46], were evaluated for the inhibition of tau protein aggre-
gation. All compounds exhibited a good activity, ten of them displaying
ICs0 values lower than 10 pM. Eight of these compounds (5-8, 10, 14, 15
and 20) shared comparable micromolar inhibitory potency versus Af
aggregation and hAChE, while inhibiting hBChE even at submicromolar
concentration. The newly designed and synthesized compound 20
showed outstanding biological data, inhibiting tau protein and Af ag-
gregation with ICso = 1.8 and 1.3 pM, respectively, and eeAChE and
hBChE with ICsp = 4.4 and 0.96 pM, respectively. Also compounds 10
and 15 are noteworthy, particularly the former one, which associated a
valuable activity with only a modest cytotoxicity.

It is to underline also the exceptionally high selectivity of compound
4 for hBChE versus hAChE (three order of magnitude). This result was
very interesting, considering the growing importance in the AD poten-
tial therapy of the BChE inhibition, which, besides its symptomatic ef-
ficacy, seems to display some DMT effects [64,65]. The long linker chain
(that characterizes compound 4) represents a structural feature to be
further challenged for improving BChE inhibition.

The observed balance of the inhibitory potencies versus the relevant
targets fulfills a fundamental requisite for multitarget compounds to
tackle the network of pathogenic pathways of AD more efficiently.
Preliminary in vitro assays for cytotoxicity of some compounds indicated
a narrow safety margin, which deserves a more in-depth investigation
with a goal to establishing the value of the present, otherwise very
promising, compounds as potential MTDLs for AD therapy. Indeed,
further structural variations are currently under investigation in our lab
aiming at the identification of those chemical features which are able to
maintain a good multitarget activity profile while decreasing potential
cytotoxic effects of our compounds.

4. Experimental section
4.1. Chemistry

4.1.1. General methods

Chemicals and solvents were purchased from Sigma-Aldrich or
Zentek (Milan, Italy). Melting points were determined using a Biichi
apparatus and are uncorrected. 'H NMR spectra and '3C NMR spectra
were recorded using a Jeol instrument at 400 and 101 MHz, respec-
tively; chemical shifts are reported as § (ppm) and are referenced to
CDCl; signal: singlet at 7.26 ppm (*H), triplet at 77.0 ppm (*3C); J are
expressed in Hz. Elemental analyses were performed on a Flash 2000
CHNS (Thermo Scientific) instrument in the Microanalysis Laboratory of
the Department of Pharmacy, University of Genoa.

4.1.2. Synthesis of 7-methoxy-4-methyl-1-[2-(1-methylpiperidin-4-yDeth-
ylamino]-9H-thioxanthen-9-one (20)

A mixture of 1-chloro-7-methoxy-4-methyl-9H-thioxanthen-9-one
[57] (0.38 g, 1.3 mmol) with 2-(1-methylpiperidin-4-yl)ethan-1-amine
(g 0.37, 2.6 mmol) was heated at 170 °C in a sealed tube for 6 h. Then
the reaction mixture was treated with 2 N HCl and extracted with Et,0
in order to remove the unreacted thioxanthenone. The acid solution was
then alkalinized with 6 N NaOH, and thoroughly extracted with CHyCl,.
After drying (anh. NaySOy4), the organic layer was evaporated to dryness
affording a residue that was purified by CC (SiO2/CH2Cly+2%DEA).

Yield: 50%. Mp. 110.7-112.4 °C. 1H NMR (400 MHz, CDCl3): 610.17
(s, 1H, NH), 7.96 (d, J = 2.9 Hz, 1H, H(8) thioxanthenone), 7.43 (d, J =
8.7 Hz, 1H, H(5) thioxanthenone), 7.25 (d superimposed to solvent
peak, J = 9.4 Hz, 1H, H(3) thioxanthenone), 7.20 (dd, J = 8.7, 2.9 Hz,
1H, H(6) thioxanthenone), 6.50 (d, J = 8.5 Hz, 1H, H(2) thio-
xanthenone), 3.92 (s, 3H, OCH3), 3.53 (d, J = 11.7 Hz, 2H, NHCH,CH»),
3.34-3.22 (m, 2H(a) of C2/C6-piperidine), 2.83-2.66 (m, 5H, 2H(p) of
C2/C6-piperidine superimposed to 2.76, 3H, d, J = 4.4 Hz, CH3-Arom.),
2.32 (s, 3H, N-CH3), 2.07-1.91 (m, 4H, C3/C5-piperidine), 1.85-1.75
(m, 3H, 2H NHCH,CH; and 1H of C4-piperidine). '*C NMR (101 MHz,
CDCl3): 6 183.27, 158.41, 152.32, 138.41, 135.58, 131.27, 128.29,
127.00, 121.97, 118.50, 112.60, 110.03, 106.50, 55.76, 54.99 (2C),
44.03, 39.79, 34.19, 31.27, 29.12 (2C), 19.24. Anal. Calcd for
C2o3H2gN205S: € 69.66; H7.12; N 7.06; S 8.08. Found: C 69.51; H 6.96; N
6.76; S 7.78.

4.2. Biological assays

4.2.1. General methods

All reagents were purchased from Sigma Aldrich (Milan, Italy), un-
less otherwise specified. Assays were performed in Greiner 96-well
plates (Greiner Bio-One GmbH, Frickenhausen, Germany) and read
with Infinite M1000 Pro (Tecan, Cernusco sul Naviglio, Italy). Experi-
ments were run in triplicate. Results were expressed by statistical
analysis while IC5s were obtained by nonlinear regression using Prism
software (GraphPad Prism version 5.00 for Windows, GraphPad Soft-
ware, San Diego, CA, USA).

4.2.2. Inhibition of PHF6 aggregation

The assay was based on the decrease of ThT fluorescence after
binding of 10 pM inhibitor to 50 pM PHF6 sequence (JPT Peptide
Technologies GmbH, Berlin, Germany). The experimental procedure has
been already described [51,58].

4.2.3. Inhibition of Ap4p aggregation

A fluorescence-based method for enhanced amyloid aggregation of
ApB4o peptide (EzBiolab, Carmel, IN, USA), using 2% HFIP as aggregation
enhancer and thioflavin T (ThT) as the fluorescent dye, was used as
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already described [66].

4.2.4. Inhibition of cholinesterases

In vitro inhibition assays were performed with the Ellman’s spec-
trophotometric method, by applying already published procedures [46,
47,51]. For inhibition kinetics, four concentrations of 4 (0-20 nM) and
six of substrate acetylthiocoline (ranging from 33 to 200 pM) were used.
Inhibition constants were calculated by nonlinear regression using the
above mentioned Prism software.

4.2.5. Invitro cell-based assays

Compounds for bacterial media were purchased from CondalLab
(Madrid, Spain). M9 minimal medium; for 100 mL: 10 mL salts 10 x
(0.68 g NagHPOy4, 0.30 g KH2PO4, 0.05 g NaCl, 0.10 g NH4Cl), 0.2 mL (1
M MgS0y4), 0.2 mL (50 mM CaCly), 2.5 mL (20% glucose) and 87.1 mL
(H20).

4.2.6. Tau aggregation inhibition assay in bacterial cells

Escherichia coli competent cells BL21 (DE3) were transformed with
PTARA containing the RNA-polymerase gen of T7 phage (T7RP) under
the control of the promoter PBAD and pRKT42 vector encoding four
repeats of tau protein in two inserts. Because of the addition of the
initiation codon ATG in front of gene, the over-expressed protein con-
tains an additional methionine residue at its N terminus. Tau anti-
aggregating activities of the target compounds were assessed in E. coli
cells, as previously described [52,60]. M9 minimal medium (10 mL)
containing 0.5% of glucose, 100 pg/mL of ampicillin and 12.5 pg/mL of
chloramphenicol was inoculated with a colony of BL21 (DE3) cells
bearing the plasmids. To fresh M9 minimal medium containing 0.5% of
glucose, 50 pg/mL of ampicillin, 12.5 pg/mL of chloramphenicol, and
250 pM of ThS, the volume of overnight culture necessary to get a 1:500
dilution was added. The cultures were grown at 37 °C and 250 rpm
overnight until cell density reached ODgpo = 0.6. A volume of 980 pL of
the cultures was transferred into 1.5 mL Eppendorf tubes that contained
10 pL of a solution of the target compound in DMSO and 10 pL of
arabinose at 25%, leading to a final inhibitor concentration of 10 pM.
The resulting cultures were grown at 37 °C and 1400 rpm with a
Thermomixer (Eppendorf, Hamburg, Germany) overnight. The same
amount of DMSO without the target compound was added to the sample
as a negative control (maximal amount of tau), whereas non-induced
samples (in the absence of arabinose) were prepared as positive con-
trols (absence of tau), and to assess the potential intrinsic toxicity of the
target compounds. In addition, the absorbance at 600 nm of these
samples was assessed to confirm the correct bacterial growth, discarding
potential intrinsic toxicity of compounds. To determine the ICsq values,
the same protocol was followed but only modifying the initial concen-
tration of compounds. In order to use different final concentrations of
compound, we performed a dilutions banc from a stock solution of 100
mM in MilliQ H50.

4.2.7. Thioflavin S steady-state fluorescence

ThS fluorescence and absorbance were tracked using a DTX 800 plate
reader Multimode Detector equipped with a Multimode Analysis Soft-
ware (Beckman-Coulter, Indianapolis, IN, USA). Filters of 430/35 and
485/20 nm were used for the excitation and emission wavelengths,
respectively. 620/8 nm filters were also used for the absorbance deter-
mination. It should be stressed that ThS fluorescence normalization was
carried out considering as 100% the ThS fluorescence of the bacterial
cells expressing tau in the absence of compounds and 0% the ThS fluo-
rescence of the bacterial cells non-expressing tau.

4.2.8. Primary embryonic cortical cultures

Primary cortical cultures were prepared from 16.5 mouse embryo
(E16.5) brains. Briefly, cortical regions were dissected and washed in
ice-cold 0.1 M phosphate buffered saline (PBS) containing 6.5 mg/mL
glucose. Tissue pieces were trypsinized for 15 min at 37 °C. After
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addition of 1/3 inactivated horse serum (v/total volume) followed by
centrifugation, cells were dissociated by trituration in 0.1 M PBS con-
taining 0.025% DNase with a pipette (all from Sigma- Aldrich). Disso-
ciated cells were plated at ~ 3000 cells/mm? on 24-well Nunc plates
(Denmark) coated with poly-p-lysine (Sigma-Aldrich). The culture me-
dium was Neurobasal™ supplemented with 2 mM glutamine, 6.5 mg/
mL glucose, antibiotics (Pen./Strept.), 5% inactivated horse serum, and
B27 (Invitrogen-Thermo Fisher Scientific). Compounds were added to
the cultures after 4 days in vitro (DIV).

4.2.9. Determination of cytotoxicity

Cell death was assessed using a slightly modified propidium iodide
(PI) uptake method, as described by Enguita et al. [67]. Propidium io-
dide fluorescence was measured in 24-well plates using an Infinite M200
PRO scanner (TECAN). Spectrofluorometer analysis and settings were as
follows: 530 nm excitation, 645 nm emission, and data recorded in
relative fluorescence units. Baseline fluorescence F1 was measured 1 h
after addition of propidium iodide (30 pM) as an index of cell death not
related to the treatment. Subsequently, fluorescence readings were
taken at different times after the onset of the treatment. At the end of the
experiment, the cells were permeabilized for 10 min with 500 mM
digitonin at 37 °C to obtain the maximum fluorescence corresponding to
100% of cell death (Fmax). The percentage of cell death was calculated
as follows: % cell death = 100 x (Fn—F1)/(Fmax—F1), where Fn is the
fluorescence at any given time [68].

4.2.10. Determination of neuroprotection from okadaic acid-induced tau
toxicity

Human neuroblastoma SH-SY5Y cells were maintained in T-75 flasks
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
100 U/mL penicillin, 100 pg/mL streptomycin, 10% FBS, at 37.0 °C, 5%
COs. At 80% of confluence, cells were removed by mechanical stirring
and plated at 4,5 x 10* cells per well in a 96-well plate. To examine the
potential protective effect of 20 against the cytotoxic effect of okadaic-
acid (OA), a potent and specific inhibitor of serine/threonine phospha-
tase (PP), 80% confluent SH-SY5Y cells were plated in a 96 well/plate
and incubated with compound at concentrations ranging from 0.1 to 50
pM in the presence of OA 100 nM for 24h, at 37 °C, 5% CO». After in-
cubation, the medium was removed and the cytoprotective effect was
assessed by evaluating cell viability through the MTT assay. Controls
were represented by cells treated with OA alone, by standard estradiol
used at the same concentrations of 20, PD38 (an inhibitor of MAPK
pathway) and by untreated cells (CTRL). The results were expressed as
percentage of cell survival compared to untreated cells (CTRL).

Data analysis was performed by using GraphPad Prism 5.0. The data
are expressed as mean values + SD. Statistical analysis was carried out
using one-way analysis of variance (ANOVA) followed by the Dunnett’s
Multiple Comparison post hoc test for multiple comparison analysis.
Levels of significance are reported towards the cytotoxic insult repre-
sented by OA.

4.3. Computational experimental details

All simulations were carried our using Amber 21 [69] running on our
own CPU/GPU cluster. All images were created by the UCSF Chimera
software [70], and graphs were produced by GraphPad Prism 8
(GraphPad Software, San Diego, California USA, www.graphpad.com).
The starting molecular structure of hBChE was obtained from the Pro-
tein Data Bank (PDB code: 1POI) [71]. Docking and classical Molecular
Dynamics simulations on hBChE in complex with compounds 4 and 20
were carried out following a well validated procedure [51,72,73].
Briefly, the geometry- and energy-optimized structures of compounds 4
and 20 were docked into each identified hBChE binding pocket using
Autodock 4.2.6/Autodock Tools 1.4.6161 [74] on a win 64 platform.
The resulting complexes were solvated with explicit TIP3P [75] water
and then, the system density and volume were relaxed in NPT ensemble


http://www.graphpad.com

M. Tonelli et al.

maintaining the Berendsen barostat for 20 ns. After this step, 100 ns of
unrestrained NVT production simulation was run for each system.
Following the MM/PBSA approach [76] each binding free energy values
(AG) were calculated as the sum of the enthalpic (AH) and entropic
contributions (TAS). The per-residue binding free energy decomposition
(AHyes) analysis was carried out using the Molecular Mechanics/Gen-
eralized Boltzmann Surface Area (MM/GBSA) approach [77] and was
based on the same snapshots used in the binding free energy calculation.
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