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Abstract

Alzheimer’s disease (AD) is a multifactorial patbgy that requires multifaceted agents able to
address its peculiar nature. In recent years, @qie of proteins and biochemical pathways has
been proposed as possible targets to counteraattogicity. Although the complex scenario is not
completely elucidated, close relationships are gingramong some of these actors. In particular,
increasing evidence has shown that aggregatiomgfoed beta (4), glycogen synthase kinasg 3
(GSK-33) and oxidative stress are strictly interconneaed their concomitant modulation may
have a positive and synergic effect in contrasfibgrelated impairments. We designed compound
3 which demonstrated the ability to inhibit both GSK (ICso = 24.36 + 0.01uM) and A4, self-
aggregation (I = 9.0 £ 1.4uM), to chelate copper (ll) and, in addition, to ast exceptionally
strong radical scavengdt= 3.2 + 0.5 - 10M™s?) even in phosphate buffer at pH 7.4,{k 3.2
+ 0.5 - 10 M?s"). Importantly, compound3 showed high-predicted blood-brain barrier
2



permeability, did not exert any significant cytoimeffects in immature cortical neurons up to 50
uM and showed neuroprotective properties at micramabncentration against toxic insult induced
by glutamate.

1. Introduction

Multifactorial diseases, such as cancer and negicdb disorders, are driven by dysregulation of
different but interconnected biochemical pathwalige complexity of these pathologies makes
them hardly addressable by single-target molecules. In respahg@ng the last two decades the
scientific community has focused on a “multitardeig design” approach, which may represent a
major breakthrough in drug discovery.[1, 2] The nestone of this—design strategy is the
assumption that a multifactorial disease iscould Hmtter contrasted by a chemical entity
characterized by a similar complexity, called a tMarget Ligand (MTL). Indeed, the
simultaneous modulation of multiple targets by alMshould more significantly impact the course

of disease progression.

One of the most active area of application of timtegy has been—against the search for an
effective treatment for Alzheimer’'s disease (AD).RBD is a multifactorial and heterogeneous
pathologycharacterized by the aberrant processing of twodtayers, namely amyloifl-peptide
(AB), that leads to the formation and accumulatiosearfile plaques,-characterized-by-aggregates of
AB,[4] and tau-protein, whose hyperphosphorylatioad& to the formation of neurofibrillary
tangles (NFTs).[5] These aggregates, together wilier pathogenic factors, such as oxidative
stress, inflammation and excitotoxicity, trigger cascade of interrelated pathways leading,

ultimately, to neuronal cell death.[6]

Worldwide costs of AD are enormous ($604 billion 2010 [7]) and are estimated to further
increase if no effective treatment will be foundlie close future. Notwithstanding the urgent need
for new therapies and in spite of massive effortd amvestments, effective treatments are still
unavailable.[8] Indeed, currently approved druge aot effective in preventing, halting, or
reversing-Ab the pathology, but only temporally &iorating cognitive impairment by enhancing
the cholinergic tone (acetylcholinesterase inhilsHAChEIS) or counteracting the—exeitetexicity
excitotoxicity exerted by glutamate (antagonisth@a NMDA receptor) in the brain of AD patients.
A survey of the drug candidates currently in clatitials for AD [9] shows that several approaches
addressing all critical pathological players in ARe., amyloid- and tau-related toxicity,
neuroinflammation, oxidative stress and neurodegeio®, are under investigation, without a clear

higher beneficial advantage of one approach oweother.
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The majority of the MTL strategies so far investegh have relied on coupling the scaffold of
known AChEIs, such a s tacrine, with a second faxgndisplaying additional biological activities,
such as inhibition of B aggregation or A formation, scavenging activity towards reactivg/gen
species (ROS), metal chelating properties and peoitection activity.[10-12]

Recently-iln the search for more effective commsymecently—rew-MFLs-based-onnon-AChEI
seaffolds-have-beenpropoesed. Bolognesi and coemdtkave reported a new series of MTLs based

on the triazinone scaffold as duasecretase (BACE-1)/glycogen synthase kings&GSK-3B)

inhibitors.[13, 14] These agents inhibit enzymes thelong to the two main toxic pathways of AD,
i.e., AB and tau-protein pathways, and display promising omgrotective and neurogenic activities.
These results further highlight the benefit of diaeously targeting distinct points of the

neurotoxic cascades.

BACE-1 is an aspartyl protease that is overexpregsehe brain of AD patients and cleaves the
amyloid precursor protein (APP) leading, ultimately the formation and accumulation o8 A
peptide.[15] Therefore, treatments with BACE-1 bitars are envisioned as long-term therapy to
limit AB production after removing existing amyloid depesiOn the other hand, GSK-3s
responsible for tau hyperphosphorylation whichgeig the formation of NFTs. [16] Furthermore,
GSK-3 has been suggested as a possible link betwpemd tau. [17]

Several BACE-1 inhibitors are currently in diffetestages of clinical development.[9] However,
therapeutic tuning of BACE-1 activity is a challemgtask as demonstrated by the recent failure of
verubecestat.[18] The complexity of such approaites from the fact that APP is not the only
physiological target of BACE-1 and it plays keya®lin the myelination of neurons, in learning,
memory, and in synaptic plasticity. [19] Furthereomhibition of BACE-2, a close homologous
enzyme of BACE-1, is responsible for side effentpancreas, skin and brain.[20]

Other than reducing A generation through BACE-1 inhibition, neurotoxyciinduced by A
aggregates can be counteracted by other approatlatsas increasingfAclearance, preventing its
aggregation or interfering with the boosting effentA3 toxicity exerted by the dyshomeostasis of
biometals in the brain. [21] Indeed, although tlebate on the role of amyloid in the onset and
progression of AD is still open, drug candidateeced toward A have shown to be promising
and have reached the last phases of clinical t(falsteen drug candidates directed towards A
were in phase Il clinical trials in June 2016).[@mong these, aducanumab (Biogen), a human
recombinant monoclonal antibody that selectivelsgets A3 aggregates,[22] was granted Fast
Track designation by the U.S. Food and Drug Adntiaieon (FDA) in 2016, underlining the
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expected positive outcome from such an approacesd findings have renewed the interest of the

scientific community for the amyloid hypothesisJ23

Finally, compelling evidence has shown that neugederative processes in the central nervous
system (CNS) are often initiated or enhanced binareased oxidative stress, which precedes the
appearance of the hallmarks of the disease.[24-RB@hermore, oxidative stress was reported to
affect tau protein phosphorylation [27] and to figantly increase GSK{B activity.[28, 29]
Supporting these findings, the antioxidant compouomeatonin was shown to decrease G3$K-3
activity and tau hyperphosphorylatiam vitro andin vivo.[30] These observations laid down the
basis for the clinical investigation of several iaxidants with a multitarget mechanisms of
action.[9]

On these premises, the aim of the present invéstiges the discovery of a pharmacological tool
able to block the neurodegenerative cascade byatpgrat critical points of the two major
pathogenic mechanisms, i.e., targeting bophsélf-aggregation and GSK3&ctivity, and to disrupt

the vicious circle involving oxidative stressf} £oxicity and tau hyperphosphorylation (Figure 1).

To this purpose, we focused our attention on ferwdcid ethyl ester (ethyl-4-hydroxy-3-
methoxycinnamic acid), a natural antioxidant wheoterts protective effects on neurons against
Ap-induced toxicity by modulating the oxidative ssdsoth directly and indirectly through the
induction of protective genes.[31] Furthermore, themical structure of ferulic acid ethyl ester
also offered the possibility to be easily modifiadorder to broaden its biological activity. Indeed
the trans-cinnamoyl scaffold represents a priviegiucture and plenty of compounds based on
this structure have been evaluated against a peetifdiological targets.[32-34]

Five transcinnamoyl derivatives 1(5) were designed to i) act as antioxidants thankght®
substituted aromatic moiety deriving from naturedducts, such as ferulic and caffeic acids and
ethyl ferulate, ii) interact with GSKg3through theu,f-unsaturated system[35] and iii) counteract
AB4, self-aggregation thanks to the substituted aramatiety and the presence of an extended
planar conjugate system.[36] The introduction d3-pyridyy 3-pyridyl ring was envisaged to



have a double role. Indeed, its extended conjugyatem could allow a better interaction witfsA
growing fibrils and establish additional interacisowith GSK-3.

OCHj

R,
HO R, N 1: R = OH, R, = OCH;
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_~__OCH,CH | :
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Ethyl ferulate 5: Ry =H, Ry =OH

Figure 1. Design strategy leading to derivatives.

To confirm the multifunctional activity profile emsaged for the designed compounds, derivatives
1-5 were evaluated for their ability to inhibit GSK-&nd A4, self-aggregation and to counteract

reactive oxygen radical (ROS) formation.

Furthermore—for For the most interesting compouhe, ability to chelate copper, a biometal
involved in AD neurotoxicity, was evaluated togetivath the neuroprotective activity against
glutamate-induced toxicity in cortical neurons. thermore, due to the structural similarity to well-
known inhibitors of transglutaminase 2 (Tg2)[37Hahe role of this enzyme in AD pathogenesis,
the inhibitory activity towards Tg2 was also detered. Indeed, Tg2 is an enzyme that catalyzes
the post translational modifications of proteinsosé expression and activities are increased in
brain areas affected by AD.[38] Tg2 was suggestduktable to initiate A aggregation and induce
the formation of high-molecular weight tau aggregatTherefore, inhibition of Tg2 might
implement the overall beneficial activity of a neherapeutic for AD treatment. Lastly, since
activity should be exerted in the CNS, for représive compounds the prediction of the blood-
brain barrier (BBB) permeability was investigatedBBB-PAMPA assay.

2. Chemistry

The synthesis of the target compounds is repori¢dicheme 1. Briefly, the hydroxyl group(s) of
the appropriate aldehydes were protected as tetrapyranyl ethers and the resulting compounds
(6-10 were then subjected to a classic base-catalyided r@action with 3-acetylpyridine, leading
to o,p-unsaturated ketone%1-15. Acidic hydrolysis of the aldol adduct$l-15 led to the

corresponding final compounds5.
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Scheme 1a) 3,4-Dihydro-2H-pyran, pyridiniurp-toluenesulfonate, dichloromethane, rt, 1dh;
3-acetylpyridine, 2.5 M ag. NaOH, rt, 12 h; 38-66lgs; c) p-Toluenesulfonic acid, methanol, rt,
12 h; 41-72 yields.

2. Results and Discussion

2.1 Inhibitory activity toward GSK/3

Based on the expected activity profile, compouhdswere evaluated for their ability to inhibit
GSK-38, in comparison with ethyl ferulate, using a lunsoence assay. [39] Compounds were first
screened at a single concentration, namelyM0Qand for the most active derivative thesd@alue
was measured. As reported in Table 1, althoughrttieduction of a—pyridynyl 3-pyridyl group
induced an increase in the inhibitory activity cared to ethyl ferulate, all compounds, with the
exception of3, show poor inhibitory potency with values rangiingm 25.2 to 43.5% ([l] = 50
UM). Surprisinghy, Compoung, characterized by a 2,3-dihydroxy substitutiorttug aromatic ring,
turned out to be a good inhibitor of GSR-®ith an IG, value of 24.36 = 0.04M. The structural
requirements for a good inhibition seem to be gsitet. Indeed, the substitution of an hydroxyl
group with a methoxy or ethoxy group, as in compsuh and 2, or the presence of a single
hydroxy group on the aromatic ring, as4nand5, led to compounds with a weak inhibitory

activity.

The inhibitory potency of compoundl lies in the micromolar range, which is in line lwithe

activity of other GSK-B-based multipotent compounds.[14] Evidence fianiivo studies suggests
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that inhibition at micromolar concentration would &dequate to produce therapeutic effects in the

brain without affecting GSK{Bactivity in peripheral tissues.[40]
2.2 Inhibition of 4., self-aggregation

The anti-aggregating activity toward3 & of compoundd.-5was determined by a thioflavin (ThT)-
based fluorometric assay.[41] The ThT-based assamong the most widely used methods to
screen small molecules as inhibitors of amyloidraggtion and fibrillization. In such an assay,
emission at 490 nm is assumed to be directly ptapw@l to the quantity of formed amyloid fibrils.
To exclude any positive or negative interferencehi@ fluorescence signal due to quenching or
displacement phenomena, fluorescence emissionsitissnof preformed By fibrils (in a 1.5-uM
ThT solution) in the absence and presence of itdribvere compared. No significant interference
was observed under the experimental conditidiis £10% for the highest tested concentration).
Similarly to what was observed for the inhibition@SK-33, all the compounds, with the exception
of compound3, turned out to be poor inhibitors with inhibitioanging between 5.8 and 21.5%
when tested at a 1:1 ratio witi34. Differently to the other compounds of the sere@snpound3
proved to be a potent inhibitor o34y self-aggregation with an Kgof 9.0 £ 1.4uM. Therefore, the
substitution pattern of the aromatic ring strongifluenced the ability to interfere with A,
aggregation, since all modification of the 3,4-dilgxyl-derivative proved to be ineffective. The
good anti-aggregating activity @& is in agreement with the well-known ability of gphenols to
modulate A aggregation.[42] Furthermore, these findings anigdly in line with the report from
Reinke et al. concerning a structure-activity ielaghips (SAR) study on curcumin derivatives.[36]
Indeed, the activity profile of compoundis5 clearly stated that the nature of the substitutibthe
aryl group is more critical than the size of thanar aromatic system for a productive interaction
with AB.[36] Compound3 showed a higher inhibitory potency than that & garent compounds
ferulic acid, 3-hydroxycinnamic acid (3¢> 100 uM for both compounds)[36] and caffeic acid
(32.3 £ 3.7 % inhibition at 2@M).[43] For the sake of completeness it must benfaai out the
different ionization status of the latter compoundscomparison with derivative§-5 in the

experiment conditions that might influence the Initairy activity.

On the basis of data available in the literatumenpound3 can be ranked as a strong inhibitor of
AB42 self-aggregation, with potency very close to tbhthe well-known multipotent compound
bis(7)-tacrine (IG = 8.4 + 1.4uM)[44] and slightly more potent than catechol dative recently
proposed by Simonet al. [(9-allyl (E)-3-(3,4-dihydroxyphenyl)prop-2-enethioate,s4G 12.5 +
0.9uM).[45]



Table 1. Inhibition of GSKB, ABszself-aggregation, Tg2 and antioxidant activity.

antioxidant activity

a .
Compounds GSK-33 ABs2self-aggregation in PhCI (T = 30 °C) T(g?wl)%o
P % inhibition  ICso (uM) % inhibition  ICso (M) K/ MS™ e gEI\/_I
+ SEMP + SEM + SEM° + SEM n
1 37.18 £ 0.10 n.d. 175+1.7 n.d. 71+020°0 2101 688+105
2 39.55 + 0.60 n.d. 18.8+0.5 n.d. 6.1+©80° 2101 484%15
3 6.8+0.510° 2.6+0.3
100 2436+0.01 91.5+05 90£14 ;U T L 1 45s0p 1001£35
4 25.18 + 0.01 n.d. 21.5+58 n.d. 57+©.30° 2.0+0.2  >2000
5 43.55 + 0.01 n.d. 58+5.3 n.d. 1.5+0.20° 1.9+02 266+22
Ethyl -~ 21.38+0.06 n.d. n.d. nd.  4.6+0.2¢ 10 2 n.d.
ferulate

2 Values are the mean of two independent measursmeatth performed in duplicaté\ssay performed in presence of
50 uM inhibitor ¢ Assays were carried out in the presence ofiSDinhibitor and 50uM Ap.,. ¢ Rate constant for
reaction with alkylperoxyl radical§.Stoichiometric factor = number of peroxyl radicéapped by one molecule of
antioxidant. Experiment performed in 0.1M aqueous phosphateeb(ffH = 7.4), THF 3.1M, [AAPH] 25 mM, T =
30°C. nd stands for not determined; SEM standstfmmdard error of the mean.

2.3 Copper chelating properties

Strong relationships exist betweerfs And biometals, and changes in the transition sezahc,
copper and iron, have shown to impact the molecatechanisms of the disease.[46] High
concentration of metals have been found in amybtédjues.[47] It is also reported that copper is
able to contribute to the formation of neurotoxi©O$48] and accelerate the formation of A
oligomers.[49] Thus, agents targeting such metal®lbeen proposed as an alternative strategy for
the treatment of AD[46] and extensive preclinicatl aclinical data underlie the rational of such

approach.

Based on its interesting activity profile towardSKs33 and A34,, compound3 was selected for
further characterization. In particular, the cheahistructure of compound makes it a potential
chelating agent. Thus, it was investigated formhity to complex C8" ions by means of UV-vis
differential spectroscopy. The UV-vis spectrum ofmpound3 in methanol showed band maxima
at 244 nmg = 10136 M* cm%), 266 nm ¢ = 11013 M' cm*) and 374 nmg(= 19087 M* cm™) as
detailed in the Supporting Information. Upon admutitiof CuC}, absorbance at those wavelengths
was reduced and a new band appeared with maximuyt@0ahm, which increased with the metal
concentration (Figure 2). Spectral changes weret mosurately monitored from the differential
spectra, which were obtained by numerically sulittgcthe spectra of ligand and metal (at the
corresponding molar concentration) from the spectaf the mixture (Figure 2B). Since they were

dependent on the relative concentration of megaldd and showed saturability, it was possible to
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use UV-Vis spectroscopy to determine the stoichtoynef complex formation. When increasing
concentrations of Cugivere added to a 7)8M solution of compoun@ (in methanol) the signal at
460 nm, attributable to complex formation, prognesly increased up to the addition of 0.5
equivalents of Cti. No further increase of the absorbance was obddreen 0.5 to 2 equivalents
of CU#*. This spectral variation paired a correspondingrese in the absorbance at 374 nm
(Figure 2C), indicating a preferred stoichiometoy the 3/Cu** complex of 2:1, as expected for
CU?* complexes with catechol.[50] Analysis of Figure R@icates that, even at low micromolar
concentrations, Cil ions are quantitatively chelated by compo@dVhile this very high affinity
prevented a quantitative assessment of the birmbngtant, it confirmed the expected relevance of

this interaction under biomimetic settings.

0.20 0.15 0.08

A 3(7.5uM) + Cu2* (0.3uM to 3.6uM) B 3 (7.5uM) + Cu2* (0.3uM to 3.64M) g 006 C ..+Oo.
—— 3(7.54M) + Cu2* (3.75uM) —— 3(7.5uM) + Cu2* (3.75uM) = o °
0.15 —375M) 0.10 S SR °
g 4 .. I
< . |
0.02
§ 0.10 § pos b S I
—~ 0.00 |
A £ e '
0.05 0.00 Juf 5-0,02 .'. :
2004 %o, !
5 hoo, . 5
-0.05 \
0.00 . -0.06 :
200 300 400 500 600 200 300 400 500 600 0.0 05 1.0 15 2.0
Wavelength / (nm) Wavelength / (nm) Copper(ll) / (eq.)

Figure 2. (A) UV-Vis (200—600 nm) absorption spectra3af7.5uM) in methanol after addition of
ascending amounts of CuyC(0.30-3-3.75uM); (B) differential spectra of3-CU?* complex
formation obtained by numerical subtraction of Cu&lid3 spectra from the above spectra, at the
corresponding concentrations, and (C) plot of thiemntial absorbance at 460 and 374 nm as a

function of the equivalents of €uadded to the solution.

In the light of the confirmed chelating propertiesmpounds might also prevent biometal induced-
amyloid aggregation and attenuate the neurotoxscazie triggered by the amyloid-metal complex.
Because of the potentially relevant therapeutic litapions these aspects deserve further

investigation.
2.4 Antioxidant activity

Because of the strict connection betwedh fau, biometals and oxidative stress, compounés
were also evaluated for their ability to countef@€IS. The antioxidant activity was investigated by
measuring the kinetics of oxygen consumption dutimg controlled inhibited autoxidation of a
standard substrate, which is currently the bestbéished method to obtain mechanistic insights and
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accurate quantitative data to draw SARs[51]. Whils tmethod, in the absence of antioxidants,
oxygen consumption during the autoxidation (forgiilitiated at a rat&® by an azo-compound) is
constant. Addition of micromolar concentrationgloé test antioxidant would produce either a neat
inhibited period (until the antioxidant is consurhed a decrease in the slope of oxygen-uptake
plots, whose analysise(g. by egs. 1-2) affords the absolute rate conskaptfor the reaction
between the antioxidant and the oxidative chaimygag peroxyl radicals, and the so-called
stoichiometric factorn, i.e. the number of peroxyl radicals trapped bg orolecule of antioxidant.
Representative plots recorded for compoudes are shown in Figure 3. Because of similar
structural motif and electronic properties, ethgrulate, a representative structure among

polyphenolic antioxidants,[52] was investigated domparison.

0.5
® No Inhib
® 1
| ® 2
0.0 s
4
5
Et Ferulate

mM

\[05] /

-2.0 T T T
0 5000 10000 15000
Time /s

)
o
O =
(=)
o

Figure 3. Oxygen consumption during the autoxidation of coené8.6 M) initiated by AIBN (0.05
M) in PhCI at 30°C without inhibitors (red) or ihd presence of compounds5 and reference

compound ethyl ferulate (24V).

All investigated compounds were able to effectiviellgibit the autoxidation of cumene in apolar
organic solution (PhCI), each trapping 2 peroxyicals, as expected for a typical phenolic
antioxidant, as summarized in Table 1. Rate cotstanely reflected the substitution pattern in the
phenolic ring. Compoun®, bearing only the electron withdrawing (EW) 3-pytidxopropenyl
group in themetaposition, showed the lowest reactivity, while issa compound} had almost 4-

11



fold enhanced reactivity due to stabilization o€ tintermediate product phenoxyl radical by
delocalization of the unpaired electron in the axpenyl chain. Indeed, while EW substituents are
known to increase the O-H bond dissociation enth@8®DE) of phenols, thereby decreasing their
reactivity, extension of the conjugatedsystems works in the opposite direction.[53] The
compensating behavior of the two factors is cleatkible upon considering the reactivity of
reference ethyl ferulate, which is identical to tthareviously measured for guaiacol (2-
methoxyphenol k= 4.7x10° Ms* [52]). In ethyl ferulate, as well as in compourtisind 2,
reactivity is also affected by the presence ofdhlo-alkoxy substituent, which, again, acts by a
combination of (partially) compensating effects tiet electron donating (ED) character of the RO
substituent irortho position would lower the phenolic O-H BDE, buistalmost compensated by
the introduction of an intramolecular H-bond andrarease in steric hindrance around the reactive
site, which impairs the reactivity.[54, 55] As asu#, compoundlL was approximately 20% more
effective than compound, while the advantage was lost with compouhdue to higher steric

hindrance.

The EW 3-pyridyl moiety has been extensively iniggged in recent years to afford more stable,
less toxic and more effective antioxidants.[53] dtstribution is visible in compounds and 2,
which were respectively 33% and 54% more effectivat reference ethyl ferulate in trapping
peroxyl radicals. Most interesting, however, was tontribution of the chosen structural motif 3-
pyridyl-oxopropenyl group in the antioxidant bel@aw of compound, whose reactivity surpassed
any other investigated compound by two orders ajmitade, being nearly 150-fold more effective
than reference ethyl ferulate. Such reactivity haydue to a combination of factors, summarized in
Scheme 2. The catechol ring is a privileged stmactar antioxidant activity among phenols, since
the intramolecular H-bonding between the neighlgp@H groups impairs the reactivity of one
(acting as H-bond donor) while it greatly enhanitesreactivity of the other OH (acting as H-bond
acceptor), due to the strengthening of the H-bandha reaction with peroxyl radicals proceeds

with the formation of the corresponding H-bondeahisgiinone radical.[53]

Delocalization of the unpaired electron in the 3ighyloxopropenyl moiety further stabilizes the
radical, which makes compourdover 2-fold more reactive than structurally retataffeic acid
(kinn = 2.%10° M*s%),[56] surpassing the antioxidant performance afrgatin kinn = 5%10° Ms?)
and matching that of 5-hydroxytyrosol, the welladdished antioxidant found in olive{, =

8x10°), measured under identical conditions.[57]
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ROO- ROOH O ROO- ROOH

Scheme 2Reaction of compoun8with peroxyl radicals in apolar organic solvents.

Since compoun@® showed the highest antioxidant activity amonge@stompounds, its reactivity
was further investigated in aqueous phosphate tbgfiition, using tetrahydrofuran as a model
oxidation substrate.[58] At variance with other pbkc and polyphenolic antioxidants that
experience major impairment of their antioxidantfpenance in water due to H-bonding to the
solvent— which typically reduces thgy of up to two orders of magnitude - compoBwhaintained
exceptionally high reactivity withky, of 3.2<10° M's'. By comparison with previous
investigations with unsubstituted catechol and ohigenols, a mechanistic explanation can be

suggested as depicted in Scheme 3.

H/—\ MS-EPT O~H . H
ROO" /' + ROO™ + H-O
Ew—" © H
Q
4 ROO
PT EPT
ET ROOH

k H
J—@é ¥ SO //_GZO
EW / - H EW

Scheme 3Reaction mechanism of compouBith peroxyl radicals in water.

The EW character of the side chain increases tigtyaof the catechol to the point where it causes
a shift in the reaction mechanism, from a formadtidm transferi.e. the concerted electron-proton
transfer (EPT) to the peroxyl radical, to a duachemism in which the proton is transferred to the
solvent (or to the buffer) and one electron is sfarred to the peroxyl radical. The duality of the
mechanism is related to the relative timing of Bleand ET events that can either occur stepwise
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(PT-ET mechanism) or concertedly but to differecteptors in a so-called, multi-site EPT (PT to
the solvent and ET to the peroxyl radical). Witittbanechanistic possibilities, H-bonding to the
solvent is not expected to slow down the reactionahy major extent,[58] as observed

experimentally.

Another aspect of the antioxidant behaviour of courg 3 that merits discussion is its
exceptionally high stoichiometric factor in water< 4.5 as opposed to typiagak 2). Again this is
attributed to the electronic properties of the sith@ain enabling rapid Michael-type nucleophilic
addition of water to the ortho-quinone formed upapping the first two peroxyl radicals.
Enolization to a polyhydroxylated aromatic ringoals subsequent rapid reaction with additional

peroxyl radicals, as illustrated in Scheme 4.

OH
HO /N| OH
P “ HO N |
_ ~
2 ROO- O
OH 0 .
2 ROOH \ n ROO
9 QH =23
N _
o 7 _H0/HO a
PPN P _ N
0] (0]

Scheme 4Proposed mechanism for extended stoichiometrytidxdant activity of compound

in water.

Beside expressing antioxidant behaviour, potegtiabducing antioxidants (including ascorbate)
could also express a paradoxical pro-oxidant bel@vinder some settings;-specifieally, as in the
case of autoxidations initiated by Fenton-type dsemin the presence of transition metal ions.
[51] This would be linked to their ability to redai€i.e. recycle) metals from their higher oxidation
state €.9.CU** to Cu), making them available for reaction with peroxidgs1] To investigate this

possibility for compound, we performed a series of experiments in waterg/hetoxidation was

initiated by the redox couple &€ in the presence of hydrogen peroxide. In no case w
observed a pro-oxidant behaviour for compoGné representative experiment is shown in Figure

S3. Clearly, this does not exclude that compoB8nthn express pro-oxidant chemistry to some
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extent; however this is overwhelmed by the antiaridoehaviour, that prevails under any tested

experimental settings.

2.5 Inhibitory activity toward Tranglutaminase 2

Some cinnamoyl-pyridines have been reported as imgbitors.[37] Tg2 is an enzyme that
catalyzes the post translational modifications oftgins whose expression and activities are
increased in brain areas affected by AD.[38] Intipalar, Tg2 is observed in senile plaques[59].
Furthermore, NFT[60], A and tau, either in phosphorylated and non-phogdted forms, are
substrates of Tg2-catalyzed modifications.[61, BRperimental evidence suggests that Tg2 may
initiate the aggregation process off And induces the formation of high-molecular weitdui
aggregates, which are more resistant to enzymatycadation. Furthermore, Tg2 inhibitors were
shown to counteract fAinduced toxicity in the SH-SY5Y cell line.[63] Trefore, compound&-5
were evaluated for their ability to inhibit Tg2. $dts in Table 1 show that these compounds act as
low to moderate inhibitors of Tg2, depending on #ubstitution pattern of the hydroxyl/alkoxy
groups on the aromatic ring. Compoundias found to be the most potent Tg2 inhibitor witthis
series, although its potency is roughly an ordemafgnitude lower than that reported for the

inhibition of guinea pig liver TGase by similar ahalcones.[37]

2.6 Cell toxicity and neuroprotection

Glutamate is a major excitatory neurotransmitter mammalian CNS. Excessive glutamate
releasing overactivates its receptors causingwaldyshomeostasis, increasing the production of
ROS and initiating a cascade of intracellular esdeading to neuronal degeneration. Based on its
promising in vitro profile, compound3 was investigated for its protective effect on esr
undergoing oxidative stresk particular, immature cortical neurons were tedaat dayn vitro 1
(DIV1) with glutamate, to block the X transporter and reduce the intracellular levels of
glutathione, and with increasing concentrationsamhpound3.[64, 65] Viability was assessed by
MTT assay after 24 hours in three different neurgmaparations. Interestingly, compou8dlid

not show any toxic effects in this cell line up3@ uM, resulting safe at concentrations at which it
exerts its biological activity. Furthermore, as whoin Figure 5, compoun8 was able to block

neuronal death induced by glutamate (5 mM) alreddiie concentration of 12,6M.
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Figure 5. Compound3 protects cortical neurons from oxidative-stressdiated cell death.
Immature neurons (DIV1) were treated with incregsinncentrations of compourdin presence
(black bars) and in absence (white bars) of glutapable at high concentration (5mM) to deplete
neurons of their major antioxidant, glutathioneg anduce oxidative stress. CompouBdlocks
glutamate toxicity already at low UM concentratiovith statistical significance at 50uM. The data
were analyzed with two-way ANOVA and Bonferrongest hodest; **p<0.01 and it is referred to
the significant difference between untreated andaghate treated neurons (OuM). #p<0.05 and it
compared the neuronal viability in glutamate-trdateurons in the absence of compo@ndith

glutamate-treated neurons in the presence of conthd{50uM).

2.7 Blood-brain barrier penetration

Penetration across the BBB is an essential progertgompounds targeting the CNS. Thus, in
order to predict passive BBB permeability of noeeimpounds a modification of the parallel
artificial membrane permeability assay (BBB-PAMP#as used.[66, 67] PAMPA assay is widely
used as pre-screening tool in early drug discot@rgvestigate drug permeation through biological
barriers. Data obtained for compourigs3 and5 were correlated to standard drugs among which
the anti-AD drugs donepezil, rivastigmine and taeriFor such reference drugs the Permeability
(Pe) values were previously determined using PAMRBAay in the same experimental conditions
and their CNS availability is known.[66, 68] Prea of BBB penetration of compounds3, and
5is summarized in Table 2. Compours3 and5 showed P values similar to those determined
for the reference AD drugs and have high probatiditcross the BBB via passive diffusion [RO

®cm s > 4.0].
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Table 2: Prediction of blood-brain barrier penetmabf drugs expressed as Pe = SEM (n=2).

BBB penetration estimation

Compound )
Pe + SEM (*1¢ cm sY CNS (+/-)
1 9.9+0.4 CNS (+)
3 5.5+0.3 CNS (+)
5 6.5+0.4 CNS (+)
Donepezil 7.3+0.9 CNS (+)
Rivastigmine 6.6 £0.5 CNS (+)
Tacrine 53%£0.2 CNS (+)
Testosterone 11.3+1.6 CNS (+)
Chlorpromazine 56+0.6 CNS (+)
Hydrocortisone 29+0.1 CNS (+/-)
Piroxicam 22+0.1 CNS (+/-)
Theophyline 1.1+0.2 CNS ()
Atenolol 1.0£04 CNS (-)

CNS (+)’ (high BBB permeation predicted); Pe (10r6 s-1) > 4.0; CNS (-) (low BBB permeation predittePe
(10-6 cm s-1) < 2.0; CNS (+/-) (BBB permeation utaia); Pe (10-6 cm s-1) from 4.0 to 2.0.

3. Conclusions

AD is a multifactorial disease whose developmenpedels on the dysregulation of several
interconnected biochemical pathways. For instastect connections exist between the main
neurotoxic pathways involved in AD, namel And tau, and oxidative stress is emerging as a key
modulator of the toxicity induced by both proteifsdeed, oxidative stress promotep oxicity
and increases GSKB3mediated tau hyperphosphorylation. Finally, bicsetccumulation in the
brain may increase amyloid-related toxicity. Theref the development of a single molecule able
to contrast both B and tau-induced toxicity, and break the viciouglei induced by oxidative
stress, could represent a promising strategy irdésegn of effective anti-AD agents. As a proof of
concept of the feasibility of generating a singlelesule able to exert such a multiple action, we
reported the design and preliminary characterinatibocompound which may be able to contrast
AD neurotoxicity by acting at different levels dfet neurotoxic cascade. In particular, experimental
outcomes clearly indicate that compouBds able to modulate GSKB3and A4, self-induced
aggregation. Furthermore, compoudcts as copper chelator and, more interestingbrte a very
high ROS scavenging activity in aqueous medium. edaited investigation of the scavenging

properties of related compounds allowed clarifythg exceptionally high scavenging activity.
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Considering the transversal role of oxidative streghich seems to be the “fil rouge” of the whole
AD pathology, being cited as causing or resultiaghplogical hallmark in all hypothesis for AD
pathogenesis, the high antioxidant activity combiméth the inhibitory actions toward GSK33

and AB4, makes3 a very promising compound.

Finally, compound showed to be safe when tested in immature comieatons up to 50M and
was able to protect these neurons from toxic stinmaluced by glutamate and was predicted to
have a good BBB permeability. In light of these siderations, compounglcould be considered a
promising tool to investigate AD pathogenesis aral/ rhe worth for further development in the

search for an effective anti-AD drug candidate.

4. Experimental Section

4.1 Chemistry

Uncorrected melting point was taken in glass capilitubes on a Buchi SMP-20 apparatus. The
elemental analysis was performed with Perkin Elelemental analyzer 2400 CHNESI. MS spectra
were recorded on Perkin Elmer 297 and Waters Z@ 4b@ Micromass Q-TOF Ultima GlobaH
NMR and**C NMR were recorded on Varian VRX 200 and 400 imsents. Chemical shifts are
reported in parts per million (ppm) relative to keaf tetramethylsilane (TMS) and spin
multiplicities are given as s (singlet), br s (ldcginglet), d (doublet), dd (doublet of doublets) t
(triplet), td (doublet of triplets), q (quartet) on (multiplet). Chromatographic separations were
performed on silica gel columns by flash (Kieselgél, 0.040 e 0.063 mm, Merck) column
chromatography. Reactions were followed by thinetaxhromatography (TLC) on Merck
(0.25 mm) glass-packed pre-coated silica gel pléd@sF254) and then visualized in an iodine
chamber or with a UV lamp. Reagents and solvent® lieen purchased by Sigma Aldrich and
used as received unless otherwise reported. THFgtiled and stored under argon at 5°C; the
content in hydroperoxides was determined perioljicaly spectrophotometry at 262 nm in
isopropanol upon reaction with triphenylphosphinad found <50 ppmpg ¢'). Cumene and
styrene were purified by double percolation throsglta and activated alumina columns before
use. AIBN was recrystallized from methanol and exdioat -18 °C. Phosphate buffer solution (pH
7.4) were prepared as previously described, wexeanwith the desired amount of THF (3:1 by
volume) after having adjusted the pH to the deshadde.[69]
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4.1.1 General procedure for the synthesis of comgsii-5

To the appropriate protected aldol-addudt-15 in methanol, para-teluensulfonic—aeid para-
toluenesulfonic acid (cat.) was added and the tiagumixture was stirred at room temperature
overnight. The solvent was removed under vacuumtl@dbtained residue was purified through

flash chromatography leading to the unprotecteal fimoductsl-5.

4.1.1.1 (E)-3-(4-hydroxy-3-methoxyphenyl)-1-(pyr@iyl)prop-2-en-1-oné¢l)

Compoundl was obtained from compountll; eluting mixture dichloromethane / methanol
(9.8:0.2); yellow solid; 61% yield; mp = 181-183;E-NMR (CDCk, 400 MHz)8 3.99 (s, 3H),
6.98 (d, 1H, J = 8.0 HzJ,.15 (d, 1H, J = 2), 7.23-7.25 (dd, 1H) J = 2,HZ4, 7.27 (d, 1H,J =24
Hz), 7.34 (d, 1H, J = 15.6 Hz), 7.47-7.50 (m, 1HRO (d, 1H, J = 15.6 Hz), 8.29-8.32 (dt, 1H, J =
6, 2 Hz), 8.81 (d, 1H, J = 3.6 Hz), 9.24 (brs, 1HE-NMR (CDCE, 400 MHz)$§ 56.00, 110.08,
115.09, 118.88, 123.92, 126.90, 136.02, 146.50,0847149.00. 149.42, 152.67, 189.01; HMRS
(esi) m/z calcd for [M+H] 256.0974, found 256.0961.

4.1.1.2 (E)-3-(3-ethoxy-4-hydroxyphenyl)-1-(pyri@hyl)prop-2-en-1-ong2)

Compound2 was obtained from compouri®; eluting mixture mobile phase dichloromethane /
toluene / methanol (9:0.8:0.2); yellow solid; 55%lg¢; mp = 179-181 °C*H-NMR (CDCl;, 400
MHz) 6 1.37 (t, 3H, J = 6.8 Hz), 4.11-4.16 (q, 2H, J = &8 Hz), 6.86 (d, 1H, J = 8 Hz), 7.29 (d,
1H, J = 7.6 Hz), 7.54 (s, 1H), 7.58-7.61 (dd, 14 5.2, 2.4 Hz), 7.69-7.80 (q, 2H, J = 15.2, 12.4
Hz), 8.43 (d, 1H, J = 7.6 Hz), 8.81 (d, 1H, J = 818), 9.33 (s, 1H), 9.68 (s, 1H}*C-NMR
(DMSO-d6, 100 MHz)$ 14.67, 64.01, 112.90, 115.64, 118.29, 123.86,6R4126.05, 133.16,
135.78, 145.76, 147.17, 149.56, 150.30, 153.02,.0788HMRS (esi) m/z calcd for [M+H]
270.1130, found 270.1147.

4.1.1.3. (E)-3-(3,4-dihydroxyphenyl)-1-(pyridin-Bpyop-2-en-1-ong3)

Compound3 was obtained from compouriB; eluting mixture mobile phase dichloromethane /
methanol (9.5:0.5); yellow solid; 58% vyield; mp 372239 °C;'H-NMR (DMSO-d6, 400 MHz)3
6.81 (d, 1H, J = 8 Hz), 7.20-7.23 (dd, 1H, J = 812, 7.28 (d, 1H, J = 2), 7.56-7.59(m; 1Hdd, J =
12.8, 3.2 Hz), 7.64 (s, 2H), 8.40-8.43 (dt, 1H, 8,2), 8.79-8.80 (dd, 1H, J = 4.8, 1.6 Hz), 9.@6 (
1H, J = 1.6 Hz);lSC-NMR (DMSOd6, 100 MHz)é 115.75, 115.82, 118.20, 122.57, 123.87,
126.08, 133.23, 135.78, 145.64, 145.79, 149.12.,474953.00, 188.15; HMRS (esi) m/z calcd for
[M+H] 242.0817, found 242.0802.

4.1.1.4. (E)-3-(4-hydroxyphenyl)-1-(pyridin-3-ylyp-2-en-1-ong4)

Compound4 was obtained from compourid}; eluting mixture mobile phase dichloromethane /
methanol (9.5:0.5); yellow solid; 72% yield; mp £32215 °C:'H-NMR (CDsOD-d,;, 400 MHz)3

6.84 (d, 1H, J = 8.4 Hz), 7.56-7.66 (m, 4H), 7.801H, J = 15.6 Hz), 8.45 (d, 1H, J = 8 Hz), 8.83
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(d, 1H, J = 3.6 Hz), 8.18 (s, 1H)’C-NMR (DMSOd6, 100 MHz)§ 115.84, 118.23, 123.86,
125.58, 131.30, 133.14, 135.77, 145.29, 149.49,05360.42, 188.14; HMRS (esi) m/z calcd for
[M+H] 226.0868, found 226.0857.

4.1.1.5. (E)-3-(3-hydroxyphenyl)-1-(pyridin-3-ylyp-2-en-1-ongb):

Compound5 was obtained from compourib; eluting mixture mobile phase dichloromethane /
methanol (9.5:0.5); yellow solid; 41% yield; mp 82211 °C:*H-NMR (CDsOD-d;, 400 MHz)3
6.69 (m, 1H), 6.78-6.89 (dt, 1H, J = 7.2, 2.4 HzN6-7.07 (m, 1H), 7.15-7.20 (m, 2H), 7.53-7.55
(dd, 1H, J =5.0, 3.2 Hz), 7.58 (d, J = 5.6 Hz§87d, 1H, J = 15.6 Hz), 8.37-8.40 (dt, 1H, J = 8.5
2 Hz), 8.68 (s, 1H), 9.11 (s, 1HY*C-NMR (DMSO-d6, 100 MHz) & 116.11, 119.01, 123.55,
125.77, 131.01, 134.00, 135.86, 144.92, 149.86,785260.90, 188.44; HMRS (esi) m/z calcd for
[M+H] 226.0868, found 226.0884.

4.1.2General procedure for the synthesis of compodé

To a solution of the appropriate aldehyde (1 eqdlichloromethane at room temperature (if the
aldehyde is not completely soluble it is possildeatld some drops of DMF), pyridinium para-
toluenesulfonate was added as a catalyst, follolweda drop-wise addition of a solution of
dihydropyran (1 eq) in DCM. The mixture was stirratl room temperature until the starting
materials disappeared. The organic mixture was eddiree times with water, dried over
magnesium sulphate and concentrated to give argerenbrown oil, which was used in the next
steps without further purification.
4.1.2.13-methoxy-4-((tetrahydro-2H-pyran-2-yl)oxy)benzaligide (6)

Compound6 was obtained from 4-Hydroxy-3-methoxybenzaldehyaglow oil; HMRS (esi) m/z
calcd fofM+H] 237.1127, found 237.1143.
4.1.2.23-ethoxy-4-((tetrahydro-2H-pyran-2-yl)oxy)benzalded{r)

Compound7 was obtained from 4-Hydroxy-3-methoxybenzaldehyasglow oil; HMRS (esi) m/z
calcd for [M+H] 251.1283, found 251.1297.
4.1.2.33,4-bis((tetrahydro-2H-pyran-2-yl)oxy)benzaldehy8e

Compound8 was obtained from 3,4-dihydroxybenzaldehyde; HM®S) m/z calcd for [M+H]
307.1545, found 307.1531.

4.1.2.44-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehy@

Compound9 was obtained from 3-dihydroxybenzaldehyde; yellmly HMRS (esi) m/z calcd for
[M+H] 207.1021, found 207.1045.

4.1.2.53-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehyd®)
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CompoundlQ was obtained from 4-dihydroxybenzaldehyde; yelmiyHMRS (esi) m/z calcd for
[M+H] 207.1021, found 207.1033.

4.1.3 General procedure for the synthesis of comgslil-15

To a solution of the appropriate aldehy@e$0 (1 eq) in NaOH aq 2.5 M, 3-acetylpyridine (1 eq)
was added dropwise and the color of the solutioneferm from yellow to intense red; the
resulting mixture was stirred overnight at room pemature. The solvent was removed/acuoand
the obtained residue was purified through flastoetatography.

41.3.1 (E)-3-(3-methoxy-4-((tetrahydro-2H-pyrardxy)phenyl)-1-(pyridin-3-yl)prop-2-en-1-
one(11)

Compoundll was obtained from compourl eluting mixture dichloromethane / methanol (9:1);
yellow oil; 51% yield;*"H-NMR (CdCk, 400 MHz)3 1.61-1.68 (m, 2H), 1.77-1.88 (m, 2H), 1.91-
2.01 (m, 2H), 3.52-3.59 (m, 1H), 3.81-3.87 (m, 18iP1 (s, 3H), 5.29-5.38 (m, 1H), 6.84 (d, 1H),
7.28-7.51 (d, 4H), 7.82-7.95 (d, 1H), 8.49 (d, 1B)86 (m, 1H), 9.35 (d, 1H); HMRS (esi) m/z
calcd for [M+H] 340.1549, found 340.1557.

4.1.3.2 (E)-3-(3-ethoxy-4-((tetrahydro-2H-pyran{2exy)phenyl)-1-(pyridin-3-yl)prop-2-en-1-one
(12)

Compoundl2 was obtained from compour¥l eluting mixture dichloromethane / methanol (9:1);
yellow oil; 60% yield;'H-NMR (CdCk, 400 MHz)$ 1.42-1.56 (m, 4H), 1.61-1.71 (m, 2H), 1.72-
1.79 (m, 1H), 2.05-2.12 (m, 1H), 3.33-3.41 (m, 181);8-3.85 (m, 1H), 3.91 (s, 3H), 5.22-5.27 (m,
1H), 6.84 (d, 1H), 7.28-7.51 (d, 4H), 7.82-7.95 1#), 8.49 (d, 1H), 8.86 (m, 1H), 9.35 (d, 1H);
HMRS (esi) m/z calcd for [M+H] 354.1705, found 35d98.

4.1.3.3 (E)-3-(3,4-bis((tetrahydro-2H-pyran-2-yljoghenyl)-1-(pyridin-3-yl)prop-2-en-1-onf.3)
Compoundl3 was obtained from compourg] eluting mixture dichloromethane/methanol (9/1);
yellow oil; 45% yield;'H-NMR (CdCk, 400 MHz)8 1.54-1.89 (m, 8H), 2.06.-2.47 (m, 4H), 3.77-
3.95 (m, 2H), 5.30-5.51 (m, 2H), 5.81-5.92 (m, 26189 (d, 1H), 7.31-7.55 (d, 4H), 7.83-7.95 (d,
1H), 8.44 (d, 1H), 8.91 (m, 1H), 9.32 (d, 1H); HMR&sI) m/z calcd for [M+H] 410.1967, found
410.1951.

4.1.3.4 (E)-1-(pyridin-3-yl)-3-(4-((tetrahydro-2Hymn-2-yl)oxy)phenyl)prop-2-en-1-one (14)
Compound 14 was obtained from compoun@ eluting mixture dichloromethane / toluene /
methanol (8:1:1); yellow oil; 38 % yieldH-NMR (CdCk, 400 MHz)§ 1.49-1.57 (m, 2H), 1.64-
1.69 (m, 2H), 1.77-1.99 (m, 2H), 3.79-3.84 (m, 18191-3.95 (m, 1H), 5.89-5.94 (m, 1H), 6.92 (d,
1H), 7.34-7.58 (d, 4H), 7.84-91 (d, 2H), 8.32 (#)]18.82 (m, 1H), 9.23 (d, 1H); HMRS (esi) m/z
calcd for [M+H] 310.1443, found 310.1432.
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4.1.35 (E)-1-(pyridin-3-yl)-3-(3-((tetrahydro-2Hypmn-2-yl)oxy)phenyl)prop-2-en-1-one (15)
Compoundl5 was obtained from compourdd); eluting mixture dichloromethane / methanol (9:1);
yellow oil; 42 % yield;"H-NMR (CdCk, 400 MHz)$ 1.53-1.62 (m, 2H), 1.61-1.73 (m, 2H), 1.81-
1.95 (m, 2H), 3.61-3.64 (m, 1H), 3.89-3.94 (m, 16157-5.71 (m, 1H), 6.72 (d, 1H), 6.98 (d, 1H),
7.13- 7.33 (m, 4H), 7.60 (d, 1H), 7.82 (m, 1H),3B(@, 1H), 8.81 (d, 1H); HMRS (esi) m/z calcd
for [M+H] 310.1443, found 310.1458.

4.1.4 Autoxidation experiments

Autoxidation experiments were performed in a twesuhel oxygen-uptake apparatus based on a
Validyne DP 15 differential pressure transducer Itbun our laboratory and described
previously.[70-72] The antioxidant activity of thidle compounds was evaluated by studying the
inhibition of the thermally initiated autoxidatioof cumene (3.6 M) or styrene (4.3 M) in
chlorobenzene or THF (3.1 M) in aqueous phosphateb(pH 7.4). In a typical experiment, an
air-saturated mixture of the oxidizable substrated tne solvent, cumene or styrene/chlorobenzene
1:1 (v/v) containing AIBN (0.05 M) as initiator dHF/water 1:3 (v/v) containing the buffer (0.1M)
and AAPH (25mM) as initiator was equilibrated wéh identical reference solution containing an
excess of 2,2,5,7,8-pentamethyl-6-chromanol. Afeguilibration, and when a constant, O
consumption was reached, 10440 of a concentrated solution of the antioxidant wascted into

the sample flask and oxygen consumption in the tmmps measured. From the slope of oxygen
consumption in the absence of antioxidant (i), = Roxo) and during the inhibited period (-
d[O,)/dt) = Ryy), kinn Values were obtained by fitting to Eq. (1), whilee n coefficients were
determined from the length of the inhibited per{@} by using Eq. (2), from the known rate of
radical production by AIBN or AAPH (initiation rat&).[73]

RoxO _ Rox - nKnh[AH]O E 1
Rox RoxO \/ 2Kt R q ( )

_ RT
n= Eq. (2
|antioxidam| a- (2)

The %; values of cumene, styrene and THF at 303K areld> 10/, 4.6<10" x 10" and 6.610" x
10" M's®, respectively. The value d% was determined under each experimental condition b
using PMHC (2,2,5,7,8-pentamethyl-6-chromanol) orroldx ((x)-6-Hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid) as a refegeantioxidant: system = chlorobenzene /

cumeneR 4.3x10° M s*; system = buffer pH 7.4/THRi 7.3x x 10° M s*.
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4.1.5 UV-vis Spectroscopy

UV-vis absorption spectra were recorded at roonptzature by using a Jasco V550 double-beam
spectrometer with baseline correction. The solgtiaere placed in quartz absorption cuvettes with
a pathlength of 10 mm and a chamber volume of 3.5%tock solutions of compour@l (1 mM)
and CuC} (1 mM) in methanol were freshly prepared and pdrgéath nitrogen to prevent
oxidation. Under typical settings a fixed concetivraof compound (5 to 15x10° M) was added

of growing amounts of Cuglup to 3 equivalents), oxygen was removed by mgrgvith N, and

the spectra (200-600 nm) were recordsdeat methanol (solvent). At each concentratiotinget
the spectra of compourland of CuCJ] at the same concentration in methanol were nuailbyric
subtracted from that of the mixture to obtain tliféecential spectra. Molar extinction coefficients
for 3 in methanol were determined from calibratmats at 6 different concentrations (2-30 X 10

®M) using Lambert-Beer's law.

4.2 Biology

4.2.1 Luminescence Assay for GSKihibition determination

Assays were performed in 50 mM HEPES, 1 mM EDTAnM EGTA, and 15 mM magnesium
acetate pH 7.5 assay buffer, using white 96-weltgd. In a typical assay, 1Q of test compound
(dissolved in DMSO at 1 mM concentration and diluite assay buffer to the desired concentration)
and 10uL (20 ng) of enzyme were added to each well, foldwby 20uL of assay buffer
containing 25uM GSM substrate and @M ATP. The final DMSO concentration in the reaction
mixture did not exceed 1%. After a 30-min incubatat 30 °C, the enzymatic reaction was stopped
with 40 uL of Kinase-Glo reagent. After 10 min, luminescenethe entire visible range was
recorded using a Victor™ X3 Perkin Elmer multima@ader. The activity is proportional to the
difference between the total and consumed ATP. ifihibitory activities were calculated on the
basis of maximal kinase and luciferase activitiesasured in the absence of inhibitor and in the
presence of reference compound inhibitor SB-41982p,at total inhibition concentration,
respectively. The linear regression parameters wdgtermined and the kg extrapolated
(GraphPad Prism 4.0, GraphPad Software Inc.).

Since the assay is based on the direct quantdicadti ATP cofactor by luciferase enzyme, for
compound3 the activity was also evaluated in absence of Ggknd no interaction was detected

between compoun8 and luciferase up to 3 mM compound concentration.
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4.2.2 Determination of the inhibitory activity oi8A self-aggregation

As reported in a previously published protocol,[41]1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP)
pretreated B4, sample (Bachem AG, Switzerland) was solubilized anCHCN/0.3 mM
NaCO/250 mM NaOH (48.4:48.4:3.2) mixture to obtain @ %M solution. Experiments were
performed by diluting the peptide to a final cortcation of 50uM with 10 mM phosphate buffer
(pH = 8.0) containing 10 mM NacCl, and incubating thluted solution at 30°C. In these conditions
a reproducible aggregation kinetic was obtained.J&dr inhibition studies, B4z (50 uM) was
incubated in 10 mM phosphate buffer (pH = 8.0) aonbhg 10 mM NacCl, at 30°C (pH = 8.0) in the
absence and in the presence of compodr8$50 uM, AB/inhibitor = 1/1). Blanks containing the
inhibitors were also prepared and tested. Amylontilf formation was quantified by a ThT-
method.[69, 75]

Fluorescence intensities in the absence and irptegence of inhibitor were compared and the
percent inhibition due to the presence of the ibiibwas calculated. For the determination of the
ICs5o value, increasing concentrations ®mfable to inhibit amyloid aggregation by 20-80%, ever
evaluated.

To exclude any spectral interference between Thd emmpound5, fluorescence intensities

recorded before and after the additiorbdb a pre-aggregatedBd sample were compared.

4.2.3 Determination of the inhibitory activity ogZ

Kinetic runs were recorded in triplicate on a Bi&T®ynergy H4 hybrid reader microplate reader in
absorbance mode at 405 nm and 25°C, in a buffeposed of 111 mM MOPS (pH 7.0), 3.33 mM
CaChb, and 0.05 mM EDTA. All aqueous solutions were pregd using deionised water. Each
kinetic assay was performed using 9Q0buffer, 25uL of a DMSO stock solution of substrétke
Cbz-Glu-p-nitrophenylester)Gly [76] (1 mg mt, 2.2 mM), 50uL of a solution of recombinant
human TG2 (hTG2) at 0.05 U mii(final concentration of 2.5 mU mt) and 0-25uL of a DMSO
stock solution of inhibitor (contingent on solubyjlithe highest concentration tested ranged between
186 and 2221M). The volume of DMSO was then adjusted so thaepresented 5% of the final
volume. The reaction was initiated with the additad hTG2 (expressed and purified according to a
literature protocol [77]), and the increase in abaace was monitored over 10 minutes; initial[77]),
and the increase in absorbance was monitored @veridutes. Initial rates were measured over the
first minute of absorbance change, correspondirigddinear portion of the curve. §¢values were

obtained as the negative x-intercept of a Dixont gleciprocal of initial rates vs. inhibitor
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concentration), from the average of two triplicaias. The reported error was the standard error of

the mean.

4.2.4 Cell viability

For neuronal cytotoxicity studies, immature primamgrtical neurons (E17) were isolated as
described[65] and plated at a density of &6lls/ml in 96-well plates. The next day cells ever
rinsed and then placed in medium containing 5 mMtaghate. Increasing concentrations of
compound3 were added at the time of glutamate treatment. fidve day, cell viability was

assessed by the MTT assay (Sigma).

4.2.5 PAMPA assay

To predict passive blood-brain penetration modiioa of the PAMPA has been used based on
reported protocol.[66, 67] The filter membranelad tlonor plate was coated with PBL (Polar Brain
Lipid, Avanti, USA) in dodecane (4 pl of 20 mg/mBP in dodecane) and the acceptor well was
filled with 300 pl of PBS pH 7.4 buffer @). Tested compounds were dissolved first in DMS@® an
that diluted with PBS pH 7.4 to reach the final cemtration 100 uM in the donor well.
Concentration of DMSO did not exceed 0.5% (V/V)tle donor solution. 300 pL of the donor
solution was added to the donor wellsa\and the donor filter plate was carefully put drwe t
acceptor plate so that coated membrane was “inhtowith both donor solution and acceptor
buffer. Test compound diffused from the donor wetbugh the lipid membrane (Area = 0.28%m
to the acceptor well. The concentration of the dmugboth donor and the acceptor wells was
assessed after 3, 4, 5 and 6 h of incubation idrgypéicate using the UV plate reader Synergy HT
(Biotek, USA) at the maximum absorption wavelengtheach compound. Concentration of the
compounds was calculated from the standard curee expressed as permeability (Pe) value
according to Eq. 3:[78, 79]

log 1., =log {1 x -1 (1 —[D[D:D:D:]:] )} oz = (( —— ) (Eq. 3)
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