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Abstract

Herein, we report synthesis and evaluation of neanty six small molecules agairfseamyloid
(ApB)-induced opening of mitochondrial permeabilitynsdion pore (mPTP) using JC-1 assay
which measures the change of mitochondrial membpatential (A¥m). The neuroprotective
effect of seventeen compounds againgtidduced mPTP opening was superior to that of the
standard Cyclosporin A (CsA). Fifteen derivativéising increased green to red fluorescence
percentage less than 40.0% were evaluated forithpact on ATP production, cell viability and
neuroprotection against fAnduced neuronal cell death. Among evaluated camgs,
derivatives9w, 9r, and 9k had safe profile regarding ATP production and egbility. In
addition, they exhibited significant neuroprotenti§69.3, 51.8, and 48.2% respectively).
Molecular modeling study using CDocker algorithmedicted plausible binding modes
explaining the elicited mPTP blocking activity. Hen this study suggests compour®usg 9r,

and9k as leads for further development of novel thettapilzheimer's disease.

Keywords. B-amyloid peptide (8); Mitochondrial permeability transition pore (MPTHf-

induced neurotoxicity; Alzheimer’s disease (AD);idurea; Cyclophilin D; Molecular docking



1. Introduction

Mitochondria are double-membraned subcellular cetias responsible mainly for vital cellular
processes controlling energy production and caléaum storage. Among subcellular organelles,
mitochondria are unique with their high transmembrpotential that could reach up to 180 mV
with an internal negative membrane potential [1,T2]is electric potential across the membrane
is essential for the flow of protons through ATRthase and, hence, ATP generation. It is also
the impetus for calcium uptake by mitochondria [8lmega channel known as mitochondrial
permeability transition pore (mPTP) capable of pEating solutes up to 1500 Da, has been
identified across mitochondrial membranes [4]. Undermal physiological conditions, mPTP
elicits a low conductance which assists in maimtgithe potential across the membrane. In fact;
acute mPTP opening under these conditions partespa calcium regulation and cycling [5-7].
Nonetheless, under pathological conditions, aberatended opening of mPTP dissipates the
mitochondrial membrane potential, resulting in eéis® of ATP production, disruption of
mitochondrial homeostasis, swelling and rupturengbchondrial membrane with release of cell
death factors [8-11]. As mitochondria are distrdzlin almost every tissues’ cells within the
body, detrimental mPTP opening can be manifested imide variety of diseases including
neurodegenerative diseases, cardiovascular disaaddsepatic diseases [12-22]. Consequently,
development of mPTP blockers might be a promisipgr@ach for cytoprotection against

diseases whose etiology is due to loss of mitochahehembrane potential [23-26].

Since mPTP discovery in 1979 by Haworth and Huj2é}, there has been a long-lasting debate

about its molecular components. The latest accaeptatel suggests mPTP as a conglomerate of



several molecular subunits with a core formed byais of B/F; ATP synthase. This core is in a
direct interaction with cyclophilin D (CypD) in theitochondrial matrix. Other molecular
components of this suggested model include ademiigéeotide translocator (ANT), inorganic
phosphate carrier (PiC), mitochondrial creatineakan (CK), voltage dependent anion channel
(VDAC), Bcl-2-associated X protein (Bax) and Bch®mologous antagonist killer (Bak). In
addition to these structural elements, regulatdeynents have been proposed in this model
including mitochondrial translocator protein (TSP@)otein kinase C epsilon (PKYC and
glycogen synthase kinase 3-beta (GFK328]. Whether this proposed model or other sutggkes
model is the exact model, it is a fact that CypB haen always an integral component of every
suggested mPTP model [29, 30]. In fact, Haworth&avery of mPTP [27] was confirmed
when permeability transition was blocked by theibitbry effect of cyclosporin A (CsA) on

CypD [31, 32].

Despite being an effective mPTP inhibitor, CsA lsoaa powerful immunosuppressant. This
renders it unsuitable as a therapeutic ageninfgivo mPTP opening inhibition [33]. Moreover,
its polypeptidic structure imparts poor kinetic pesties for crossing blood brain barrier (BBB)
which hampers its bioavailability to central nergosystem neurons [34]. Apparently, the
development of non-immunosuppressant small moldabiligitors of mPTP having good BBB-
crossing kinetics could be a viable approach toieaehneuronal cytoprotection and hence
prevention of neurodegenerative diseases progressiactually, non-immunosuppressant
analogs of CsA have been developed exemplified 841 and UNIL025. Nevertheless, these
polypeptidic molecules suffer from side effects gled with poor BBB-crossing kinetics which

curbs their use in neurological diseases [35, 36].



Reports of efforts to develop mPTP opening modutatwe scarce in literature. Among these
efforts, Guoet al. described a micromolar activity for quinoxalinerigative () (Fig. 1) as
selective inhibitor of CypD over CypA [37]. Rath#ran this report, no further effort was
reported to develop more potent and selective midBulator of quinoxaline scaffold. Also,
furamide derivatives2) werereported to inhibit calcium induced mitochondrieletling, albeit

at a high micromolar concentration [38]. The dimykazole-3-carboxamide3) and N-
phenylbenzamide4] were reported to maintain mitochondrial potentmimodels of calcium-
induced mitochondrial permeability transition. Haxeg they were found to target unconfirmed
biological target other than CypD [39, 40]. To tmest of our knowledge, the therapeutic small
molecule inhibitor of MPTP has not been realized kis prompted us to pursue identification
of promising mPTP modulators able to achieve newteption and stall progression of
neurodegenerative diseases. In a recent repodersag of our institute’s internal chemical
library using JC-1 assay unveiled quinuclidinyl roei ether §) as a promising molecule
maintaining mitochondrial membrane potential in lsdof amyloid beta (B)-induced mPTP
opening [41]. Modifications of hit compouridresulted in series of pyrrolidinyl triazole) @nd
N-alkyl-N’-pyridyl ureas 7) as mPTP inhibitors [42, 43]. In these two serths, linkers might

contribute to the elicited affinity.

<PleaseInsert Fig.1. Here>

CypD bears 75% sequence identity with CypA whicaristher member of cyclophilin family of

peptidyl-prolyl isomerases (PPI). Moreover, thetach surface amino acid residues of human



CypD and CypA with CsA are conserved in both ohtHd4]. This might be an indication of the
usefulness of CypA inhibitors as hits for designipgtential promising CypD inhibitors.
Compound8 (Fig. 1) was designed as a CypA inhibitor by linking two fgmhobic aromatic
fragmentsvia an acylurea linker [45]. In addition, triazole,ear and acylurea linkers of
compoundsg, 7 and 8 respectively might donate and/or accept hydrogemdboln fact, the
crystal structure of CsA bound to CypD (pdb ID =62¥) discloses favorable hydrogen bonding
interactions within the binding cavity betweamide groups of CsA and Arg55, Asn102, Trp121
and His126 [44]. Therefore, we envisioned thataeijplg oxime ether, triazole, urea or acylurea
linkers with lipophilic thiourea linker which hasrenger tendency to form hydrogen bonding
[46], would enable more efficient simulation of seainydrogen bonding interactions pattern of
CsA, while improving the biological activity and BBpenetration at the same time. In addition,
exploration of the structure activity relationshiough replacing the eastern aliphatic moieties
of compounds5 and 6 with different aromatic moieties or aliphatic amaiwas planned.
Moreover, investigations of the impact of retainitg pyridine ring or isosteric replacement
with pyrazine ring, in addition to, incorporatiori mon-halogenated or different halogenated

benzyloxy moieties were considered.

2. Resultsand discussion

2.1. Chemistry

Achieving conciseness of the target molecules’fsstit pathway is one of the ultimate goals in
the science of synthesis. The more synthetic stedved the more attrition of the yield and
higher cost of the final compounds. Thereby, idgaithesis should involve only one high

yielding synthetic step. While achieving ideal $ygis remains far from practice in many cases,



it should be an inspiring aim for planning nearaldgynthesis. Keeping up these goals, a concise
preparation of the target compoun@®a<z) was achieved in two synthetic steps starting from
commercially available 2-amino-3-hydroxypyriding04) or 2-amino-3-chloropyrazinel@b).
While 3-(benzyloxy)pyridine-2-aminel{a) is commercially available, other 3-benzyloxy-2-
pyridinamines 1{1b—-d) were preparedia O-alkylation of the starting pyridine derivativi®a
with the appropriate benzyl bromide derivative iphasic medium employing a phase transfer
catalyst under basic conditions. For pyrazine d@rres, nucleophilic aromatic substitution of
10b with the appropriate phenylmethoxide derivativengyated by treatment of the
corresponding benzyl alcohol with sodium hydride@fed 3-(substituted-benzyloxy)pyrazin-2-
amine derivativeslfle-f). Nucleophilic addition of intermediatdd to aromatic isothiocyanate
afforded the corresponding 1,3-diarylthioureas. Ewsv, for reaction with aliphatic thiourea
derivatives, the intermediatdd were first converteéh situ to sodium amide derivatives which
underwent reaction with the appropriate aliphaathiocyanate derivative to afford the targeted

1-alkyl-3-arylthioureas.

<Please Insert Scheme 1. Here>

2.2. Biological evaluation

2.2.1. Protection against loss of mitochondrial membrane potential assay (JC-1 assay)

As highlighted previously, mitochondrial membrarsemtial AWy) is crucial for maintaining
integrity of mitochondria. Prolonged opening of thiega-channel mPTP results in decay of
mitochondrial membrane potential. Mitochondria withaintained membrane potential are
featured with an inside negative matrix potent@hnsequently, the decline in mitochondrial

membrane potential might be quantified using flgsoemt cationic dyes. For accurate



measurements, an ideal cationic dye to be usedldshmi affected only by mitochondrial
membrane potential without probability to be aféettby other factors including the plasma
membrane potentialA¥,) which would interfere with these measurements.1J(,5',6,6'-
tetrachloro-1,1’,3,3'-tetraethylbenzimidazolocarpagine iodide) is a lipophilic cationic cyanine
dye; offers many advantages over other cationics @& its performance is specific for the
mitochondrial membrane potential. JC-1 is not affédoy other components including plasma
membrane potentialA¥,), mitochondrial size or shape [47, 48]. It seléembles into red
fluorescing aggregates in the matrix of mitochoadvaving physiologically normal membrane
potential. Upon loss of membrane potential, theggregates break up into green fluorescing
monomers. Induction of mPTP opening in presenceoofipounds to be evaluated as mPTP
blockers and measuring the ratio of the red to rgrid@orescence enables quantification of
protective effects of these compounds. Amyloid {&#d) is a neurotoxin which plays a crucial
role in progression of neurodegeneration. Uporractgon with mitochondria, Atriggers mPTP
opening with a concomitant loss of membrane paénttonsequently, Bxinduced mPTP
opening model was selected for initial biologicahkation of prepared compounds. In this
model, A3 produced fluorescence shift from red to greerhasitembrane potential is lost. The
protective effect of synthesized target compoundairst AB-induced potential loss was
guantified by measuring the decrement of greenet ftuorescence ratio in hippocampal
neuronal cells. The results of evaluation are preskin Table 1. The standard CsA lowered the

green to red ratio to 46.0%, thus recovering 54dd%itochondrial membrane potential.

<Pleaselnsert Table1l. Here>



Twenty six derivatives9a-z) bearing halogenated or non-halogenated benzytosieties of
pyridine or pyrazine scaffolds linked to aliphaticaromatic moieties through a thiourea spacer
were synthesized and biologically assessed for th&®TP blocking activity using JC-1 assay.
The results of the evaluation are illustrated ig. 2. The dashed line across the figure represents
the level of green to red ratio elicited by CsAtle course of the employed test. Compounds
having values of percentage increase in the floerese ratio (green/red) lower than the dashed
line are eliciting superior mPTP blocking activithan that of standard CsA, while those
compounds whose values of percentage increase ifiubrescence ratio (green/red) above the

dashed line are less effective than CsA.

In the beginning, compounds having pyridine scdffoere prepared and evaluated. As shown in
Table 1 and illustrated in Fig. 2, all ethdrt-butyl and benzyl derivative®4, 9c, 9d, 9h, 9j, 9l
and 9q) which bear unsubstituted, 3-fluoro, 2-chloro ectorobenzyloxy substitution in the
western part, were ineffective or having weak cgfficy in reducing the green to red
fluorescence ratio. The isopropyl derivatives &idimixed results; while isopropyl derivati9e
which bears 3-fluorobenzyloxy substitution in thestern part was ineffective, the isopropyl
derivative 9b elicited efficacy almost as CsA (45.2% and 46.08pectively), whereas, the
isopropyl derivativedm showed better reduction of green to red ratioq%d). In contrast to the
aliphatic derivatives, all aromatic derivatives imgv unsubstituted, 3-fluoro, 2-chloro or 3-
chlorobenzyloxy substitution in the western partibited superior activity than that of CsA in
retaining mitochondrial potential. The best perforgnaromatic derivativBo showed increase in
the green to red fluorescence ratio around fourf@sA value (13.0% and 46.0% respectively),

while aromatic derivativ®r which is the least effective among prepared armnukgrivatives is



still more efficient than CsA (38.0% and 46.0% esdjpvely). Out of ten prepared aromatic

derivatives, five derivative®g, 9k, 9n, 90 and9p) showed excellent reductions of the increased
green to red fluorescence ratio within range ofq¥3-17.5%), while other four derivativede(

of, 9s and9t) were less efficient, however, still also excelleeductions of the increased green

to red fluorescence ratio within range of (23.3%9626).

Next, we explored the performance of derivativesiit pyrazine scaffold in JC-1 assay. Six
derivatives having isopropyl,tert-butyl, benzyl, 4-methylphenyl and 3-chlorophenyl
substitutions in eastern part were prepared anth@ea. In paradox to ineffective analogous
pyridine derivatives, compoun@s and9v having pyrazine scaffold, bearing isopropyl ded-
butyl substituents in eastern part and 3-fluoroglna in the western part showed appreciable
activities (reduced the percent of increased gteered fluorescence ratio to 43.1 and 28.1%
respectively). However, compounég and 9z having pyrazine scaffold, bearing isopropyl and
3-chlorophenyl substituents in eastern part an@il@cbenzyloxy in the western part were less
effective than the analogous pyridine derivativEise most active compounds prepared among
both pyridine and pyrazine series were pyrazinévdeves 9w and9y (reduced the percent of

increased green to red fluorescence ratio to 4d&ba3Pb6 respectively).

<PleaseInsert Fig.2. Here>

2.2.2. Assessment of compounds toxic effect on ATP production (L uciferase-based assay)

and neurocytotoxicity (MTT assay)



In drug discovery process, it is critical to implem assessment of toxicity early in workflow of
the discovery program. These front toxicity assaygsild filter out likely toxic compounds and
thus minimize the probability of developing molessilthat would fail later because of their
toxicities [49]. As mentioned before, mitochondréae cells’ indispensable power-plants
generating most of the ATP produced in variousugssof the body. Compounds inducing
mitochondrial toxicity would seriously affect norhfainctioning of cells, and thereby, it is a
pivotal issue to be considered for developmentaéd drugs [50, 51]. In addition to these general
concerns in drug development, a special concersesrifrom the assumed model of
mitochondrial permeability transition pore (MPTP)i@h suggests dimers of ATP synthase as
the core element forming the pore. Consequentlys itmportant to confirm that molecules
designed as mPTP blockers do not interfere withmabrphysiological production of ATP
because if ATP synthases were inhibited as a pan3 P inhibition process, this would deprive
cells from the vital process of mitochondrial ATRoguction. Hence, the most active fifteen
derivatives which elicited increased green to ledréscence percentage less than 40.0% were
evaluated for their effect on cellular ATP prodaatiin hippocampal neuronal cells. After 7
hours incubation of cells with 5 uM solution of ttested compound, a luciferase based assay
was employed for measurement of ATP in the celsale. As presented in Table 2 and
illustrated in Fig. 3, compound@g, 9f, and9g with unsubstituted benzyloxy moiety significantly
decreased the levels of ATP. Other tested compo{@kd®m, 9n, 90, 9p, 9r, 9s, 9t, 9v, 9w, and

9z) showed more or less insignificant impact on dallvATP production. Despite thiourea
derivative9y which elicited high efficacy in lowering the g/atio showed some reduction of
ATP production, this reduction is still comparalethat of the standard piracetam (85.1 and

88.0% for9y and piracetam respectively).



After excluding the unsubstituted benzyloxy deiiwed turned out to possess significant
detrimental effects on mitochondrial ATP productidhe remaining twelve derivatives were
subjected to a subsequent filter to exclude comg@®)n possessing cytotoxic effects.
Accordingly, the promising twelve derivativedk( 9m, 9n, 9o, 9p, 9r, 9s, 9, 9v, 9w, 9y, and

9z) were submitted to MTT cell viability assay to ess the level of hippocampal neuronal cells
survival after incubation for 24 hours with 5 puMw@ns of tested compounds. The results of
MTT assay are presented in Table 2. With exceptfocompound®p whose MTT assay result
was approximately similar to reference CsA, theeptksted eleven compounds showed superior
results than that of CsA. Almost no significantuetions in neuronal cells viability were exerted
by these compounds. From the combined excellerbmeance of compounds passed through
the applied two consecutive toxicity filters, ithche assumed that these derivatives are devoid of
direct toxic effects on mitochondrial ATP productiand cytotoxicity on hippocampal neuronal

cells.

<Pleaselnsert Table2 Here>

<PleaseInsert Fig. 3. Here>

2.2.3. Protection against Ap-induced neuronal cell death

Neurodegenerative diseases are progressive inenafioich is a major obstacle in developing
effective therapies thereof. The neurodegenerdisease tends to worsen by time as of death of
more neuronal cells takes place. The death of msuimo neurodegenerative diseases such as
Alzheimer's disease is a consequence of multiplengtex mechanisms [52]. However,

achieving protection of neurons fromBAnduced cells death is one of the ultimate goals i



developing new effective treatments for Alzheimealisease. At sub-micromolar concentrations
AB is highly neurocytotoxic. It has been reported 8@0 nM concentrations induced substantial
neuronal necrosis of cerebellar granule cells with2-168 hours, while at 1 puM, substantial
cerebellar granule cells death took place rapidthiw only 24 hours [53]. Moreover, incubation
of hippocampal neurons cell line with 2.5 uM cortcations of A reduced its viability to
around 50.0% [54]. Considering these values ofteticcytotoxicity of A3, we decided to test
the ability of each candidate compound to proteppdcampal neuronal cells, over 24 hours
incubation time, from cytotoxic effects of 5 uM aamtrations of & which is double the
concentration that produced reduction of hippocdnugdls viability to around 50.0%. This
highly elevated concentration of{Avas applied hoping that high selection criteriauldaeveal
potentially effective lead compounds protectingmes against A-induced cell death even in
the presence of high concentrations of toxi¢. Ahe results of protective effects elicited by
evaluated compounds are presented in Table 2 lstidited in Fig. 3. Under these strict criteria
of selection, three compound8w( 9r, and 9k) elicited a decent protection of hippocampal
neuronal cells againstpAinduced neurocytotoxicity (69.3, 51.8, and 48.2%6%9w, 9r, and9k
respectively). These values translate into, for moumd 9w for example, that approximately
70.0% of hippocampal neuronal cells died upon iatioln with 5 ©M concentration Aare still
viable after 24 hours of exposure to this highblyicacconcentration of A when compoun@w is
present. Compounds tested other t&éan9r, and9k were less or not effective in protecting cells

against A-induced death.

2.24. Molecular Modeling Study
To gain insights into the possible causes triggeviariations in the activity of tested compounds

as mPTP modulators, molecular modeling study wasdwcted using the reported crystal



structure of CypD-CsA complex (pdb ID = 2Z6W). Aysik of CypD-CsA complex revealed the
pivotal role of hydrophobic binding interactionssACs methylated valine residue (Mvall) docks
into a critical binding pocket 1. Juxtaposed todioig pocket 1, a less hydrophobic pocket 2 is
partially filled with the CsA'sx-amino-butyric acid residue (Aba2). A saddle sefgsrpocket 1
and pocket 2. On the opposite side, there is ahiy@rophobic surface adjoined to pocket 1
which interacts with CsA's methylated leucine rasigide chain (Mle9). Two hydrogen bonds
contribute to binding of CsA in the saddle regianpther two to the edge of pocket 1, and one to

the flattened hydrophobic surface.

CDocker [55, 56] was used to perform flexible dockof the synthesized twenty six derivatives
(9a-2) followed by refining of the best twenty posea in situ minimizations and calculation of

binding and complex energies. The analysis of #wmlts of molecular docking simulations
revealed two general patterns for binding of dockedhpounds which might underlay the
elicited biological activity. In the first bindingattern, the hydrophobic pocket 1 of CypD is
filled by a hydrophobic moiety of the ligand. Thgands effectively maintained mitochondrial
membrane potential elicited strong binding intecaciof modes belonging to this pattern. The
second binding pattern is characterized by hydrbghpocket 1 being unoccupied by any
moiety of the ligand while the ligand docks abokies tpocket. The molecular simulation study
revealed that ineffective compounds have much dekaulated binding interaction for the first

binding pattern and/or preference towards the stbamding pattern.

The distinctive binding patterns of the thioureaiddive 9w with the highest efficiency in

maintaining mitochondrial membrane potential amtasged compounds are illustrated in Fig. 4.



There are three discernible subtypes belonginpeditst binding pattern. In binding subtype 1
(Fig. 4A), the aromatic ring of the benzyloxy megietocks into the hydrophobic pocket 1. For
compound9w, the best pose within this predicted binding mosdas ranked the second best
pose among all retrieved twenty poses in termsatfutated binding energies (-53.34 kcal/mol
for binding energy, -50.89 kcal/mol for total bindienergy and -3053.63 kcal/mol for ligand-
receptor complex energy). In this pose, the pheimg of benzyloxy moiety docked into the
hydrophobic pocket 1. The pyrazine ring and theutea linker are directed towards the saddle

region.

The second subtype of binding modes belonging ndibg pattern 1 is illustrated in Fig. 4B.
This subtype is marked by the central pyrazine rjag pyridine ring in case of pyridine
derivatives) being docked within the hydrophobichket 1. For compoun@éw, the pyrazine ring

is docked in hydrophobic pocket 1 and the thiodirdeer is in interaction with the saddle. By a
slight difference in calculated binding energiés best pose of this subtype of binding mode is
ranked over the best pose for subtype 1 (-54.58rohfor binding energy and -51.48 kcal/mol
for total binding energy for subtype 2, while, -58.kcal/mol for binding energy and -50.89
kcal/mol for total binding energy for subtype 1)owkver, the ligand-receptor complex energy
of the best pose belonging to subtype 1 is moregetieally favored than that of subtype 2 (-
3030.32 kcal/mol for complex energy of subtype Biley -3053.63 kcal/mol for complex energy
of subtype 1). These opposing differences in bigdind complex energies may indicate that

both poses could contribute to the elicited biatagactivity of compoun@w.

<PleaseInsert Fig. 4. Here>



As illustrated in Fig. 4C, in subtype 3 of bindipgttern 1, the eastern substitution on the
thiourea linker is docked within the hydrophobiccket 1. In case of compour@vy. The
thiourea spacer is in favorable interactions with saddle region. The calculated low energy
terms for the best pose belonging to this subtyperg calculated poses of compoudwl (-
45.964 kcal/mol for binding energy, -44.2041 kcallrfor total binding energy and -3053.18
kcal/mol for complex energy) indicates low probapibf this pose for its contribution to the

elicited biological activity of this derivative.

The second general binding pattern for compo8wdis depicted in Fig. 4D. In this binding
pattern, the hydrophobic pocket 1 remains vacanlewhe ligand is docked above this pocket.
The calculated low binding energies (-48.58 kcal/foo binding energy, -45.53 kcal/mol for
total binding energy and -3056.86 kcal/mol for céempenergy) indicate little effect of this
binding mode on the activity of compou®d. Scrutinizing the different anticipated binding
patterns combined with calculated energy terms @attribute the high efficiency of compound

9w to high contribution of subtypes 1 and 2 of thstfgeneral binding pattern.

In contrast, inefficient or compounds with low eféincy to maintain the mitochondrial
membrane potential, have propensity for the secgaderal binding pattern and/or less
energetically favored poses of the first generablivig pattern. This is illustrated by predicted
binding poses of compour8t which was inefficient in maintaining the mitochoraimembrane
potential eliciting 91% of green to red fluoresoenthe best calculated poses for binding of

compounddc with CypD are illustrated in Fig. 5. The best gyatically favored pose was of the



second general binding pattern (-45.55 kcal/moldmding energy, -42.19 kcal/mol for total
binding energy and -3047.46 kcal/mol for complexrgy) which is, as illustrated in Fig. 5A,

characterized by vacant hydrophobic pocket 1.

The next best pose of compoudal (Fig. 5B) was of the first general binding pattsubtype 1;

in which the aromatic ring of the benzyloxy moietycks into the hydrophobic pocket 1. For this
pose of compounéc, in addition to being less favored than the pdsgecond general binding
type, the calculated energy terms (-42.69 kcalfoobinding energy, -38.39 kcal/mol for total
binding energy and -3062.26 kcal/mol for compleergy) are considerably much lower than
calculated energy terms for the corresponding pot#ise same binding pattern of the effective
compounds such &@w (-53.34 kcal/mol for binding energy, -50.89 kcadinfior total binding
energy and -3053.63 kcal/mol for complex energyngaquently, the inefficiency of compound
9c may be attributed to its tendency to the secomeige binding mode in addition to its lower

calculated binding energies in comparison with tfaffective derivatives.

Other subtypes of the first general binding pattemre also detected in calculated poses of
compound9c, however, with less favorable energetic terms. Pbee visualized in Fig. 5C,
shows compouné@c binding mode 1 subtype 2; in which the centraigigie ring docks into the
hydrophobic pocket 1. The calculated energetic $an@re -41.62 kcal/mol for binding energy, -
38.26 kcal/mol for total binding energy and -30487k@al/mol for complex energy. Also binding
mode 1 subtype 3; in which the eastern hydrophdbit-butyl moiety docks into the

hydrophobic pocket 1, was detected in calculatesep@f compoun€c and is visualized in Fig.



5D. The calculated energy terms for this pose vashigh (-40.09 kcal/mol for binding energy,

-37.26 kcal/mol for total binding energy and -3@8kcal/mol for complex energy).

<PleaseInsert Fig. 5. Here>

3. Conclusion

In this study, three compound®y, 9r and9k, have been discovered as new mPTP modulators
maintaining mitochondrial membrane potential in ®ed of AB-induced mitochondrial
membrane depolarization, and furthermore, protgctiruronal cells effectively againstA
induced cytotoxicityln vitro evaluation of mitochondrial and cellular toxicityicated absence

of both of detrimental effects on the mitochondnatal process of ATP production, and
cytotoxicity for these compounds. Furthermore,dbeductedn silico molecular docking study
provided plausible explanation of their observedTiMblocking activity. Consequently, this
study suggests that compour@ig, 9r and9k might be used as a leads for development of new

effective therapies to Alzheimer’s disease.

4. Experimental

4.1. Chemistry

General: All reactions and manipulations were pentxl in nitrogen atmosphere using standard
Schlenk techniques. The reaction solvents purchsed Aldrich Co., TCI and Alfa and used
without any other purification. 3-(Benzyloxy)pynmdR-aminella has been purchased from Alfa
Aesar Co.The NMR spectra were obtained on Bruker Avance@0800.'"H NMR spectra were

referenced to tetramethylsilang@ € 0.00 ppm) as an internal standard and are regaabs



follows: chemical shift, multiplicity (br = broad, = singlet, d = doublet, t = triplet, dd = doublet
of doublet, m = multiplet). Column chromatographgsaperformed on Merck Silica Gel 60
(230-400 mesh) and eluting solvents for all of ghebromatographic methods are noted as
appropriated-mixed solvent with given volume-totwok ratios. TLC was carried out using
glass sheets pre-coated with silica gel 6§ purchased by Merk. The purity of samples was
determined by analytical HPLC using a Water ACQUITWPLC (CORTECS') with C18
column (2.1 mm x 100 mm; 1.6 um) at temperatur¢@OHPLC data were recorded using
parameters as follows: 0.1% formic acid in wated 8% formic acid in methanol and flow
rate of 0.3 mL/min. For more details, see suppld¢argnfile. High-resolution spectra were
performed on Waters ACQUITY UPLC BEH C18 1.7u-Q-TGHFYNAPT G2-Si High

Definition Mass Spectrometry.

4.1.1. 3-(Benzyloxy)pyridin-2-amine derivatives (11b—d)

Compoundd1b—-d have been synthesized as reported by our groagisvious report [43].

4.1.2. General procedure of 3-(benzyloxy)pyrazin-2-amine derivatives (11e and 11f)

Sodium hydride (60% in mineral oil, 0.04 g, 1 mmebs added to a stirred solution of benzyl
alcohol derivative (1 mmol) in anhydrod¢N-dimethylformamide (3 mL of DMF) at room
temperature and stirring was continued for 1 h.ni2i#-3-chloropyrazinelQb, 0.13 g, 1 mmol)
was added to the reaction mixture and the reactioture was stirred at 100 °C for 15 h. After
cooling, the solvent was evaporated and the reswdas partitioned between water and
dichloromethane. The organic layer was dried owsafisn sulfate anhydrous, filtered, and

concentrated. The residue was purified by colunmralatography (Si@ EA/n-Hex = 1/5).



41.21.1. 3-(3-Fluorobenzyloxy)pyrazin-2-amine (11e)
Light orange solid, yield: 75.69%8H NMR (400 MHz, DMSOds) & = 5.39 (2H, s, OCHPh),
6.36 (2H, br, NH), 7.14 (1H, tdJ = 2.6 Hz, 9.0 Hz, ArH), 7.25 (1H, d,= 3.1 Hz, ArH), 7.32

(1H, d,J= 7.6 Hz, ArH), 7.37-7.44 (2H, m, ArH), 7.49 (1H,Xk 3.1 Hz, ArH).

41.21.2.  3-(2-Chlorobenzyloxy)pyrazin-2-amine (11f)
Yellow solid, yield: 87.7%H NMR (400 MHz, CDCJ) & = 4.79 (2H, br, NH), 5.51 (2H, s,
OCH,Ph), 7.27-7.30 (2H, m, ArH), 7.41-7.42 (1H, m, ArH)43 (1H, dJ = 3.1 Hz, ArH), 7.47-

7.49 (1H, m, ArH), 7.58 (1H, d,= 3.1 Hz, ArH).

4.1.3. General procedure of thiourea derivatives (9a-z)

For aliphatic thiourea derivatives {R alkyl group); 2-Amino-3-benzyloxy pyridine or m@agine
derivative (0.85 mmol) and sodium hydride (60% imenal oil, 68 mg, 1.71 mmol) was
dissolved in dry THF (5 mL). The isothiocyanateidaive (1.02 mmol) was added and the
reaction mixture was refluxed for 5-18 h. After Bog, the reaction mixture was evaporated and
the residue was purified by flash column chromaipby (SiQ, EA/n-Hex = 1/4). For aromatic
thiourea derivatives (R= aryl group); 2-Amino-3-benzyloxy pyridine or @gine derivative (2.5
mmol) and isothiocyanate derivative (3 mmol) werssdlved in dry THF (10 mL) and the
reaction mixture was refluxed for-8 h. After cooling, the reaction mixture was evaed and
the residue was purified by solidification with domethanol and filtered to give target

compounds.

1-(3-(Benzyloxy)pyridin-2-yl)-3-ethylthiour ea (9a)



White solid, yield: 49%, mp: 90.6-91.0 °C, HPLC ibyir6.79 min, 100%*H NMR (400 MHz,
CDCl) § = 1.34 (3H, tJ = 7.3 Hz, CH), 3.75-3.82 (2H, m, C), 5.15 (2H, s, OChPh), 6.85
(1H, dd,J = 5.1 Hz, 8.1 Hz, ArH), 7.11 (1H, dd,= 1.3 Hz, 8.1 Hz, ArH), 7.35-7.42 (5H, m,
ArH), 7.75 (1H, ddJ = 1.3 Hz, 5.1 Hz, ArH), 8.58 (1H, s, NH), 11.59 (1& NH).**C NMR
(100.6 MHz, CDCJ) & = 14.09, 40.53, 70.83, 117.47, 118.27, 127.43,6128128.92, 135.05,
136.71, 141.09, 144.39, 179.24. HRMS {ESm/z calculated for GH;i/N3OS: 288.1170

[M+H]*. Found 288.1179.

1-(3-(Benzyloxy)pyridin-2-yl)-3-isopropylthiour ea (9b)

White solid, yield: 14%, mp: 89.4-95.0 °C, HPLC jbyr 7.02 min, 98.31%'H NMR (400
MHz, CDCk) & = 1.35 (6H, dJ = 6.6 Hz, 2CH), 4.59-4.60 (1H, m, CH), 5.15 (2H, s, OgH),
6.85 (1H, ddJ = 5.1 Hz, 8.1 Hz, ArH), 7.11 (1H, dd,= 1.3 Hz, 8.1 Hz, ArH), 7.35-7.42 (5H,
m, ArH), 7.75 (1H, ddJ = 1.3 Hz, 5.1 Hz, ArH), 8.52 (1H, s, NH), 11.55 (134 NH).**C NMR
(100.6 MHz, CDQJ) 6 = 22.24, 47.63, 70.79, 117.43, 118.25, 127.41,61128128.91, 135.06,
136.68, 141.07, 144.42, 178.00. HRMS {ESm/z calculated for GHioN3OS: 302.1327

[M+H]*. Found 302.1331.

1-(3-(Benzyloxy)pyridin-2-yl)-3-(tert-butyl)thiour ea (9c)

White solid, yield: 70%, mp: 136.5-136.9 °C, HPLGripy: 7.31 min, 96.59%'H NMR (400
MHz, CDCL) & = 1.63 (9H, s, 3CH), 5.15 (2H, s, OCHPh), 6.82 (1H, ddJ = 5.1 Hz, 8.0 Hz,
ArH), 7.08 (1H, ddJ = 1.1 Hz, 8.0 Hz, ArH), 7.34-7.41 (5H, m, ArH), Z.71H, dd,J= 1.1 Hz,

5.1 Hz, ArH), 8.43 (1H, s, NH), 11.82 (1H, s, NHJC NMR (100.6 MHz, CDG) & = 28.41,



54.03, 70.73, 117.12, 118.15, 127.35, 128.57, 1R895.14, 136.48, 141.00, 144.50, 177.67.

HRMS (ES): m/z calculated for GH,1N30S:316.1483IM+H] . Found316.1488

1-Benzyl-3-(3-(benzyloxy)pyridin-2-ylthiour ea (9d)

Yellow solid, yield: 64%, mp: 122.7-124.3 °C, HPIgDrity: 7.24 min, 100%'H NMR (400
MHz, CDCk) & = 5.02 (2H, d,J = 5.6 Hz, OCHPh), 5.16 (2H, s, OC}Ph), 6.84 (1H, dd] = 5.2
Hz, 8.0 Hz, ArH), 7.11 (1H, dd] = 1.2 Hz, 8.0 Hz, ArH), 7.29-7.30 (1H, m, ArH), 4:3.42
(9H, m, ArH), 7.67 (1H, ddj = 5.2 Hz, 8.0 Hz, ArH), 8.69 (1H, s, NH), 12.04 (134 NH).**C
NMR (100.6 MHz, CD(J) & = 49.63, 70.89, 117.69, 118.46, 127.47, 127.58,68% 128.95,
135.04, 136.77, 137.58, 141.11, 144.24, 179.98. BRES): m/z calculated for gH1oN30S:

350.1327 [M+H]. Found 350.1329.

1-(3-(Benzyloxy)pyridin-2-yl)-3-(3-chlor ophenyl)thiour ea (9¢)

Yellow solid, yield: 79%, mp: 134.8-135.3 °C, HPIgDrity: 7.52 min, 100%'H NMR (400
MHz, CDCk) 5 = 5.19 (2H, s, OCHPh), 6.94 (1H, dd] = 5.2 Hz, 8.0 Hz, ArH), 7.18-7.22 (2H,
m, ArH), 7.32 (1H, tJ = 8.0 Hz, ArH), 7.37-7.42 (5H, m, ArH), 7.66 (1H,X= 8.0 Hz, ArH),
7.79 (1H, tJ = 2.0 Hz, ArH), 7.81 (1H, dd] = 1.2 Hz, 5.2 Hz, ArH), 8.76 (1H, s, NH), 13.73
(1H, s, NH).**C NMR (100.6 MHz, CDGJ) 6 = 71.05, 118.16, 118.89, 122.62, 124.39, 126.04,
127.51, 128.78, 129.00, 129.61, 134.16, 134.86,6134.39.99, 141.32, 143.95, 178.44. HRMS

(ES): m/z calculated for GH16CIN3OS: 370.0781 [M+H]. Found 370.0786.

1-(3-(Benzyloxy)pyridin-2-yl)-3-(4-methylphenyl)thiour ea (9f)



Yellow solid, yield: 67%, mp: 106.4-107.2 °C, HPIpDrity: 7.42 min, 98.83%'H NMR (400
MHz, CDCk) 8 = 2.36 (3H, s, Ch), 5.18 (2H, s, OCkPh), 6.91 (1H, ddJ = 5.2 Hz, 8.0 Hz,
ArH), 7.16 (1H, dd,J = 1.2 Hz, 8.0 Hz, ArH), 7.20 (2H, d,= 8.0 Hz, ArH), 7.36-7.43 (5H, m,
ArH), 7.54 (2H, d,J = 8.0 Hz, ArH), 7.80 (1H, dd] = 1.2 Hz, 5.2 Hz, ArH), 8.73 (1H, s, NH),
13.47 (1H, s, NH)**C NMR (100.6 MHz, CDG) § = 21.20, 70.92, 118.10, 118.82, 124.55,
127.56, 128.68, 128.94, 129.35, 135.08, 135.90,31364.36.61, 141.18, 143.92, 178.31. HRMS

(ES): m/z calculated for §H1gN3OS: 350.1327 [M+H]. Found 350.1337.

1-(3-(Benzyloxy)pyridin-2-yl)-3-(naphthalen-1-yl)thiourea (99)

White solid, yield: 49%, mp: 152.0-154.1 °C, HPLGripy: 7.45 min, 90.33%:H NMR (400

MHz, CDCk) § = 5.19 (2H, s, OCHPh), 6.96 (1H, ddj = 5.2 Hz, 8.0 Hz, ArH), 7.22 (1H, dd,

= 5.2 Hz, 8.0 Hz, ArH), 7.36-7.44 (5H, m, ArH), 8:3.54 (2H, m, ArH), 7.56 (1H, d,= 7.6

Hz, ArH), 7.81-7.83 (2H, m, ArH), 7.89-7.91 (1H, AxH), 8.00 (1H, dJ = 7.6 Hz, ArH), 8.07-
8.09 (1H, m, ArH), 8.92 (1H, s, NH), 13.79 (1H,NdH). HRMS (ES): m/z calculated for

Co3H19N30S: 386.1327 [M+H]. Found 386.1336.

1-(3-(3-Fluor obenzyloxy)pyridin-2-yl)-3-ethylthiour ea (9h)

White solid, yield: 49%, mp: 116.2-116.8 °C, HPL@ripy: 6.77 min, 100%H NMR (400
MHz, CDCk) & = 1.34 (3H, tJ = 7.2 Hz, CH), 3.75-3.82 (2H, m, C), 5.14 (2H, s, OChPh),
6.86 (1H, dd,J = 5.2 Hz, 8.0 Hz, ArH), 7.03-7.09 (3H, m, ArH), 7.01H, d,J = 7.2 Hz, ArH),
7.35-7.40 (1H, m, ArH), 7.77 (1H, dd= 1.2 Hz, 5.2 Hz, ArH), 8.56 (1H, s, NH), 11.56 (14
NH). ¥%C NMR (100.6 MHz, CDG) 6 = 14.07, 40.55, 70.03, 114.2%- = 22.1 Hz), 115.61Jc.

£= 21.1 Hz), 117.47, 118.27, 122.8B.£= 2.0 Hz), 130.64).c= 8.0 Hz), 137.01, 137.57r



= 7.0 Hz), 140.79, 144.30, 163.00-¢= 247.5 Hz), 179.22. HRMS (ES m/z calculated for

CisH16FN3OS: 306.1076 [M+H]. Found 306.1078.

1-(3-(3-Fluor obenzyloxy)pyridin-2-yl)-3-isopropylthiour ea (9i)

White solid, yield: 56%, mp: 131.4-133.2 °C, HPLGripy: 7.00 min, 91.71%H NMR (400
MHz, CDCh) & = 1.35 (6H, dJ = 6.8 Hz, 2CH), 4.57-4.61 (1H, m, CH), 5.14 (2H, s, OgHh),
6.85 (1H, dd,J = 5.2 Hz, 8.0 Hz, ArH), 7.05-7.08 (3H, m, ArH), 8.01H, d,J = 7.6 Hz, ArH),
7.35-7.39 (1H, m, ArH), 7.77 (1H, = 1.2 Hz, 5.2 Hz, ArH), 8.50 (1H, s, NH), 11.53 (1$]
NH). *C NMR (100.6 MHz, CDG)) § = 22.23, 47.67, 70.02, 114.2Jc= 22.1 Hz), 115.61
(Jer= 21.1 Hz), 117.35, 118.21, 122.8R.£= 3.0 Hz), 130.65J.r= 9.1 Hz), 137.00, 137.58
(Jer= 7.0 Hz), 140.80, 144.41, 163.0R£= 246.5 Hz), 178.05. HRMS (EB m/z calculated

for C1eH1sFNsOS: 350.1233 [M+H]. Found 320.1236.

1-(3-(3-Fluor obenzyloxy)pyridin-2-yl)-3-(tert-butyl)thiourea (9))

White solid, yield: 63%, mp: 157.5-159.7 °C, HPLGripy: 7.28 min, 96.35%'H NMR (400
MHz, CDCk) & = 1.63 (9H, s, 3CH), 5.14 (2H, s, OChPh), 6.82 (1H, ddJ = 5.2 Hz, 8.0 Hz,
ArH), 7.03-7.08 (3H, m, ArH), 7.16 (1H,= 8.0 Hz, ArH), 7.34-7.39 (1H, m, ArH), 7.74 (1H,
dd, J = 1.6 Hz, 5.2 Hz, ArH), 8.40 (1H, s, NH), 11.80 (18§ NH).**C NMR (100.6 MHz,
CDCl) & = 28.39, 54.07, 69.96, 114.2) = 22.1 Hz), 115.55).¢= 21.1 Hz), 117.08, 118.14,
122.75 {c..= 3.0 Hz), 130.62J.£= 8.0 Hz), 136.78, 137.66{r= 8.0 Hz), 140.72, 144.44,
163.01 (cr= 247.5 Hz), 177.66. HRMS (EB m/z calculated for GH,oFNsOS: 334.1389

[M+H]". Found 334.1396.



1-(3-(3-Fluor obenzyloxy)pyridin-2-yl)-3-(naphthalen-1-yl)thiour ea (9k)

White solid, yield: 77%, mp: 163.5-166.8 °&4 NMR (400 MHz, CDCJ) 5 = 5.21 (2H, s,
OCH,Ph), 6.96 (1H, ddj = 4.8 Hz, 8.0 Hz, ArH), 7.08-7.09 (1H, m, ArH), @-1.14 (1H, m,
ArH), 7.18 (1H, dd,J = 1.2 Hz, 8.0 Hz, ArH), 7.22 (1H, d,= 7.6 Hz, ArH), 7.38-7.44 (1H, m,
ArH), 7.50-7.54 (2H, m, ArH), 7.57 (1H, d= 8.0 Hz, ArH), 7.81-7.85 (2H, m, ArH), 7.89-7.91
(1H, m, ArH), 8.00 (1H, dJ = 7.6 Hz, ArH), 8.07-8.09 (1H, m, ArH), 8.90 (1H,NH), 13.76
(1H, s, NH).**C NMR (100.6 MHz, CDG) 6 = 70.22, 114.44% ¢ = 22.1 Hz), 115.76)t.F =
21.1 Hz), 118.08, 118.84, 122.32, 122.97, 124.4%.48, 126.21, 126.64, 127.31, 128.57,
129.26, 130.75X.F = 8.6 Hz), 134.27, 134.87, 137.00, 137.46= 7.0 Hz), 141.09, 144.19,
163.07 (c.r = 248.5 Hz), 180.00. HRMS (ES m/z calculated for gH1gFNsOS: 404.1233

[M+H]*. Found 404.1238.

1-(3-(2-Chlor obenzyloxy)pyridin-2-yl)-3-ethylthiour ea (9I)

Yellow solid, yield: 19%, mp: 98.6-100.2 °C, HPL@rjty: 7.02 min, 100% H NMR (400
MHz, CDCk) & = 1.34 (3H, tJ = 7.6 Hz, CH), 3.75-3.82 (2H, m, C), 5.25 (2H, s, OCkPh),
6.88 (1H, ddJ = 5.2 Hz, 8.0 Hz, ArH), 7.12 (1H,= 1.2 Hz, 8.0 Hz, ArH), 7.28-7.33 (2H, m,
ArH), 7.41-7.44 (2H, m, ArH), 7.78 (1H, dd,= 1.2 Hz, 5.2 Hz, ArH), 8.59 (1H, s, NH), 11.58
(1H, s, NH).**C NMR (100.6 MHz, CDG) & = 14.09, 40.57, 67.99, 117.54, 118.36, 127.36,
129.01, 129.79, 129.87, 132.67, 132.95, 137.05,8P40144.36, 179.24. HRMS (BS m/z

calculated for GH16CIN3OS: 322.0781 [M+H]. Found 322.0790.

1-(3-(2-Chlor obenzyloxy)pyridin-2-yl)-3-isopr opylthiour ea (9m)



Yellow solid, yield: 72.3%, mp: 72.5-73.8 °C, HPIgDrity: 7.21 min, 93.24%'H NMR (400
MHz, CDCk) & = 1.36 (6H, dJ = 6.8 Hz, 2CH), 4.57-4.63 (1H, m, CH), 5.25 (2H, s, OgHh),
6.87 (1H, dd,J = 5.2 Hz, 8.0 Hz, ArH), 7.11 (1H, d,= 8.0 Hz, ArH), 7.29-7.33 (2H, m, ArH),
7.41-7.44 (2H, m, ArH), 7.78 (1H, d= 5.2 Hz, ArH), 8.53 (1H, s, NH), 11.54 (1H, s, NEC
NMR (100.6 MHz, CDGQJ) & = 22.23, 47.63, 67.98, 117.53, 118.37, 127.30,0129129.74,
129.85, 132.64, 132.96, 137.02, 140.74, 144.32,.007/8HRMS (ES): m/z calculated for

C16H18CIN3OS: 336.0937 [M+H]. Found 336.0945.

1-(3-(2-Chlor obenzyloxy)pyridin-2-yl)-3-(3-chlor ophenyl)thiour ea (9n)

Yellow solid, yield: 83%, mp: 127.8-128.5 °C, HPIgDirity: 7.70 min, 100% NMR (400
MHz, CDCk) 5 = 5.29 (2H, s, OCHPh), 6.94 (1H, dd) = 5.2 Hz, 8.0 Hz, ArH), 7.10-7.12 (1H,
m, ArH), 7.19-7.35 (4H, m, ArH), 7.43-7.46 (2H, mH), 7.66 (1H, d,J = 8.0 Hz, ArH), 7.78
(1H, t,J = 2.4 Hz, ArH), 7.85 (1H, dd] = 1.2 Hz, 5.2 Hz, ArH), 8.76 (1H, s, NH), 13.72 (134
NH). **C NMR (100.6 MHz, CDG)) 6 = 68.27, 118.23, 119.03, 122.60, 124.38, 126.23,4D,
129.17, 129.62, 129.88, 130.04, 132.48, 133.12,1634.36.95, 139.97, 141.06, 143.92, 178.44.

HRMS (ES): m/z calculated for GH1sCIoN30S: 404.0391 [M+H] Found 404.0397.

1-(3-(2-Chlor obenzyloxy)pyridin-2-yl)-3-(4-methylphenyl)thiour ea (90)

Yellow solid, yield: 15%, mp: 138.9-142.7 °C, HPIpDrity: 7.58 min, 91.48%H NMR (400
MHz, CDCk) & = 2.36 (3H, s, CH), 5.29 (2H, s, OCKPh), 6.92 (1H, ddJ = 5.2 Hz, 8.0 Hz,
ArH), 7.07-7.14 (3H, m, ArH), 7.18-7.19 (1H, m, AxH.21 (2H, d,) = 8.0 Hz, ArH), 7.38-7.40
(1H, m, ArH), 7.54 (2H, dJ = 8.0 Hz, ArH), 7.82 (1H, dd] = 1.2 Hz, 5.2 Hz, ArH), 8.74 (1H, s,

NH), 13.47 (1H, s, NH). )**C NMR (100.6 MHz, CDG) & = 21.11, 68.12, 117.88, 118.71,



124.90, 127.41, 129.09, 129.35, 129.84, 129.96,5¥3433.02, 136.13, 136.21, 137.00, 141.02,
144.14, 178.73. HRMS (EB m/z calculated for &H:sCIN;OS: 384.0937 [M+H]. Found

384.0947.

1-(3-(2-Chlor obenzyloxy)pyridin-2-yl)-3-(naphthalen-1-yl)thiour ea (9p)

White solid, yield: 87%, mp: 116.5-117.3 °C, HPLGripy: 7.63 min, 94.06%'H NMR (400
MHz, CDCk) 5 = 5.33 (2H, s, OCHPh), 6.96 (1H, dd] = 4.8 Hz, 8.0 Hz, ArH), 7.22-7.25 (2H,
m, ArH), 7.34-7.35 (2H, m, ArH), 7.43-7.49 (2H, ArH), 7.50-7.58 (3H, m, ArH), 7.82 (1H, d,
J=8.0 Hz, ArH), 7.86 (1H, dd] = 1.2 Hz, 5.2 Hz, ArH), 7.89-7.91 (1H, m, ArH), §TH, d,J

= 6.0 Hz, ArH), 8.07-8.10 (1H, m, ArH), 8.92 (1H,NH), 13.78 (1H, s, NH)*C NMR (100.6
MHz, CDCk) 6 = 68.24, 118.17, 118.96, 122.32, 122.69, 123.29,3V/, 125.44, 126.21, 126.63,
127.16, 127.26, 127.43, 127.76, 128.52, 129.24.9729.32.86, 134.59, 137.03, 141.10, 144.20,

179.99. HRMS (ES: m/z calculated for §H;sCIN3OS: 420.0937 [M+H]. Found 420.0950.

1-(3-(3-Chlor obenzyloxy)pyridin-2-yl)-3-(tert-butyl)thiour ea (9q)

White solid, yield: 67%, mp: 128.1-128.6 °C, HPLGrify: 7.47 min, 99.00%'H NMR (400
MHz, CDCk) & = 1.63 (9H, s, 3CH}, 5.12 (2H, s, OCHPh), 6.83 (1H, dd) = 5.2 Hz, 8.0 Hz,
ArH), 7.03 (1H,J = 1.2 Hz, 8.0 Hz, ArH), 7.27-7.28 (1H, m, ArH), Z:3.35 (3H, m, ArH), 7.73
(1H, dd,J = 1.2 Hz, 5.2 Hz, ArH), 8.39 (1H, s, NH), 11.80 (134 NH).**C NMR (100.6 MHz,
CDCl;) 6 = 28.39, 54.07, 69.92, 117.09, 118.13, 125.34,38728.79, 130.31, 134.82, 136.81,
137.18, 140.69, 144.43, 177.65. HRMS (ESn/z calculated for GH»oCIN;OS: 350.1094

[M+H]*. Found 350.1102.



1-(3-(3-Chlor obenzyloxy)pyridin-2-yl)-3-(3-chlor ophenyl)thiourea (9r)

White solid, yield: 78%, mp: 115.9-117.5 °C, HPL@ripy: 7.66 min, 100%H NMR (400
MHz, CDCL) & = 5.16 (2H, s, OCHPh), 6.94 (1H, ddJ = 5.2 Hz, 8.0 Hz, ArH), 7.15 (1H, =

1.2 Hz, 5.2 Hz, ArH), 7.20-7.23 (1H, m, ArH), 7.3®8 (5H, m, ArH), 7.64-7.67 (1H, m, ArH),
7.78 (1H, t,J = 2.0 Hz, ArH), 7.84 (1H, dd] = 1.2 Hz, 5.2 Hz, ArH), 8.72 (1H, s, NH), 13.70
(1H, s, NH).23C NMR (100.6 MHz, CDG) § = 70.21, 118.16, 118.87, 122.59, 124.37, 125.50,
126.07, 127.52, 128.99, 129.63, 130.40, 134.71,9134.36.89, 136.93, 139.94, 141.02, 143.88,

178.41. HRMS (ES: m/z calculated for GH1sCloN3OS: 404.0391 [M+H]. Found 404.0394.

1-(3-(3-Chlor obenzyloxy)pyridin-2-yl)-3-(4-methylphenyl)thiour ea (9s)

Yellow solid, yield: 21%, mp: 127.1-127.5 °C, HPIgQirrity: 7.54 min, 100% NMR (400
MHz, CDCk) 6 = 2.36 (3H, s, Ch), 5.15 (2H, s, OCKPh), 6.91 (1H, ddJ = 4.8 Hz, 8.0 Hz,
ArH), 7.12 (1H, ddJ = 1.2 Hz, 8.0 Hz, ArH), 7.21 (2H, d,= 8.4 Hz, ArH), 7.29-7.31 (1H, m,
ArH), 7.35-7.38 (3H, m, ArH), 7.54 (2H, d,= 8.4 Hz, ArH), 7.82 (1H, dd] = 1.2 Hz, 4.8 Hz,
ArH), 8.70 (1H, s, NH), 13.45 (1H, s, NHY¥C NMR (100.6 MHz, CDG) & = 21.22, 70.13,
117.84, 118.61, 124.84, 125.50, 127.52, 128.95,3529.30.38, 134.89, 136.13, 136.19, 136.98,
140.97, 144.07, 178.64. HRMS (BSm/z calculated for §H;sCIN3OS: 384.0937 [M+H].

Found 384.0953.

1-(3-(3-Chlorobenzyloxy)pyridin-2-yl)-3-(naphthalen-1-yl)thiour ea (9t)
White solid, yield: 90%, mp: 153.0-154.1 °@&4 NMR (400 MHz, CDCJ) § = 5.19 (2H, s,
OCH,Ph), 6.96 (1H, dd) = 5.2 Hz, 8.0 Hz, ArH), 7.18 (1H, dd,= 1.2 Hz, 8.0 Hz, ArH), 7.33-

7.41 (4H, m, ArH), 7.50-7.54 (2H, m, ArH), 7.57 (18 J = 7.6 Hz, ArH), 7.81-7.85 (2H, m,



ArH), 7.89-7.91 (1H, m, ArH), 7.80 (1H, d= 7.2 Hz, ArH), 7.07-7.09 (1H, m, ArH), 8.89 (1H,
s, NH), 13.76 (1H, s, NH)**C NMR (100.6 MHz, CDG) & = 70.20, 118.05, 118.81, 122.30,
124.42, 125.42, 125.56, 126.19, 126.62, 127.29,5727128.55, 129.98, 129.25, 130.41, 134.25,
134.85, 134.91, 136.96, 137.02, 141.07, 144.18,0PB0HRMS (ES): m/z calculated for

C23H1gCIN3OS: 420.0937 [M+H]. Found 420.0946.

1-(3-(3-Fluor obenzyloxy)pyr azin-2-yl)-3-isopr opylthiour ea (9u)

White solid, yield: 69%, mp: 91.0-91.8 °C, HPLC jbyr 7.21 min, 98.75%'H NMR (300

MHz, CDCk) & = 1.35 (6H, dJ = 4.2 Hz, 2CH), 4.50-4.63 (1H, m, CH), 5.44 (2H, s, OgHh),

7.01-7.07 (1H, m, ArH), 7.13 (1H, di,= 2.1 Hz, 9.3 Hz, ArH), 7.20 (1H, d,= 7.5 Hz, ArH),
7.32-7.39 (1H, m, ArH), 7.68 (2H, dd= 3.3 Hz, 6.0 Hz, ArH), 8.39 (1H, s, NH), 11.00 (144
NH). *C NMR (100.6 MHz, CDG) & = 22.09, 47.94, 67.96, 115.4% = 21.7 Hz), 115.56
(Jc-r= 21.0 Hz), 124.02, 130.334F= 8.0 Hz), 131.49, 132.73, 137.78, 139.67, 147182.45
(Jc.r = 246.8 Hz), 178.13. HRMS (EB m/z calculated for GH1-FN,OS: 321.1185 [M+H].

Found 321.1194.

1-(3-(3-Fluor obenzyloxy)pyr azin-2-yl)-3-(tert-butyl)thiour ea (9v)

White solid, yield: 81%, mp: 114.5-115.2 °C, HPL@ripy: 7.49 min, 100%H NMR (300
MHz, CDCk) & = 1.61 (9H, s, 3CHJ, 5.44 (2H, s, OCkPh), 7.01-7.06 (1H, m, ArH), 7.13 (1H,
d, J = 9.0 Hz, ArH), 7.19-7.29 (1H, m, ArH), 7.31-7.3BH, m, ArH), 7.65 (1H, dJ = 3.0 Hz,
ArH), 7.67 (1H, d,J = 3.0 Hz, ArH), 8.28 (1H, s, NH), 11.27 (1H, s, NE¥C NMR (100.6
MHz, CDCk) & = 28.21, 54.47, 67.85, 115.32= 15.1 Hz), 115.52).= 13.1 Hz), 123.92,

130.29 {c.r= 8.0 Hz), 131.30, 132.37, 137.8% €= 8.0 Hz), 139.70, 147.21, 162.8% €=



246.5 Hz), 177.66. HRMS (EB m/z calculated for GH1oFN4OS: 335.1342 [M+H] Found

335.1353.

1-(3-(3-Fluor obenzyloxy)pyr azin-2-yl)-3-(4-methylphenyl)thiour ea (9w)

Yellow solid, yield: 44%, mp: 97.6-98.7 °éH NMR (300 MHz, CDCJ) & = 1.50 (3H, s, Ch),
5.59 (2H, s, OCKPh), 7.27-7.36 (4H, m, ArH), 7.44-7.49 (2H, m, Arf)62 (1H, dJ = 7.5 Hz,
ArH), 7.74-7.77 (2H, m, ArH), 7.81 (1H, d,= 3.0 Hz, ArH), 8.63 (1H, s, NH), 13.09 (1H, s,
NH). 3¢ NMR (100.6 MHz, CDG) 6 = 21.13, 68.14, 115.46dr= 15.1 Hz), 115.67) =
14.1 Hz), 124.08, 124.77, 129.44, 130.394= 8.0 Hz), 131.45, 133.21, 135.75, 136.53, 130.67
(Jer= 7.0 Hz), 135.35, 147.42, 162.83 (= 247.5 Hz), 178.66. HRMS (EB m/z calculated

for CioH17FN4OS: 369.1185 [M+H] Found 369.1198.

1-(3-(2-Chlor obenzyloxy)pyr azin-2-yl)-3-isopr opylthiour ea (9x)

Yellow solid, yield: 59%, mp: 116.5-117.8 °C, HPIgDrity: 7.44 min, 100%'H NMR (400
MHz, CDCk) & = 1.35 (6H, dJ = 6.8 Hz, 2CH), 4.55-4.60 (1H, m, CH), 5.55 (2H, s, OgHh),
7.28-7.32 (2H, m, ArH), 7.42-7.45 (2H, m, ArH), 9.6lH, d,J = 3.2 Hz, ArH), 7.70 (1H, d] =

3.2 Hz, ArH), 8.40 (1H, s, NH), 11.06 (1H, s, NKjC NMR (100.6 MHz, CDG) & = 22.10,
47.92, 66.31, 127.03, 129.81, 129.94, 130.14, B31182.82, 132.97, 133.98, 139.65, 147.36,

178.13. HRMS (ES: m/z calculated for GH;7CIN4OS: 337.0890 [M+H]. Found 337.0898.

1-Benzyl-3-(3-(2-chlor obenzyloxy)pyr azin-2-yl)thiourea (9y)
Yellow oil, yield: 37%, HPLC purity: 7.63 min, 100%H NMR (400 MHz, CDC{) § = 4.99

(2H, d,J = 5.2 Hz, OCHPh), 5.56 (2H, s, OC#Ph), 7.29-7.33 (3H, m, ArH), 7.34-7.41 (4H, m,



ArH), 7.43-7.46 (2H, m, ArH), 7.62 (1H, d,= 3.2 Hz, ArH), 7.71 (1H, dJ = 3.2 Hz, ArH),
8.56 (1H, s, NH), 11.50 (1H, s, NH). HRMS (B9m/z calculated for H17CIN4OS: 385.0890

[M+H]*. Found 385.0896.

1-(3-(2-Chlor obenzyloxy)pyr azin-2-yl)-3-(3-chlor ophenyl)thiour ea (92)
Yellow oil, yield: 12%,'"H NMR (400 MHz, CDCJ) & = 5.60 (2H, s, OCkPh), 7.22-7.25 (1H,
m, ArH), 7.31-7.35 (3H, m, ArH), 7.44-7.49 (2H, AxH), 7.62 (1H, dJ = 7.6 Hz, ArH), 7.75-

7.76 (2H, m, ArH), 7.81 (1H, d,= 3.2 Hz, ArH), 8.63 (1H, s, NH), 13.09 (1H, s, NH)

4.2. Biological evaluation

4.2.1. Cdl culture

HT-22 (mouse hippocampal cells) cells were growrmulbecco’sModified Eagle’s Medium
(DMEM, GIBCO) supplemented with10% (v/v) FBS and antibiotics (100 pg/mL

penicillin/streptomycimix) in a humidified atmosphere at 37 °C with 5%CO

4.2.2. Protection against loss of mitochondrial membrane potential (JC-1 assay)

HT-22 cells (30,000 per well) were seeded intoemicB6-well plate (FALCON) at 200 uL per
well one day prior to assay. 750 uM of JC-1 (Sgatee) in DMSO stock solution was dissolved
into phenol red-free Opti-MEM (GIBCO) medium to neaknal concentration of 7.5 uM JC-1
per well. Medium was removed from the plate, an@ i@ per well of JC-1 was added. Plates
were incubated for 1 h and 15 min at 37 °C and eddwice with 100 uL per well PBS.
Subsequently, cells were treated with 25 pL sotutbeach compound at 5 uM in Opti-MEM

and incubated at 37 °C for 10 min followed by aidditof 25 pL of A3 (American peptide, 1—



42) solution at 5 uM. Fluorescence was measuredety 1 h for 3 h at ex/em 530 nm/580 nm
(‘red’) and ex/em 485 nm/530 nm (‘green’). Theoadf green to red fluorescence was recorded
and the percent changes in ratio from each compeuesreé calculated and normalized using

vehicle control as 100%.

4.2.3. Impact on level of ATP production (Luciferase-based assay)

10,000 HT-22 cells per well were seeded into arc8&awell plate (FALCON) at 200 pL per
well one day prior to assay. Medium was removethftbe plate, and cells were treated with 25
pL solution of each compound at 5 uM. Cells wermibbated at 37 °C for 7 h and washed twice
with PBS. Cells were lysed by using 1% Triton-X 1@0TBST buffer solution and protein
concentrations of each well were determined via Bftein determination kit (Thermo
scientific). Equal amount of cell lysates from eaehll were plated into a white 96-well plate
(NUNC) and the amount of ATP levels in each sampks determined by using ATP
determination kit (Invitrogen). The ATP levels ohal sample were subtracted with vehicle

control and percent inhibition were calculated lbase the ATP levels of the vehicle control.

4.2.4. Assessment of cytotoxicity (Cell viability MTT assay)

5000 HT-22 cells per well were seeded and treatedlmve described method. Cells were
incubated at 37 °C for 24 h. 10 pL of MTT soluti¢8-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, MTT, Sigma) was add@eéctly to each well and incubated at 37
°C for 2 h. After confirming the formation of bldermazan precipitates under microscope, 140
mL of solubilizing solution (10% Triton-X 100 inapropanol with 0.1 M HCI) was added to

each well and incubate for another hour at roomptFature. Absorbance at 570 nM was



measured and OD values from each well were subttastth vehicle control and cell viability

was calculated.

4.2.5. Protection against Ap-induced neurotoxicity

5000 HT-22 cells per well were seeded into a c8&awell plate (FALCON) at 20QL per well
one day prior to assay. Medium was removed fronpthte, and cells were treated with 25
solution of each compound at i and incubated at 37 °C for 10 min followed by iéidd of
25 uL of amyloid Beta (American peptide, 1-42) solutetn10uM. Cells were incubated at 37
°C for 24 h. 10uL of MTT solution (Thiazolyl blue tetrazolium brode, Sigma) was added
directly to each well and incubated at 37 °C foh.2After confirming the formation of blue
formazan precipitates under microscope, L#0of solubilizing solution (10% Triton-X 100 in
Isopropanol with 0.1 M HCI) was added to each va@lbwed by incubation for another hour at
room temperature. Absorbance at 570 nM was measurddOD values from each well were
subtracted with vehicle control and percent prad@civas calculated based on using the levels of
the vehicle control treated with amyloid Beta as @@l vehicle control using vehicle control

only as 100%.

4.2.6. Molecular Docking

The 3-D coordinates of human cyclophilin D-cyclospoA complex (pdb code2Z6W) was
downloaded from protein databank (http://www.rcstppoThe receptor was treated with protein
preparation tool applying default values as impleteé in Discovery Studio 4.0 (Accelrys, San
Diego, CA, USA). The binding site was defined based contacts of cyclosporin A with

cyclophilin D. Ligands were sketched as 2D struesuusing ChemBioDraw software then



converted into minimized 3D structures by Liganeégaration tool implemented in Discovery
Studio 4.0. CDocker algorithm (Discovery Studio )4.®@as used to perform docking
minimization of the ligands into the defined binglisite. The retrieved docked poses were
submitted toin situ ligand minimization within the binding pocket t@lculate the binding
energy and complex energy of each pose. The reselts visualized and analyzed using tools

implemented in Discovery Studio 4.0.
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Table 1. In vitro blocking activity of the new thioureas againgi-lkduced mPTP opening in
hippocampal neuronal cell line HT-22 (JC-1 assaygoae of 5 uM

1 2 Increase 1 2 Increase
gyl X R R g/r ratio (%5®° Spel XK R g/r ratio (%5
9 CH H ethyl 66.¢ 90 CH 2-Cl 4-methylpheny 13.C
9% CH H isopropy 45.2 9 CH 2-CI 1-naphthy 17.t
9c CH H tert-butyl 91.C 9g CH 3l tert-butyl 112.C
9d CH H benzy 75.% 9 CH 3-Cl 3-chloropheny 38.C
9¢ CH H 3-chloropheny 252 9s CH 3-Cl 4-methylpheny 26.C
9 CH H 4-methylpheny 23.c 9 CH 3-Cl 1-naphthy 26.C
9 CH H 1-naphthy 17.1 9u N 3F isopropy 43.1
h CH 3F ethyl 88.7 9 N 3F tert-butyl 28.1
9% CH 3F isopropy 86.C 9w N 3-F 4-methylpheny 4.€
9 CH 3F tert-butyl 123.¢ 9x N 2CI isopropy 56.2
9% CH 3-F 1-naphthy 16.7 99 N 2CI benzy B.&
9 CH 2Cl ethyl 94.1 9z N 2-ClI 3-chloropheny 30.¢
9m CH 2-Cl isopropy 31.7 CA - = = 46.0
9n CH 2-ClI 3-chloropheny 14.2

% 9% Increase of fluorescence-ratio (green/red) dfatment of each compound an@ With
regard to that of A alone (100%). See the text for more detailed mfion.
® All data are reported as the average of duplicates



Table 2. Results of evaluation of compounds-induced detation of mitochondrial energy
production and neuronal cells viability

Protection Protection
ATP Cell against A8 ATP Cell against 4
Cpd Production viability induced Cpd Production viability induced
(%) (%)° neurotoxicity (%) (%)° neurotoxicity
(%)° (%)°
% 68.0 ND* ND* 9s 94.5 96.2 22.8
of 66.0 ND* ND* ot 107.4 123.3 18.6
9g 65.0 ND¢ ND¢ 9v 99.7 100.8 13.2
9k 100.3 102.5 48.2 9w 101.5 96.4 69.3
om 93.7 99.3 -6.7 Qy 85.1 104.7 3.8
9n 102.7 115.7 22.7 9z 98.0 113.6 29.6
9 101.9 93.5 6.6 Piracetam 88 132 29.0
9 100.3 89.3 9.5 CsA ND° 90 ND¢
or 104.0 98.3 51.8

206 ATP production in hippocampal neuronal cell Iii€-22 calculated after 7 hours incubation
with 5 uM of each compound.

P 95 MTT-cell viability of hippocampal neuronal céithe HT-22 after 24 hours incubation with
at 5 uM of each compound.

¢ % hippocampal HT-22 cells remaining viable ifi-taduced cytotoxicity assay after 24 hours
of incubation with 5 pM concentrations of both § And each tested compound.

4 ND not determined.
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Fig. 1. Reported small molecules with mPTP inhibition atyi and Design of small molecules
mPTP inhibitorsvia replacing the linker, modifying the eastern moiatyl retaining pyridine or
replacement with isosteric pyrazine in the aromauicety.
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- Isopropyl
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P _— _— 5 - 3-Chlorophenyl
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10a: X=CH, Y= OH 11a: X=CH, R; =H 9a-7

10b: X=N, Y=Cl 11b: X=CH, R; =3-F

11c: X =CH, R; = 2-Cl
11d: X =CH, R; = 3-ClI
11e: X=N,R; =3-F
11f: X =N, R; = 2-Cl

Scheme 1. Reagents and conditions: (i) for derivativEfb—d: to 10a starting material: 1)
NaOH, HO, BwNBr, DCM, rt, 15 min. 2) appropriate benzylbromid@CM, rt, 18 h; for
derivativeslle-f: to 10b starting material: NaH (60% in mineral oil), appriate benzyl alcohol
derivative, DMF, 100 °C, 15 h. (ii) for aliphatitiiburea derivatives: appropriate aliphatic
isothiocyanate derivative, NaH (60% in mineral ,0lIHF, reflux, 518 h; for aromatic thiourea
derivatives: appropriate aromatic isothiocyanatevdéve, THF, reflux, 3-6 h.
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Fig. 2. Percentage increase in the fluorescence raticerifned) after treatment with tested
compounds and Rwith respect to that of f\alone (100%). Dashed line represents fluorescence
ratio of Cyclosporin A (CsA) used as a control.
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Fig. 3. The effect of 5 uM concentration of each testeshmound on ATP production and cell
viability, in addition to, the percentage of prdtee effect against neurocytotoxicity induced by
5 uM concentration of A



Fig. 4. Different Binding patterns of compou®w; A) Binding mode 1 subtype 1; in which the
aromatic ring of the benzyloxy moiety docks inte thydrophobic pocket 1. B) Binding mode 1
subtype 2; in which the central pyrazine ring dorks the hydrophobic pocket 1. C) Binding
mode 1 subtype 3; in which the eastern aromatietalocks into the hydrophobic pocket 1. D)
Binding mode 2; in which the hydrophobic pocketslvacant while compoun@w is docked
above it.



Fig. 5. The best poses of different binding modes of tiedficient mPTP blocker compourd;

A) Compound9c showing binding mode 2; in which the hydrophobiocket 1 is vacant while
compoundc is docked above it. B) Compoufd showing binding mode 1 subtype 1; in which
the aromatic ring of the benzyloxy moiety dockoitite hydrophobic pocket 1. C) Compound
9c showing binding mode 1 subtype 2; in which thet@@npyridine ring docks into the
hydrophobic pocket 1. D) Compoufd showing binding mode 1 subtype 3; in which theeras
hydrophobic moiety docks into the hydrophobic padke



Highlights

» Biological activity of seventeen compounds agak@tinduced mPTP opening was superior
to that of Cyclosporin A.

» DerivativesOw, 9r, and9k had safe profile regarding ATP production and celbility.

* Molecular modeling study predicted plausible bimdmodes explaining the elicited mPTP
blocking activity.

* This study suggests compoun@s, 9r, and9k as leads for further development of novel
therapy to Alzheimer’s disease.



