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Abstract

Herein, we report a new series of aliphatic sul&dt pyridyl-urea small molecules synthesized
as potential modulators for amyloid betgjAnduced mitochondrial dysfunction. Their blocking
activities against B-induced mitochondrial permeability transition pgrePTP) opening were
evaluated by JC-1 assay which measures the chahgeitechondrial membrane potential
(A¥m). The inhibitory activity of sixteen compounds agsi A3-induced mPTP opening was
superior or almost similar to that of the stand@ytlosporin A (CsA). Among them, 1-(3-
(benzyloxy)pyridin-2-yl)-3-(2-(piperazin-1-yl)ethylrea  (5x) effectively maintained
mitochondrial function and cell viabilities on ATéssay, MTT assay, and ROS assay. Using
CDocker algorithm, a molecular docking model préséra plausible binding mode 6k with
cyclophilin D (CypD) receptor as a major componehimPTP. Moreover, hERG and BBB-
PAMPA assays presented safe cardiotoxicity and @iy® bioavailability profiles fobx. Taken

as a whole, this report presents compobrds a new nonpeptidyl mPTP blockeay hold a

promise for further development of Alzheimer's dse (AD) therapeutics.

Keywords: Mitochondrial permeability transition pore (mMPTB)zheimer's disease (AD)3-

amyloid peptide (B), pyridyl-urea, molecular docking



1. Introduction

Neurodegenerative diseases, including Alzheimdssade, Parkinson's disease, amyotrophic
lateral sclerosis and Huntington’s disease, armapof neurological disorders characterized by
chronic, progressive and irreversible neuronal Iffl§s As world's population grows older
because of global increase in the life expectatiwyjncidence of neurodegenerative diseases is
anticipated to increase consequently [2, 3]. Thast fhas been reflected in Alzheimer’s
association report estimating the number of Alzlegisnpatients aged 65 or more in the US only,
to almost triple, from 5.1 million in 2015, to a.83million by 2050, with a rate of one new case

every 33 seconds [4].

While the number of population afflicted with nedemenerative disorders increases, effective
treatments are still lacking. However, over thetga® decades, better understanding of the
molecular mechanisms underlying neurodegeneratibereal opportunities to address new
approaches for developing novel therapeutic ageusibating these diseases [1, 5-8].
Mitochondrial dysfunction has been found to be gomaontributor in the pathogenesis and
prognosis of neurodegeneration [8-16]. Prolonge@&nop of mitochondrial permeability
transition pore (mMPTP) results in depolarizationmafochondrial membrane potential, loss of
homeostasis and NAD mitochondrial swelling and rupture of the outeitachondrial

membrane and finally release of apoptotic factads eell death [17-20].

Cyclophilin D (CypD) is a mitochondrial matrix péggl prolyl cistrans isomerase (PPI).
CypD-sensitive mPTP has been found in viable huim@mn mitochondria [21]. The role of

CypD in induction of mPTP opening leading to cedlath has been validated using CypD



knockout mice [22]. Also, Amyloig (AB) forms a complex with CypD which enhances mPTP
formation [23]. In addition, increased CypD levédias been found in Alzheimer's affected
neurons [24]. Furthermore, recent studies provedtbtective effect of CypD inhibitors against
neurodegeneration [25]. To the best of our knowdedgp-to-date, the immunosuppressant cyclic
peptide cyclosporin A (CsA) is the most significam®TP blocker [24]. Its action is mediatdd
inhibition of CypD. Unfortunately, because of itmmunosuppressant activity, as well as, its
poor bioavailability and low penetration througtodudl brain barrier (BBB), it is used only as a
probe in research [26]. Research resulted in cgolias A analogs devoid of immunosuppressant
activity such as NIM811 and UNIL025 [27, 28]. Ddspthis improvement, these analogs are
still far from clinical significance because of sidffects and inefficiency in crossing BBB. On
the other hand, few non-peptidic small moleculesehbeen reported as mPTP inhibitors.
Among seven quinoxaline derivatives, compoar(éigure 1) was the best selective inhibitor for
CypD over CypA with micromolar activity [29]. Howey;, to the best of our knowledge, there
are no reported further efforts to develop moreepbbr selective derivatives belonging to this
class of quinoxaline derivatives for modulationnoPTP. A series of compoun@s(Figure 1),
having 5-(halophenyl)furan-2-yl and substituted dayiin scaffolds linked through amide spacer
have been bond were found to inhibit calcium induo@tochondrial swelling, albeit with at
high micromolar concentration and low potency [30je lack of therapeutically effective small
molecule mPTP blockers stimulated our institute laanch a discovery project towards
identification of promising compounds. In this praj, oxime ether8 (Figure 1) were developed
based on an oxime ether hit compound retrieved Boraening of our institute chemical library
[31]. This class of compounds elicited reasonatiebition of AB-induced mPTP opening using

JC-1 assay. Assessment of their impact on cytoch®4b0 (CYP) enzymatic activities revealed



severe deterioration in CYP activity, which wousghdls to risks and complication of drug-drug
interactions and side effects. Also in this prgjextseries of compounds containing 1,2,3-
triazole spacer as a surrogate to oxime ether wergified [32]. In comparison to oxime ether
spacer in compounds; the triazole spacer seems to have a functionhamcing mPTP blocking
activity. In fact, 1,2,3-triazoles linkers are knows active linkers that might accept hydrogen

bonds, as well as, participate in dipole-dipole pnstacking interactions [33].
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Figure 1. Proposed design df-alkyl-N-2-(3-benzyloxypyridyl)urea derivativasa replacing the
linker, modifying the aliphatic moiety and incorpting heterocyclic pyridine ring in the

aromatic moiety.



As outlined in Figure 1, both of oxime ether in gmund3 and 1,2,3-triazole in compourd
link 2-benzyloxyphenyl aromatic moieties, with dladic 3-(N-substituted-piperidinyl) or 3N-
substituted-pyrrolidinyl) moieties, respectivelyui@Qoxaline compound (1) and furyl derivatives
(2) have also aromatic moieties linked with aliphaticieties through urea and hydrazide linkers
respectively. As previously mentioned, the linkeigiih have effect in enhancing the mPTP
activity. Also, it can be realized that both linken compound. and furyl derivative€ contain
hydrogen donor and acceptor groups while the Xria3ele linker in compound is lacking
hydrogen bond donation. In addition, the reporteatal structure of CsA-CypD complex (pdb
ID = 2Z6W) reveals hydrogen bonding interactionsMaen amide groups of CsA and Arg55,
Asnl102, Trp121 and His126. Accordingly, we envigidnhat installing a three atoms urea linker
might maintain the three atoms linker's length amaly participate in bindingia hydrogen
bonding interactions. Also in our design, we swaidHrom substituted aliphatic cyclic amines
moieties to different simple alkyl or cycloalkyl ayps to investigate the impact of simple
aliphatic moiety on activity. In addition, the plyéming was modified to assess the isosteric

heterocyclic pyridine ring for mPTP inhibition aaty.

2. Results and discussion

2.1. Chemistry

The target pyridyl-urea derivatives were preparedoreding to the sequence of reactions
depicted in Scheme 1. Commercially available stgrtnaterial 2-amino-3-hydroxypyridiné)(
was subjected to they3 displacement with various benzyl bromides undeidconditions to
give 3-(benzyloxy)pyridin-2-amine derivativega-f) which upon addition to various aliphatic
isocyanates afforded compounBa-r and 5s-w. 2-Chloroethyl ureas56 and 5w) have been

used as intermediates to prepare the piperaziryletbas $x and5y).
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Scheme 1.Reagents and conditions: (i) 1) NaOHy(G{ BwuNBr, DCM, rt, 15 min, 2)
appropriate benzylbromide, DCM, rt, 18 h; (ii) apprate isocyanate derivative, NaH (60% in
mineral oil), THF, reflux, 518 h; (iii) 2-chloroethyl isocyanate, DIPEA, THF, reflux, 18(iv)

piperazine, KCOs;, acetonitrile, reflux, 20 h.

2.2. Biological evaluation

2.2.1. JC-1 assay (Mitochondrial membrane potential assay)

The ability of the synthesized compounds to inhibé& mitochondrial membrane potential loss
has been evaluated using JC-1 assay [34, 35]idrasisay, JC-1 which is a lipophilic fluorescent
cationic dye is used as indicator for mitochondmaémbrane potential. If mitochondrial
membrane potential is maintained or recoveredyring red fluorescent J-aggregates. This red
fluorescence is converted into green fluorescenoenvthe mitochondrial membrane potential is
lost. The ratio of green to red fluorescence allothe measurement of the percent of
mitochondria whose membrane is affected b-idduced mPTP opening. Accordingly, the
lower increased green to red ratio, the more affesess of the tested compound to block the
AB-induced mPTP opening. The ratio of green to reawréiscence is dependant only on
mitochondria membrane potential and is not affetgdther factors such as mitochondrial size

or shape rendering the test highly specific. Tisailts of the prepared compounds is summarized



in Table 1 and visualized in Figure 2. In the ceuds this test, the activity to block theA
induced mPTP opening was evaluated at a single@ws=entration of 5 uM. CsA was used as a
positive standard where it exerted 46% of increageen to red ratio. As shown in Figure 2,
sixteen compounds exhibited inhibitory activity stpr or almost similar to that of the standard
CsA. Three of these compounds showed high effigiextibiting increased ratio of green to red
less than 20%. Among the tested compounds, foupoands exhibited weak or non significant
inhibitory activity ranging from 64~94%. Finally v compounds did not show any reduction in
increased green to red ratio. In contrast, theybéed elevation of the increased green to red
ratio. It is noted that the most potent compoumdiead serieS and4 elicited 41% and 13%

respectively.

Further investigation of the JC-1 assay outcomeakd mixed results. For example, while
unsubstituted benzyloxy derivati bearingtert-butyl as the aliphatic moiety elicited potent
activity with increased green to red ratio of 23f#te unsubstituted benzyloxy derivatia
bearing cycloheptyl moiety did not show any intobyt activity. In contrast, the 3-
chlorobenzyloxy derivativebl bearing tert-butyl as the aliphatic moiety did not show any
reduction in increased green to red ratio, whie diicloheptyl derivativ®j bearing the same 3-
chlorobenzyloxy moiety elicited activity comparalethat of CsA. In the same event, all of the
cycloheptyl derivatives 5m and 5j) and tert-butyl derivatives %0 and 5r) bearing 4-
chlorobenzyloxy and 4-flourobenzyloxy moieties espvely, showed nearly similar or superior
to that of CsA. These results indicate that sustigeoelectronic variations to have significant

impact of the elicited biological activity.



Table 1.In vitro blocking activity of the new ureas againgb-taduced mPTP opening (JC-1
assay) at single dose concentration of 5 uM.

Increased Increased
Cpd R; R, g/r ratio Cpd R R, g/r ratio
(%) (%)°
5a H cycloheptyl 130 5n 4-Cl ethyl 94
5b H tert-butyl 23 50 4-Cl tert-butyl 35
5c 3-F cycloheptyl 91 5p 4-F cycloheptyl 28
5d 3-F 1,1,3,3-tetramethylbutyl 31 509 4-F ethyl 127
5e  3-F ethyl 14 5r  4-F tert-butyl 49
5f 3-F tert-butyl 44 5s H = 169
59 2-Cl cycloheptyl 41 5t  3-Cl = 73
5h 2-Cl 1,1,3,3-tetramethylbutyl 21 5u 2-Cl = 41
5i 2-Cl ethyl 49 5v  4-Cl = 131
5 3-Cl cycloheptyl 46 5w 4-F = 64
5k 3-Cl 1,1,3,3-tetramethylbutyl 50 5x H = 16
51  3-Cl tert-butyl 176 5y 3-Cl = 48
5m 4-Cl cycloheptyl 19 CsA - = 46

% 9% Increase of fluorescence-ratio (green/red) dfesatment of each compound an@ With
regard to that of A alone (100%). See the text for more detailed mfdron.
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Figure 2. Percentage increase in the fluorescence ratieefgred) after treatment of each
compound and B with respect to that of fAalone (100%). Y-axis represents the percent of
increased green to red fluorescence ratio of eantpound. Dashed line represents the percent
of increased green to red fluorescence ratio ol@porin A (CsA) used as a control.



2.2.2. ROS production and MTT cell viability assay

In drug discovery processes, it is beneficial tdqren a frontin vitro testing of toxicities. This
would enable early detection and exclusion of pidérioxic molecules; thus reducing the
number of unfavorable compounds and focusing effort the more likely safe candidates.
Accordingly, the intrinsic ability of a set of theost active compounds in JC-1 assay to induce
production of reactive oxygen species (ROS) anatoxicity was assessed in neuro-2a cells
using 10-dose 3-fold serial dilutions. As Table lbws, all tested compounds did not show
significant increase of hydrogen peroxide levelstaia dose of 10 uM concentration which is
double the dose used in JC-1 assay. In comparaoil0 UM concentration, the standard
menadione elicited approximately seven times-eienatif hydrogen peroxide level with 4g=
2.688 uM. This indicates that these compounds cemlitice ROS formation which is an
important consideration in assessment of toxicity.addition, almost all tested compounds
exhibited excellent cell viability in cytotoxicitiests using MTT assay with doses up to 10 uM
concentration. At this dose, the standard stauraspelicited only 1.3% viability with 16 =
0.0113 pM.

Table 2.Results of induction of ROS production and cytotgyiup to 10 uM concentrations

ROS MTT viability® ROS MTT viability

Cpd Fold of HO, IC. b % ICb Cpd Fold of H,0O, IC b % IC. b

Productioft % viability® %0 Productioft % Viability® %0
5b 0.92 >10 106.1 >10 50 0.91 > 10 93.1 >10
5d 1.02 >10 101.4 >10 6p 0.91 > 10 93.2 >10
5e 1.14 > 10 96.6 > 10 5x 0.97 >10 101.8 >10
5f 0.94 > 10 95.8 >10 Menadione 6.94 2.688
5m 1.15 >10 8525 >10 Staurosporine 13 0.0116

®Folds of produced ¥D, by neuro-2a cells after 6 hours incubation withuM concentration of
each compound relative to non-treated.

b |Cspexpressed in M concentration.

“% Viability of neuro-2a cells after 72 hours inctiba with10 uM concentration of each

compound.



2.2.3. Assay for cellular ATP levels (Luciferase-based aag)

To identify likely-safe and promising compounds forther testing and development, the next
filter in the adopted discovery workflow was ratidimed on that promising compounds should
not impair ATP production, and preferably, protaeurons against hinduced impairment of
ATP production. This is because a main role for riieochondria is the production of ATP.
Candidates able to block detrimentaB-faduced mPTP opening should eventually repair
mitochondrial dysfunction by promoting ATP geneavati A luciferase-based assay for cellular
ATP levels was carried out to validate the effdcdalected set of the most active compounds on
mitochondrial function [36]. As shown in Table 3nang the tested compounds, compoublols
and>5x, bearing unsubstituted benzyloxy group, possekggubst inhibitory activity againstfA
induced ATP reduction as well as reasonable cability, which are comparable to those of

piracetam. Thus, compounflb and5x were advanced to further investigations.

Table 3. The result of ATP assay of the tested compounds

Cpd  ATP Viability? % Recovery Cpd ATP Viability® % Recovery
5b 103 72 50 104 13

5d 30 -140 6p 99 40

5e 102 41 5x 78 87

5f 129 45 Piracetam 88 127

5m 105 47

2% Viability of hippocampal neuronal cell line HT-22as calculated based on ATP production
after 7 hours incubation with 5 uM of each compaund

96 Recovery of ATP production by pAsuppressed mitochondrial ATP production in
hippocampal neuronal cell line HT-22 after 7 haaubation with 5 uM of each compound.
2.2.4. Protection against A-induced ROS production and cytotoxicity

AP induces cytotoxicityvia multiple mechanisms, and furthermore, the exaft tAxic

polymorph and species are still controversial [2]7-Despite these controversies about the

mechanisms of Prinduced cytotoxicity, protection againstpAnduced cytotoxicity is a



desirable feature for development of an effectiveh&imer's disease therapy. Accordingly,
assays of the overall protective activity of prgggacompounds againsf3Anduced cytotoxicity
were incorporated in the adopted workflow. NextJ©-1 assay, compound’s triggered ROS
production and cytotoxicity assay, and the luc#erdased ATP assay; subsequent filters were
applied to test the capability of compounds fort@ection of hippocampal neuronal cells against
AP induced ROS production and cytotoxicity. In thegard, MTT assay was carried out to
evaluate the mitochondrial dehydrogenase actigtwall as a CM-EDCFDA-fluorescent assay
to measure the cellular reactive oxygen speciesS)R®@sulting from A toxicity [43, 44]. As
listed in Table 4, compoun8x reduced A-induced toxicity in the MTT assay with 81%
compared to 29% of the standard piracetam. It eddoced A-induced ROS production with
97% inhibition value. These data suggested thatpoamd 5x as a potential mPTP blocker
maintaining mitochondrial function and cell viabyli

Table 4.Results of MTT assay, ROS assay and BBB diffusgsag of5b and5x

% Inhibition of AB- % Inhibition of AB- Effective Permeability

Compound % Viability”

induced RO% induced cytotoxicit§ P. (10° cm/sec)
5b 95 92 11 45.14
5x 97 133 81 20.63
Piracetam 129 132 29
Progesterone 48.81
Lidocaine 26.56
Theophylline 0.29

@Percent inhibition of -induced ROS production bypAtreated hippocampal cell line HT-22
after 6 hours incubation with 5 uM of each compound

Pog Viability of hippocampal cell line HT-22 after 2vurs incubation with at 5 uM of each
compound.

“% Viability of Ap-suppressed hippocampal cell line HT-22 after 2dr&iincubation with at 5
UM of each compound.

9 Effective permeability¥.) was measured at 50 uM concentrations after 4shafypassive
diffusion using Pion PAMPA-BBB.

2.2.5. Parallel artificial membrane permeability assay (atificial BBB diffusion assay)



Molecules to be developed for treatment of CNSrdies must be able to overcome the natural
obstacle of blood brain barrier (BBB) to reach thactions targets within CNS. Without
appropriate capacity to penetrate BBB, vitro active candidates would be uselessvivo.
Therefore, compoundsb and5x were submitted for evaluation of their tendencgnass blood-
brain barrier using parallel artificial membranerpeability assay (PAMPA) [45, 46]. Three
standard drugs were used for calibration and comsgrar The following effective permeability
(P) ranges were established in this assay: no peioetraf BBB (R < 0.4x10° cmi/sec),
penetration of BBB (P> 0.4x10° cm/sec), low CNS bioavailability (R 10x10° cm/sec), and
high CNS bioavailability (> 10x10° cm/sec). As shown in Table 4, theophylline whicloghp
diffuse across BBB, had measured effective perniigabBi. = 0.29x1¢ cm/sec, while lidocaine
and progesterone which highly cross BBB had effecpermeability of P= 26.56x1¢ and
48.81x10P cm/sec respectively. In comparison, compous¥sand5b had measured effective
permeability R = 20.63x1¢ and 45.14x18 cm/sec respectively indicating their high CNS

bioavailability.

2.2.6. Molecular Modeling Study

As mentioned before, CypD is a mitochondrial pgptaiolyl cis-transisomerase PPI that plays
an important role in mPTP opening and loss of mamdpotential [22]. The cyclic polypeptide
CsA effectively binds and inhibits CypD. Investigat of the reported crystal of human CypD-
CsA complex (pdb ID = 2Z6W) reveals hydrophobicemttions as the major contributor in
binding [47]. CypD residues interacting with bou@dA can be differentiated into distinctive
regions. First, there is a hydrophobic pocket Imfedl by residues Met61, Alal0l, Phells,

Leul22 and His126. In this pocket, the CsA's mettiegl valine residue (Mvall) elegantly fits.



A saddle formed of GIn63 and Asn102, separatesgidckrom another less hydrophobic pocket
2 in which the CsA'si-amino-butyric acid residue (Aba2) is interactinghwGIn111 and Gly72.

On the other side next to pocket 1, there is deited hydrophobic surface formed of Phe60,
lle57 and Trpl21, with which the side chain of GsMiethylated leucine residue (Mle9) is
interacting. In addition, side chain of the 4-(2dnyl)-4-methylthreonine residue (Bmtl) shows
hydrophobic interaction with a nearby Alal03 residiHydrogen bonding interactions are
observed mainly with amino acids GIn63 and Asni0the saddle region, Arg55 and His126 at

the edge of pocket 1, and Trp121 in the flattengttdphobic surface next to pocket 1.

In order to understand the outcome of mitochondni@mbrane potential assay, molecular
modeling study was conducted to get insights iheorholecular factors that might underlie the
observed biological activity. A set of most effeetimPTP blockersb, 5d, 5¢ 5h, 5m, 50, 5p,
and5x) and another set of ineffective mPTP blockéis 5c, 51, 5n, 59, 5s and5v) were docked
into the reported crystal structure of human Cyp8b(ID = 2Z6W) after appropriate preparation
of receptor and ligands. The CHARMmM force field dxhsdocking CDocker algorithm
implemented in Accerlys Discovery Studio 4.0 wasduas a flexible docking method to predict
the binding mode of different ligands to CypD [48his algorithm is characterized by
employing explicit all-atoms CHARMmM force field calations which outperforms algorithms
based on grid-based approximations in accurateiqui@a of correct pose. The resulting poses
were further refined byn situ minimizations and the binding energies and conggdeanergies
were calculated. Selection of the most probabl&ibgn modes was based on these calculated

energy terms.



The predicted binding modes for this series of coumgls can be generally grouped under two
broad binding modes. The first one, which is maefgrable by active ligands, is characterized
by part of ligand being bound within the hydroplobiocket 1 eliciting interactions with the

residues forming this pocket. On the other hand,sticond mode, which is more prevalent in
inactive ligands, shows no binding within this hyplnobic pocket 1. Instead, the docked ligand

tends to flip out of binding pocket 1 exhibitinghdiabove the pocket.

The different binding modes for the most effectm®TP blockebe are illustrated in Figure 3.

Out of twenty retrieved different poses, compousalelicited nineteen poses belonging to
general mode 1 and only one pose belonging to geneayde 2. The energy terms for binding
mode 1 in the best calculated pose were estimaté@ t52.55 kcal/mol for binding energy, -
49.77 kcal/mol for total binding energy and -2933.Rcal/mol for complex energy. In

comparison, the energy terms for only one deteptes® belonging to general binding mode 2
were -44.99 kcal/mol for binding energy, -38.22|koal for total binding energy and -2929.09
kcal/mol for complex energy. Total binding posefhging to mode 1, which were superior to
binding mode 2, are eight poses in terms of binéingrgy, nine poses in terms of total binding
energy and eight poses with in terms of complebilsa This indicates a high tendency of

compoundbeto bind in mode 1 rather than mode 2.



Figure 3. Different Binding modes of compouad A) Binding mode 1 subtype 1; in which the
pyridine ring docks into the hydrophobic pocketB).Binding mode 1 subtype 2; in which the
aliphatic moiety docks into the hydrophobic pockeC) Binding mode 1 subtype 3; in which
the aromatic ring of the benzyloxy moiety docksoitihe hydrophobic pocket 1. D) Binding
mode 2; in which the hydrophobic pocket 1 is vacamte compoundeis docked above it.
Within the general binding mode 1, three differenb-modes were identified. As shown in
Figure 3A, in binding mode 1 subtype 1, the arompiridine ring docks into the hydrophobic
pocket 1. This subtype of mode 1 was detected verseut of the eight poses having energy
terms superior to binding mode 2. The best poserims of energy belongs to this subtype of
binding mode. In this pose, the pyridine ring igdlved in interactions with residues of pocket 1

forming pi-pi T-shaped interaction with Phe113afkyl interaction with Ala101 and Met61 and

pi-cation interaction with Arg55 and His126. Thesarinker is involved in hydrogen bonding



interactions with Arg55. The aliphatic ethyl moiesydirected towards the hydrophobic surface
adjacent to pocket 1. The benzyloxy moiety is imedl in two non-classical hydrogen bonding
interactions between Asnl102 and GIn63 in the sadatheon with benzylic hydrogen and the
aromatic ring respectively. Fluorine substitutiom the benzyloxy ring is involved in halogen
interaction with side chain of Arg55. It should beted that poses belonging to this subtype
shared the criteria of pyridine ring docked inte pocket, albeit, it was rotated within the pocket

resulting in different orientations of benzyloxydaaliphatic urea groups.

In subtype 2 of binding mode 1(Figure 3B), whicls lneen detected in five poses, the aliphatic
moiety is docked into the hydrophobic pocket 1. fiXesthe calculated energy terms of the best
scoring pose in binding mode 1 subtype 2 (-45.5/&wl for binding energy, -43.30 kcal/mol
for total binding energy and -2931.64 kcal/mol domplex energy) are much less favorable than
that for the best performing pose in binding modsubtype 1, it is still energetically more
favorable than mode 2, especially in terms of tbiatling energy and complex energy. Although
the docked aliphatic ethyl moiety into the hydropiegoocket, the more pronounced interactions
were benzyloxy moiety pi-cation interactions witlhg&5, non classical pi-hydrogen bond with
GIn63, pi-alkyl interaction with Alal01, halogendrnggen bond with NH of Asn102, halogen-
acceptor interaction with CO of Asn102, and Hydrogend with His126. The urea linker was

involved in hydrogen bonding interaction with Arg55

In subtype 3 of binding mode 1 (Figure 3C), whichks lbeen detected only in one pose, the
benzyloxy moiety is docked into the hydrophobickeicl. The most pronounced interactions in

this mode are two pi-cation interactions betweamploxy ring with Arg55 and His126, pi-alkyl



interaction of benzyloxy ring with Alal01, halogewcceptor interaction of fluorine atom on
benzyloxy ring with GIn63, pi-alkyl interaction pfridine ring with Ala103, and hydrogen bond
of urea with Gly72. The calculated energy termsl.@8 kcal/mol for binding energy, -27.97
kcal/mol for total binding energy and -2917.78 kel for complex energy) indicate that mode

1 subtype 3 is energetically much less favored #ibof mode 2 and other mode 1 subtypes.

Binding mode 2 is illustrated in Figure 3D. Thiode, which has been detected only in one
pose, is characterized by unoccupied hydropholbi&gtdl. The ligand in this mode docks above
the pocket. The most pronounced interactions is thode are hydrogen bonds between urea
with Arg55, benzylic hydrogens with Asn102, anddgg@n-hydrogen bond between the fluorine
with His126. Considering all of previously mentignkinding modes in conjunction with their
calculated energy terms, the potent activity of poond 5e can be attributed to dominating

binding mode 1 subtype 1.

Similar analysis of calculated binding modes of #hetive and inactive sets revealed the
anticipated binding modes behind the biologicafqgrenance of tested compounds for blocking
mPTP. For example, the high efficiency of compo&mxdio block mPTP was attributed to a

variant of binding mode 1 subtype 3 (Figure 4A)enhthe benzyloxy group is docked into the
hydrophobic pocket 1. In this variant, the pyridylg is facing the hydrophobic surface adjacent
to the hydrophobic pocket 1, and the urea linkenglwith the ethyl chain are extended to direct
the piperazine ring towards the less hydrophobickpbwhich in turn shows interactions non-

classical and classical hydrogen bonding interastioetween Gly72 in the pocket and Asn102

in the saddle with piperazine ring. Other pronouhageractions are non-classical hydrogen



bond interactions of hydrogens in ethyl chain w63 in the saddle, classical hydrogen
bonding interactions between Arg55 and urea lirdaed pyridyl's nitrogen, pi-alkyl interactions
of benzyloxy ring with both of Leul22 and Alal0h, addition to pi-cation interaction with
His126. It is noted that there is pi-lone pair ratdion between the benzyloxy ring and the
oxygen atom in the urea linker which contributeghe stabilization of this bent conformation.
The calculated energy terms (-66.38 kcal/mol fardiig energy, -52.28 kcal/mol for total
binding energy, and -2930.12 kcal/mol for compleergy), along with elicited binding mode,

provide a good explanation for the high efficiedyhis ligand in blocking mPTP.

Arg55




Figure 4. The most favorable binding modes of selected @kesnof active ligands. A)
Compound5x binding mode 1subtype 3 in which the benzyloxy moiety is docked into the
hydrophobic pocket 1. B) Compouradh binding mode 1 subtype 1, in which the pyridine is
docked into the hydrophobic pocket 1 with 90° rotatwithin the pocket. C) Compourish
binding mode 1 subtype 1, in which the pyridine is docket ithe hydrophobic pocket 1 D)
Compound5m binding mode 1subtype 2 in which the cycloheptyl ring is docked into the
hydrophobic pocket 1.

The most probable binding modes for selected exesngl active compounds from the docked
active set are displayed in Figure 4. As illustiat€ompound$b and5h elicit their activities
via different variants of binding mode 1 subtype 1e Ryridine rings of the two docked ligands
show 90° rotation within the hydrophobic pocketradation to each other. Accordingly, the
aliphatic moiety and benzyloxy moiety occupy difflet orientations. Also, as illustrated,

compound5m elicit activity through a variant of binding modesubtype 2. In this case, the

cycloheptyl ring of the ligand is docked into thedhophobic pocket 1.

Application of this protocol of docking and anab/db the set of inefficient mPTP blockers
revealed general dominance of binding mode 2. Atingty, it can be anticipated that this mode
might be responsible for their observed inefficieas mMPTP blockers. As Figure 5A illustrates,
in some compounds exemplified by compo&agdbinding mode 2 dominates exclusively. While
in some compounds, exemplified by compousdwith very weak blocking activity (91%
increased green to red in JC-1 assay), both bindiade 1 subtype 1 (Figure 5B) and mode 2
(Figure 5C) were detected in close calculated gnengns for both modes (for mode 1 subtype
1, -54.34 kcal/mol for binding energy, -50.54 koadl for total binding energy and -2926.6
kcal/mol for complex energy; for mode 2, -52.23|koal for binding energy, -48.04 kcal/mol

for total binding energy and -2925.59 kcal/mol domplex energy).



Figure 5 The most favorable binding modes of selectedfigieht mPTP blocker; A)
Compoundba binding mode 2, in which no binding within the hgghobic pocket is observed.
B) Compound5c binding mode 1 subtype 1, in which pyridine ring docked into the
hydrophobic pocket. C) Compourit binding mode 2, in which the hydrophobic pocket is
vacant.

The current modeling study revealed clearly distislgable binding modes that can provide an
explanation for the observed activity of the testedes of 3-((benzyloxy) pyridin-2-yl) aliphatic

urea derivatives.

2.2.7. hERG K™ channel binding affinity (Cardiotoxicity measurement)



Recently some small molecules were withdrawn fréra market because they induced the
prolongation of the QT interval of the surface #&lecardiogram (ECG) by blocking the human
ether-a-go-go related gene (hERG) potassium chaBloelkade of the hERG channel is a
significant hurdle in lead optimization activity @uo its potential cardiotoxicity [49, 50]. Thus,

we measured the hERG affinity of compouind The test demonstrated an excellent resul(IC

value > 28.7 uM), which means that the compoundeunest doesn’t have blockage activity
towards the hERG channel and then it is consida®dafe compound with regard to the

potential cardiotoxicity.

3. Conclusion

In this study, compoun8ix has been discovered as a new mPTP modulatoregfigiprotecting
mitochondria against A\ induced mitochondrial membrane depolarizatiorelitited goodin
vitro profile with regard to the assays associated mitbchondrial functions and cell viabilities.
Moreover, thein silico study provided rational explanation of the obsdraetivity. In vitro
cardiotoxicity test obx showed promising results. Therefore, compobrda potential mPTP

blocker, may serve as a good lead for further agprakent of new AD therapeutics.

4. Experimental

4.1.Chemistry

General: All reactions and manipulations were pend in nitrogen atmosphere using standard
Schelenk techniques. The reaction solvents purdniasm Aldrich Co., TCI and Alfa and used
without any other purification. The NMR spectra e@btained on Bruker Avance 300 or 400.

'H NMR spectra were referenced to tetramethylsifare 0.00 ppm) as an internal standard and



are reported as follows: chemical shift, multigiic{br = broad, s = singlet, d = doublet, t =
triplet, dd = doublet of doublet, m = multipletfC NMR spectra were referenced to the residual
CDCl; (6 = 77.0 ppm). Column chromatography was performadMerck Silica Gel 60
(230-400 mesh) and eluting solvents for all of ghebromatographic methods are noted as
appropriated-mixed solvent with given volume-towok ratios. TLC was carried out using
glass sheets pre-coated with silica gel 68, purchased by Merk. The purity of samples was
determined by analytical HPLC using a Waters ACQUITPLC (CORTECSY) with C18
column (2.1 mm x 100 mm; 1.6 pm) at temperaturé @OHPLC data were recorded using
parameters as follows: 0.1% formic acid in wated &1% formic acid in methanol, 30/70
gradient in 10 min, and flow rate of 0.3 mL/min.gHiresolution spectra were performed on
Waters ACQUITY UPLC BEH C18 1.7u-Q-TOF SYNAPT G2-BHigh Definition Mass

Spectrometry.

4.1.1. General procedure of 3-(benzyloxy)pyridin-2-amine drivatives (7a-f)

Sodium hydroxide (6 g, 0.15 mol) was dissolved imtev (10 mL) and mixed with
dichloromethane (15 mL). 2-Amino-3-hydroxy pyridi(® 3 g, 27.24 mmol) was added to the
reaction mixture in portions, under stirring, folled by the catalyst, tetrabutylammonium
bromide (156 mg, 0.48 mmol). The reaction mixturasvetirred for 15 min at 25-30 °C, and
treated with a solution of the appropriate benzyinide derivative (5.4 g, 28.61 mmol) in
dichloromethane (10 mL). The reaction mixture wasesl 18 h at 25 °C and then diluted with
water (15 mL). The organic phase was separated,tl@@dqueous phase was extracted with
dichloromethane. The organic extracts were combinaghed with water and brine, dried over

sodium sulfate, filtered and evaporated under reduyaressure. The residue was purified by



column chromatography (S¥OEA/n-Hex = 1/2). FoB-(benzyloxy)pyridin-2-amin€a, it has been

purchased from Alfa Aesar Co.

3-(3-fluorobenzyloxy)pyridin-2-amine (7b)

Light pink solid, yield: 70%H NMR (400 MHz, CDC}) & = 4.68 (2H, brs, Nb), 5.06 (2H, s,
OCH,Ph), 6.58 (1H, ddJ = 5.1 Hz, 7.8 Hz, ArH), 6.93 (1H, dd,= 1.1 Hz, 7.8 Hz, ArH), 7.04
(1H, td,J = 2.4 Hz, 8.4 Hz ArH), 7.14 (1H, dd,= 2.0 Hz, 9.4 Hz, ArH), 7.18 (1H, d,= 7.6

Hz, ArH), 7.36 (1H, td) = 5.8 Hz, 8.0 Hz, ArH), 7.69 (1H, dd= 1.3 Hz, 5.1 Hz, ArH).

3-(3-chlorobenzyloxy)pyridin-2-amine (7¢)
Light yellow solid, yield: 66%M NMR (400 MHz, DMSOds) 5 = 5.13 (2H, s, OCHPh), 5.72
(2H, brs, NH), 6.47 (1H, ddJ = 5.0 Hz, 7.7 Hz, ArH), 7.07 (1H, d,= 7.8 Hz, ArH), 7.37-7.47

(3H, m, ArH), 7.51 (1H, dd]J = 1.2 Hz, 5.0 Hz, ArH), 7.58 (1H, s, ArH). Repor{éd].

3-(2-chlorobenzyloxy)pyridin-2-amine (7d)

Yellow solid, yield: 88%,"H NMR (400 MHz, CDCJ) § = 4.73 (2H, brs, Nb), 5.18 (2H, s,
OCH,Ph), 6.59 (1H, ddJ = 5.1 Hz, 7.8 Hz, ArH), 6.96 (1H, d,= 7.8 Hz, ArH), 7.27-7.31 (2H,
m, ArH), 7.40-7.43 (1H, m, ArH), 7.46-7.48 (1H, wH), 7.69 (1H, d,J = 5.0 Hz, ArH).

Reported [51].

3-(4-chlorobenzyloxy)pyridin-2-amine (7e)



Yellow solid, yield: 53%,"H NMR (400 MHz, CDCJ) § = 4.66 (2H, brs, Nb), 5.03 (2H, s,
OCH,Ph), 6.59 (1H, ddJ = 5.1 Hz, 7.8 Hz, ArH), 6.93 (1H, dd,= 1.3 Hz, 7.8 Hz, ArH),

7.29-7.46 (4H, m, ArH), 7.69 (1H, dd= 1.3 Hz, 5.1 Hz, ArH). Reported [52].

3-(4-fluorobenzyloxy)pyridin-2-amine (7f)

White solid, yield: 26%H NMR (400 MHz, CDCJ) & = 4.64 (2H, brs, Nb), 5.02 (2H, s,
OCH,Ph), 6.59 (1H, ddJ) = 5.1 Hz, 7.8 Hz, ArH), 6.93 (1H, dd,= 1.1 Hz, 7.8 Hz, ArH), 7.08
(2H, t, J = 8.7 Hz, ArH), 7.37-7.40 (2H, m, ArH), 7.68 (1Hd,dJ = 1.3 Hz, 5.1 Hz, ArH).

Reported [51].

4.1.2. General procedure of urea compounds (5&)

2-amino-3-benzyloxy pyridine derivative (0.85 mmahd sodium hydride (60% in mineral oil,
68 mg, 1.71 mmol) was dissolved in dry THF (5 maliphatic isocyanate derivative (1.02
mmol) was added to the reaction mixture. The reactvas refluxed for 5-18 h. After cooling,
the reaction mixture was evaporated and the residas purified by flash column

chromatography (Si§) EA/n-Hex = 1/4) to afford the title final compoun8a-r.

1-(3-(benzyloxy)pyridin-2-yl)-3-cycloheptylurea (5a

White solid, yield: 80%, mp: 111-112 °C, HPLC pwri8.97 min, 92.14%H NMR (400 MHz,
CDCl) 6 = 1.56-1.66 (10H, m, 5CHi 1.95-2.00 (2H, m, C}), 4.01-4.03 (1H, m, CH), 5.09
(2H, s, OCHPh), 6.76-6.79 (1H, dd = 5.1 Hz, 8.0 Hz, ArH), 7.06 (1H, d,= 8.0 Hz, ArH),
7.33 (1H, s, NH), 7.35-7.39 (5H, m, ArH), 7.76 (1H,) = 5.1 Hz, ArH), 9.53 (1H, s, NH)*C

NMR (100.6 MHz, CDGJ) s = 24.05, 28.01, 35.18, 50.70, 70.66, 116.04, 8,7127.74,



128.63, 128.86, 135.26, 137.09, 141.29, 144.52,9863HRMS (ES): m/z calculated for

CooH2sNz05: 362.1845 [M+Na]. Found 362.1846.

1-(3-(benzyloxy)pyridin-2-yl)-3-(tert-butyl)urea (5b)

White solid, yield: 21%, mp: 78-79 °C, HPLC purity:90 min, 99.54%'H NMR (400 MHz,
CDCl) & = 1.44 (9H, s, 3CH), 5.09 (2H, s, OCkPh), 6.77 (1H, ddj = 5.1 Hz, 8.0 Hz, ArH),
7.05 (1H, ddJ) = 1.3 Hz, 8.0 Hz, ArH), 7.23 (1H, s, NH), 7.35-7 (&, m, ArH), 7.74 (1H, dd,
J=1.3 Hz, 5.1 Hz, ArH), 9.46 (1H, s, NHY’C NMR (100.6 MHz, CDG)) § = 29.18, 50.42,
70.60, 115.90, 117.31, 127.64, 128.58, 128.83,3339.37.02, 141.20, 144.59, 153.60. HRMS

(ES"): m/z calculated for GH»:N30,: 322.1532 [M+Nal]. Found 322.1529.

1-(3-(3-fluorobenzyloxy)pyridin-2-yl)-3-cycloheptyurea (5c)

White solid, yield: 71%, mp: 186-189 °C, HPLC pyri8.30 min, 94.48%H NMR (400 MHz,
CDCl) 6 = 1.57-1.68 (10H, m, 5GH| 1.95-2.01 (2H, m, C}), 4.02-4.04 (1H, m, CH), 5.08
(2H, s, OCHPh), 6.78 (1H, ddJ = 5.1 Hz, 8.0 Hz, ArH), 7.03 (1H, dd,= 1.3 Hz, 8.0 Hz,
ArH), 7.06-7.09 (2H, m, ArH), 7.16 (1H, d= 7.7 Hz, ArH), 7.31 (1H, s, NH), 7.34-7.39 (1H,
m, ArH), 7.78 (1H, ddJ = 1.3 Hz, 5.1 Hz, ArH), 9.51 (1H, s, NH)*C NMR (100.6 MHz,
CDCl) 6 = 29.59, 36.54, 42.02, 42.58, 51.09, 69.81, 114162= 22.0 Hz), 115.56J¢.= 21.0
Hz), 115.79, 117.34, 122.96, 130.5.£= 8.1 Hz), 137.29, 137.75, 140.96, 144.63, 153.12,
162.96 (c.r = 245.9 Hz). HRMS (ES: m/z calculated for GH,1N3O»: 396.2836 [M+K].

Found 396.2121.

1-(3-(3-fluorobenzyloxy)pyridin-2-yl)-3-(2,4,4-trimethylpentan-2-yl)urea (5d)



White solid, yield: 18%, mp: 107-111 °&4 NMR (400 MHz, CDCJ) & = 1.05 (9H, s, 3CH),
1.49 (6H, s, 2CH), 1.82 (2H, s, Ch), 5.07 (2H, s, OCHPh), 6.77 (1H, ddj = 5.1 Hz, 7.9 Hz,
ArH), 7.02 (1H, ddJ = 1.2 Hz, 7.9 Hz, ArH), 7.04-7.09 (2H, m, ArH), 8.(1H, d,J = 7.7 Hz,
ArH), 7.18 (1H, s, NH), 7.33-7.37 (1H, m, ArH), B.{1H, dd,J = 1.2 Hz, 5.1 Hz, ArH), 9.50
(1H, s, NH);**C NMR (100.6 MHz, CDG)) § = 29.69, 30.23, 31.50, 31.57, 31.66, 51.83, 52.07,
54.19, 69.82, 114.490{ = 21.9 Hz), 115.55J¢.F= 20.9 Hz), 115.82, 117.29, 123.04, 130.52
(Jce= 8.1 Hz), 137.24, 137.80, 140.87, 144.53, 153182,97 (c.r= 245.9 Hz). HRMS (ES:

m/z calculated for GH,gFN3O,: 396.2064 [M+Na]. Found 396.2060.

1-(3-(3-fluorobenzyloxy)pyridin-2-yl)-3-ethylurea ©Ge)

Yellow solid, yield: 39%, mp: 55-56 °C, HPLC puri#.08 min, 95.66%H NMR (400 MHz,
CDCl) & = 1.25 (3H, tJ = 7.2 Hz, CH), 3.40-3.44 (2H, m, C}), 5.08 (2H, s, OCHPh), 6.79
(1H, dd,J = 5.1 Hz, 8.0 Hz, ArH), 7.03-7.08 (3H, m, ArH), 8.{1H, d,J = 7.6 Hz, ArH),
7.34-7.38 (2H, m, ArH+NH), 7.77-7.78 (1H, m, ArH), 9.42 (1H, s, NH); *C NMR (100.6
MHz, CDCk) & = 15.37, 34.71, 69.89, 114.600tF = 21.9 Hz), 115.62JC-F = 21.1 Hz),
116.20, 117.48, 123.14, 130.58>¢F = 8.1 Hz), 137.37, 137.66, 141.02, 144.31,854162.99
(JC-F = 245.9 Hz). HRMS (E$ m/z calculated for GH1gFN3O,: 312.1125 [M+Na]. Found

312.1118.

1-(3-(3-fluorobenzyloxy)pyridin-2-yl)-3-(tert-butyl)urea (5f)
White solid, yield: 32%, mp: 108-109 °C, HPLC pyri2.02 min, 99.93%H NMR (400 MHz,
CDCl3) 6 = 1.46 (9H, s, 3Ck), 5.08 (2H, s, OCHPh), 6.77 (1H, ddJ = 5.1 Hz, 8.0 Hz, ArH),

7.02 (1H, dd,) = 1.3 Hz, 8.0 Hz, ArH), 7.04-7.09 (2H, m, ArH), 8.(1H, d,J = 7.6 Hz, ArH),



7.20 (1H, s, NH), 7.33-7.39 (1H, m, ArH), 7.75 (14}, J = 1.3 Hz, 5.1 Hz, ArH), 9.5 (1H, s,
NH); *C NMR (100.6 MHz, CDG)) 6 = 29.17, 50.45, 69.80, 114.46- = 21.9 Hz), 115.54
(Jcr= 21.0 Hz), 115.86, 117.34, 123.01, 130.5d+= 8.1 Hz), 137.31, 137.81, 140.91, 144.56,
153.52, 162.98).F = 245.9 Hz). HRMS (ES: m/z calculated for GH0FN3O,: 340.1438

[M+Na]*. Found 340.1434.

1-(3-(2-chlorobenzyloxy)pyridin-2-yl)-3-cycloheptyurea (59)

White solid, yield: 72%, mp: 120-121 °C, HPLC pyri6.99 min, 96.82%H NMR (400 MHz,
CDCls) & = 1.56-1.68 (10H, m, 5GH 1.97-1.98 (2H, m, Ch), 4.01-4.05 (1H, m, CH), 5.20
(2H, s, OCHPh), 6.81 (1H, ddJ = 5.1 Hz, 8.0 Hz, ArH), 7.07 (1H, dd,= 1.3 Hz, 8.0 Hz,
ArH), 7.28-7.32 (2H, m, ArH), 7.33 (1H, s, NH), I47.44 (2H, m, ArH), 7.78 (1H, dd,= 1.3
Hz, ArH), 9.52 (1H, s, NH)*C NMR (100.6 MHz, CDG) & = 24.05, 28.01, 35.18, 50.72,
67.82, 116.11, 117.51, 127.27, 129.34, 129.76,8129.32.95, 133.20, 137.39, 141.04, 144.48,

153.95. HRMS (EY: m/z calculated for §H24CIN3O,: 396.1455 [M+Na]. Found 396.1448.

1-(3-(2-chlorobenzyloxy)pyridin-2-yl)-3-(2,4,4-trimethylpentan-2-yl)urea (5h)

Pink solid, yield: 90%, mp: 11212 °C,'H NMR (400 MHz, CDCJ) § = 1.03 (9H, s, 3CH),
1.49 (6H, s, 2CH), 1.82 (2H, s, Ch), 5.19 (2H, s, OCKPh), 6.79 (1H, ddJ = 5.1 Hz, 8.0 Hz,
ArH), 7.04 (1H, dd,J = 1.3 Hz, 8.0 Hz, ArH), 7.21 (1H, s, NH), 7:2032 (2H, m, ArH),
7.41-7.45 (2H, m, ArH), 7.75 (1H, ddl = 1.3 Hz, 5.1 Hz, ArH), 9.51 (1H, s, NH}C NMR
(100.6 MHz, CDGJ) 6 = 29.69, 31.51, 31.66, 51.87, 54.19, 67.75, 115197.44, 127.25,
129.19, 129.70, 129.78, 133.03, 137.26, 140.90,5544153.37. HRMS (E%$: m/z calculated

for C21H23C|N302: 412.1768 [M+Na]. Found 412.1761.



1-(3-(2-chlorobenzyloxy)pyridin-2-yl)-3-ethylurea 6i)

White solid, yield: 91%, mp: 845 °C, HPLC purity: 1.71 min, 99.90%H NMR (400 MHz,
CDCls) § = 1.25 (3H, tJ = 7.24 Hz, CH), 3.39-3.46 (2H, m, Ch)), 5.20 (2H, s, OCkPh), 6.79
(1H, dd,J = 5.1 Hz, 8.0 Hz, ArH), 7.04 (1H, dd,= 1.3 Hz, 8.0 Hz, ArH), 7.3d.34 (2H, m,
ArH), 7.38 (1H, s, NH), 7.417.44 (2H, m, ArH), 7.78 (1H, ddl = 1.3 Hz, 5.1 Hz, ArH), 9.42
(1H, s, NH);**C NMR (100.6 MHz, CDG) § = 15.39, 34.70, 67.86, 116.29, 117.58, 127.26,
129.39, 129.76, 129.90, 132.89, 133.26, 137.36,0841144.29, 154.87. HRMS (BS m/z

calculated for gsH1¢CIN3O,: 328.0829 [M+Na]. Found 328.0825.

1-(3-(3-chlorobenzyloxy)pyridin-2-yl)-3-cycloheptylrea (5j)

Yellow oil, yield: 69%, HPLC purity: 6.52 min, 9886, '"H NMR (400 MHz, CDC}) & =
1.56-1.67 (10H, m, 5Ch), 1.97-2.04 (2H, m, CH), 4.0:4.03 (1H, m, CH), 5.06 (2H, s,
OCH,Ph), 6.79 (1H, ddJ = 5.1 Hz, 8.0 Hz, ArH), 7.02 (1H, dd,= 1.3 Hz, 8.0 Hz, ArH),
7.27-7.28 (1H, m, ArH), 7.30 (1H, s, NH), 7.3836 (3H, m, ArH), 7.78 (1H, dd, = 1.3 Hz,
5.1 Hz, ArH), 9.52 (1H, s, NH)-*C NMR (100.6 MHz, CDG) § = 24.05, 28.01, 35.17, 50.74,
69.84, 116.03, 117.40, 125.70, 127.73, 128.84,283A.34.79, 137.27, 137.42, 140.98, 144.46,

153.91. HRMS (EY: m/z calculated for §H24CIN3O,: 396.1455 [M+Na]. Found 396.1443.

1-(3-(3-chlorobenzyloxy)pyridin-2-yl)-3-(2,4,4-trimethylpentan-2-yl)urea (5k)
Yellow solid, yield: 84%, mp: 16910 °C,*H NMR (400 MHz, CDCJ) & = 1.03 (9H, s, 3CH},
1.49 (6H, s, 2CH), 1.81 (2H, s, Ch), 5.05 (2H, s, OCHPh), 6.77 (1H, dd) = 5.1 Hz, 8.0 Hz,

ArH), 7.01 (1H, dd,J = 1.3 Hz, 8.0 Hz, ArH), 7.17 (1H, s, NH), 7:2728 (1H, m, ArH),



7.327.36 (3H, m, ArH), 7.75 (1H, ddl = 1.3 Hz, 5.1 Hz, ArH), 9.50 (1H, s, NH))C NMR
(100.6 MHz, CDG) & = 29.68, 31.51, 31.66, 51.85, 54.19, 69.80, 115187.29, 125.63,
127.65, 128.79, 130.20, 134.76, 137.27, 140.85,5P44153.32. HRMS (E$: m/z calculated

for C21H23C|N302: 412.1768 [M+Na]. Found 412.1762.

1-(3-(3-chlorobenzyloxy)pyridin-2-yl)-3-tert-butyl)urea (5I)

Yellow solid, yield: 33%, mp: 99101 °C, HPLC purity: 2.52 min, 92.98%4 NMR (400 MHz,
CDCl) & = 1.44 (9H, s, 3Ch), 5.06 (2H, s, OCHPh), 6.77 (1H, ddJ = 5.1 Hz, 8.0 Hz, ArH),
7.01 (1H, ddJ = 1.3 Hz, 8.0 Hz, ArH), 7.19 (1H, s, NH), 7-2736 (4H, m, ArH), 7.76 (1H, dd,

J = 1.3 Hz, 5.1 Hz, ArH), 9.44 (1H, s, NHY)C NMR (100.6 MHz, CDG) & = 29.17, 50.45,
67.78, 115.89, 117.35, 125.60, 127.62, 128.78,2083A.34.76, 137.33, 140.89, 144.52, 153.53.

HRMS (ES): m/z calculated for GH2CIN3O,: 356.1142 [M+Na]. Found 356.1136.

1-(3-(4-chlorobenzyloxy)pyridin-2-yl)-3-cycloheptyurea (5m)

White solid, yield: 55%, mp: 11819 °C, HPLC purity: 6.08 min, 98.58%4 NMR (400 MHz,

CDCly) & = 1.581.67 (10H, m, 5Ch), 1.97-1.98 (2H, m, Ch)), 4.00-4.04 (1H, m, CH), 5.06
(2H, s, OCHPh), 6.81 (1H, ddJ = 5.2 Hz, 8.0 Hz, ArH), 7.03 (1H, dd,= 1.2 Hz, 8.0 Hz,
ArH), 7.31 (3H, m, ArH+NH), 7.37 (2H, dl = 8.4 Hz, ArH), 7.77 (1H, dd] = 1.2 Hz, 5.2 Hz,
ArH), 9.52 (1H, s, NH). HRMS (E$: m/z calculated for &H»4CIN3O,: 396.1455 [M+Nal.

Found 396.1446.

1-(3-(4-chlorobenzyloxy)pyridin-2-yl)-3-ethylurea 6n)



White solid, yield: 47%, mp: 884 °C, HPLC purity: 1.58 min, 99.63%H NMR (300 MHz,
DMSO-dg) & = 1.10 (3H, tJ = 7.2 Hz, CH), 3.22-3.29 (2H, m, CH), 5.21 (2H, s, OCkPh),
6.93 (1H, ddJ = 5.1 Hz, 8.1 Hz, ArH), 7.43 (1H, d,= 8.1 Hz, ArH), 7.47 (2H, dJ = 8.4 Hz,
ArH), 7.54 (2H, dJ = 8.4 Hz, ArH), 7.69 (1H, s, NH), 7.79 (1H, 3= 5.1 Hz, ArH), 9.21 (1H,
s, NH). **C NMR (100.6 MHz, DMSGQds) & = 15.80, 34.47, 69.49, 117.17, 119.34, 128.94,
130.22, 133.33, 135.52, 137.44, 141.32, 144.26,3645HRMS (ES): m/z calculated for

C15H16CIN3O,: 328.0829 [M+N8:]. Found 328.0817.

1-(3-(4-chlorobenzyloxy)pyridin-2-yl)-3-tert-butyl)urea (50)

White solid, yield: 35%, mp: 112-113 °C, HPLC pwri2.71 min, 98.32%'H NMR (400 MHz,
CDCls) 8 = 1.57 (9H, s, 3ChJ, 5.10 (2H, s, OCHPh), 6.77 (1H, ddJ = 5.2 Hz, 8.0 Hz, ArH),
7.12 (1H, dd,J = 1.2 Hz, 8.0 Hz, ArH), 7.33 (2H, d,= 8.4 Hz, ArH), 7.40 (2H, dJ = 8.4 Hz,
ArH), 7.50 (1H, s, NH), 7.87 (1H, dd,= 1.2 Hz, 5.2 Hz, ArH), 11.97 (1H, s, NHC NMR
(100.6 MHz, CDdJ) 6 = 29.34, 50.14, 69.50, 117.06, 119.35, 128.99,21730133.31, 135.55,
137.36, 141.26, 144.37, 153.02. HRMS {ESn/z calculated for GH,oCIN3O,: 356.1142

[M+Na]*. Found 356.1133.

1-(3-(4-fluorobenzyloxy)pyridin-2-yl)-3-cycloheptylrea (5p)

Yellow solid, yield: 47%, mp: 11013 °C, HPLC purity: 3.97 min, 94.72%4 NMR (400

MHz, CDCk) & = 1.58-1.65 (10H, m, Ch), 1.96-1.99 (2H, m, CH), 4.0-4.04 (1H, m, CH),

5.04 (2H, s, OCkPh), 6.79 (1H, ddJ = 4.8 Hz, 8.0 Hz, ArH), 7.04.11 (3H, m, ArH), 7.30
(1H, s, NH), 7.347.37 (2H, m, ArH), 7.77 (1H, dl = 4.8 Hz, ArH), 9.52 (1H, s, NH). HRMS

(ES): m/z calculated for &H24FNzO,: 380.1751 [M+Na]. Found 380.1742.



1-(3-(4-fluorobenzyloxy)pyridin-2-yl)-3-ethylurea (q)

White solid, yield: 44%, mp: 886 °C, HPLC purity: 1.23 min, 95.91%H NMR (400 MHz,
CDCl) & = 1.24 (3H, tJ = 7.2 Hz, CH), 3.38-3.45 (2H, m, CH), 5.04 (2H, s, OCkPh), 6.80
(1H, dd,J = 5.2 Hz, 8.0 Hz, ArH), 7.05.12 (3H, m, ArH), 7.347.38 (3H, m, ArH+NH), 7.77
(1H, dd,J = 1.2 Hz, 5.2 Hz, ArH), 9.41 (1H, s, NH). HRMS (BSm/z calculated for

Cl5H16FN302: 312.1125 [M+Na]. Found 312.1115.

1-(3-(4-fluorobenzyloxy)pyridin-2-yl)-3-(tert-butyl)urea (5r)

Light yellow solid, yield: 54%, mp: 989 °C, HPLC purity: 1.90 min, 98.60%H NMR (400
MHz, CDCk) & = 1.44 (9H, s, 3Ch), 5.04 (2H, s, OCkPh), 6.77 (1H, ddJ = 4.8 Hz, 8.0 Hz,
ArH), 7.03-7.08 (3H, m, ArH), 7.10 (1H, s, NH), 7.34.37 (2H, m, ArH), 7.74 (1H, dd,= 1.2
Hz, 4.8 Hz, ArH), 9.44 (1H, s, NH). HRMS (BSm/z calculated for GH,0FNzO,: 340.1438

[M+Na]*. Found 340.1428.

4.1.3. General procedure of urea compounds (5sv)

2-amino-3-benzyloxy pyridine derivative (200 mg@®@2mmol) and DIPEA (0.5 mL, 2.87 mmol)
were dissolved in dry THF (5 mL), 2-chloroethyl ¢ganate (0.1 mL, 1.2 mmol) was added to
the reaction mixture. The reaction was refluxedf®rm. After cooling, the reaction mixture was
evaporated and the residue was purified by fladanmo chromatography (SO EA/n-Hex =

1/4).

1-(3-(benzyloxy)pyridin-2-yl)-3-chloroethylurea (53



White solid, yield: 97%, mp: 72-73 °GH NMR (400 MHz, CDC}) & = 3.69-6.74 (4H, m,
2CH,), 5.10 (2H, OCHPh), 6.83 (1H, dd] = 5.1 Hz, 8.0 Hz, ArH), 7.10 (1H, dd= 1.3 Hz, 8.0
Hz, ArH), 7.36=7.44 (6H, m, ArH+NH), 7.79 (1H, ddi= 1.3 Hz, 5.1 Hz, ArH), 9.91 (1H, s,
NH); **C NMR (100.6 MHz, CDG)) § = 41.85, 44.02, 70.76, 116.64, 117.71, 127.80, 7128
128.90, 135.12, 137.18, 141.39, 143.95, 155.05. BRES): m/z calculated for GH16CINzO,:

328.0829 [M+Nal]. Found 328.0818.

1-(3-(3-chlorobenzyloxy)pyridin-2-yl)-3-chloroethyurea (5t)

White solid, yield: 88%, mp: 110-111 °C, HPLC pyrit.76 min, 91.52%H NMR (400 MHz,
CDCl) & = 3.69-6.74 (4H, m, 2CH} 5.07 (2H, OCHPh), 6.83 (1H, ddJ = 5.1 Hz, 8.0 Hz,
ArH), 7.06 (1H, ddJ = 1.3 Hz, 8.0 Hz, ArH), 7.27-7.36 (4H, m, ArH), I.41H, s, NH), 7.81
(1H, dd,J = 1.3 Hz, 5.1 Hz, ArH), 9.90 (1H, s, NH))C NMR (100.6 MHz, CDG)) & = 41.86,
44.00, 69.92, 116.63, 117.72, 125.76, 127.78, 1IR8180.25, 134.80, 137.15, 137.51, 141.06,
143.89, 154.95. HRMS (EB m/z calculated for GH1sCloN2O»: 362.0439 [M+Na]. Found

362.0475.

1-(3-(2-chlorobenzyloxy)pyridin-2-yl)-3-chloroethylurea (5u)

White solid, yield: 61%, mp: 114-115 °C, HPLC pwrit.92 min, 92.55%H NMR (400 MHz,
CDCly) & = 3.69-6.76 (4H, m, 2CHi 5.20 (2H, OCHPh), 6.83 (1H, ddJ = 5.1 Hz, 8.0 Hz,
ArH), 7.06 (1H, dd,J = 1.3 Hz, 8.0 Hz, ArH), 7.30-7.34 (2H, m, ArH) 7-4145 (3H, m,
ArH+NH), 7.81 (1H, ddJ = 1.3 Hz, 5.1 Hz, ArH), 9.91 (1H, s, NHY*C NMR (100.6 MHz,

CDCl;) 6 = 41.87, 44.02, 67.97, 116.70, 117.82, 127.24,42929.82, 129.98, 132.83, 133.32,



137.44, 141.13, 143.94, 154.99. HRMS {ESn/z calculated for GH1sCIoN3O,: 362.0439

[M+Na]*. Found 362.0445.

1-(3-(4-chlorobenzyloxy)pyridin-2-yl)-3-chloroethylurea (5v)

White solid, yield: 70%, mp: 109-110 °C, HPLC pyrit.76 min, 90.35%H NMR (400 MHz,

CDCl) 5 = 3.69-3.74 (4H, m, 2CH} 5.07 (2H, s, OCkPh), 6.83 (1H, ddJ = 4.8 Hz, 8.0 Hz,
ArH), 7.07 (1H, d,J = 8.0 Hz, ArH), 7.32 (2H, dJ = 8.4 Hz, ArH), 7.38 (3H, dJ = 8.4 Hz,

ArH+NH), 7.80 (1H, dJ = 4.8 Hz, ArH), 9.89 (1H, s, NH). HRMS (B)S m/z calculated for

C15H15CIbN3Os: 362.0439 [M+Na]. Found 362.0443.

1-(3-(4-fluorobenzyloxy)pyridin-2-yl)-3-chloroethylurea (5w)

White solid, yield: 74%, mp: 80-82 °CH NMR (400 MHz, CDCJ) § = 3.63-3.73 (4H, m,
2CH,), 5.05 (2H, s, OCkPh), 6.83 (1H, ddj = 5.2 Hz, 8.0 Hz, ArH), 7.07-7.12 (3H, m, ArH),
7.35-7.39 (3H, m, ArH+NH), 7.80 (1H, d,= 5.2 Hz, ArH), 9.90 (1H, s, NH). HRMS (ES

m/z calculated for GH1sCIFNzO,: 346.0735 [M+Na]. Found 346.0796.

4.1.4. General procedure of urea compounds 5x and 5y:

Potassium carbonate (407 mg, 2.95 mmol) and piperd269 mg, 1.96 mmol) were dissolved
in the solution of 1-(3-(benzyloxy)pyridin-2-yl)-&hylurea derivative in acetonitrile (5 mL).
The reaction mixture was refluxed for 20 h. Afteolking, the reaction mixture was quenched by
addition of water. The mixture was extracted wittyeacetate. The organic layer was dried over
NaSQy, filtered and concentrated under reduced presdure.residue was purified by flash

column chromatography (S¥ODCM/MeOH = 5/1) to give the title compounds.



1-(3-(benzyloxy)pyridin-2-yl)-3-(2-(piperazin-1-ylethyl)urea (5x)

Light yellow solid, yield: 19%, mp: 154-159 °&4 NMR (400 MHz, CDCY) 5 = 2.49 (4H, brs,
2CH,), 2.58 (2H, tJ = 6.4 Hz, CH), 2.91-2.93 (4H, m, 2CH, 3.49-3.53 (2H, m, C), 5.09

(2H, s, OCHPh), 6.81 (1H, dd) = 5.2 Hz, 8.0 Hz, ArH), 7.09 (1H, d = 8.0 Hz, ArH),

7.35-7.40 (5H, m, ArH), 7.42 (1H, s, NH), 7.78 (1H, = 5.2 Hz, ArH), 9.72 (1H, s, NH)}*C

NMR (100.6 MHz, CDGJ) ¢ = 36.88, 44.00, 49.89, 51.51, 52.83, 57.02, 701714,34, 117.51,

127.75, 128.68, 128.87, 135.16, 137.18, 141.37,2P4454.97.

1-(3-(3-chlorobenzyloxy)pyridin-2-yl)-3-(2-(piperazn-1-yl)ethyl)urea (5y)

Colorless oil, yield: 22%:H NMR (400 MHz, CDC}) & = 2.52 (4H, brs, 2Ch), 2.58 (2H, tJ =
6.4 Hz, CH), 2.94 (4H, tJ = 4.8 Hz, 2CH), 3.49-3.53 (2H, m, C}), 5.07 (2H, s, OCkPh),
6.81 (1H, dd,) = 4.8 Hz, 8.0 Hz, ArH), 7.04 (1H, dd= 1.2 Hz, 8.0 Hz, ArH), 7.27-7.28 (1H,
m, ArH), 7.33-7.37 (4H, m, ArH+NH), 7.81 (1H, dd= 1.2 Hz, 4.8 Hz, ArH), 9.72 (1H, s,

NH).

4.2. Biological evaluation

4.2.1. JC-1 assay (Mitochondrial membrane potential assay)

HT-22 cells (30,000 per well) were seeded intoeaicB6-well plate (FALCON) at 200 pL 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 pM JC-1

per well. Medium was removed from the plate, an@ @Q per well of JC-1 was added. Plates

were incubated for 1 h and 15 min at 37 °C and e@ddfwice with 100 pL per well PBS.



Subsequently, cells were treated with 25 pL sotubbeach compound at 5 pM in Opti-MEM
and incubated at 37 °C for 10 min followed by aidditof 25 pL of A (American peptide, 1—
42) solution at 5 puM. Fluorescence was measuredety 1 h for 3 h at ex/em 530 nm/580 nm
(‘red’) and ex/em 485 nm/530 nm (‘green’). The oatf green to red fluorescence was recorded
and the percent changes in ratio from each compousré calculated and normalized using

vehicle control as 100%.

4.2.2. Compound’s Induction of ROS production assay

Neuro-2a human neuroblastoma cells (from AmericapeT Culture Collection, Manassas,
VA)were grown in EMEM medium supplemented with 10&tal bovine serum (FBS), 100
pa/ml penicillin, and 100pg/ml streptomycin and ntained at 37°C under a humidified
atmosphere of 5% CQOand 95% air. 10 mM stock solution of compoundséotested and
standard Menadione in DMSO were diluted 3-fold thdbses with DMSO. To 25 nL of the
prepared solutions in the wells of the 384-weltad plate, 25 pL of culture medium containing
2000 of Neuro-2a cells was addedildof H,O, substrate solution was immediately added to the
cells, mixed and the culture mixture was incubated7°C, 5% COfor 6 hours. After addition

of 30 uL of ROS-Glo™ detection solution and incubatedann temperature for 20 minutes,
luminescence was measured by Envision 2104 Muiell&Reader (PerkinElmer, Santa Clara,
CA).Bar graphs for compounds vs,®3 production were plotted using the GraphPad Prism 4

program for calculation of I£.

4.2.3. Compound’s Induction of cytotoxicity assay



Neuro-2a human neuroblastoma cell culture was grasvmentioned previously. 10 mM stock
solution of compounds to be tested and standatgastporine (Sigma-Aldrich Saint Louis, M)
were prepared and diluted as mentioned previodsly25 nL of the prepared solutions in the
wells of the 384-well culture plate, 25 pL of cutumedium containing 2000 of Neuro-2a cells
was added. Culture mixtures were incubated at 33%,CQ for 72 hours, then5 pL of MTT
solution (CellTiter 96® Non-Radioactive Cell Prelifition Assay, Promega, Madison, WI) was
added to each well and incubated at 37°C in a i@Cubator for further 4 hours. After formation
of the formazan, 25 pL of solubilization /stop $mo was added and the plate was incubated for
another 1 hour at 37°C in a @cubator to dissolve the formazan crystals. Tiieoebance was
measured at 590 nm using Envision 2104 Multilabehdrer (PerkinElmer, Santa Clara, CA).
The cell viability was determined based on the tjtieation of the color intensity in each
culture well and the 165 values were calculated using the GraphPad Pripnogram based on a

sigmoidal dose-response equation.

4.2.4. Assay for cellular ATP levels (Luciferase-based aag)

10,000 HT-22 cells per well were seeded into arctawell plate (FALCON) at 200 pL per
well one day prior to assay. Medium was removethftbe plate, and cells were treated with 25
ML solution of each compound at 10 uM and incubate®l’ °C for 10 min followed by addition
of 25 pL of amyloid Beta (American peptide, 1-48)usion at 10 uM. Cells were incubated at
37 °C for 7 h and washed twice with PBS. Cells wgsed by using 1% Triton-X 100 in TBST
buffer solution and protein concentrations of eaetll were determined via BCA protein
determination kit (Thermo scientific). Equal amowntcell lysates from each well were plated

into a white 96-well plate (NUNC) and the amouniAgiP levels in each sample was determined



by using ATP determination kit (Invitrogen). The RTevels of each sample were subtracted
with vehicle control and percent inhibition werelctdated based on the ATP levels of the
vehicle control treated with amyloid Beta. ATP-ldsell viability was also calculated based on

the ATP levels of each sample without the treatnoéiaimyloid Beta solution.

4.2.5. Assay of Protection against -induced cytotoxicity

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@iazolyl blue tetrazolium bromide, Sigma)
was added directly to each well and incubated &C3for 2 h. After confirming the formation of
blue formazan precipitates under microscope, 140fidolubilizing solution (10% Triton-X 100
in Isopropanol with 0.1 M HCI) was added to eachl fedlowed by incubation for another hour
at room temperature. Absorbance at 570 nM was meadsund OD values from each well were
subtracted with vehicle control and percent iniiitand cell viability were calculated by using

the same method described for the ATP assay.

4.2.6. Assay of Protection against g-induced ROS production

10,000 HT-22 cells per well were seeded in blae@clbottom plate and treated with each
compound and amyloid Beta in Opti- MEM for 6 h. IEevere washed once with HBSS. 100 pL
of CMH,DCFDA (Invitrogen C6827) solution, prepared fronuton of 2 pL of the 1mM stock
solution into 2 mL media (HBSS), was added intoheaell. Cells were incubated at 37 °C for
30 min and washed twice with HBSS. 100 pL of nuclstaining (Hoechst), prepared from
dilution of 1 pL of nuclear staining into 1 mL HBS8ere added into each well. ROS production

was measured by capturing fluorescent images fraom evell, and then calculated the total



signal intensity from each well by using Operetighicontent screening system (Perkin Elmer).
Percent inhibition against fAinduced ROS production was determined by calauapercent
ratio of the increased total signal intensity froompounds treated cells to untreated cells in the

presence of By_42.

4.2.7. Parallel artificial membrane permeability assay (Asay of diffusion across BBB)

The effective permeabilities of the tested compeures well as, three known drugs were
determined using Double-Sink™ (Pion, BBB-PAMPA)eoyshg a donor 96 well-plate
microtitre and an acceptor 96-well filter platefeom a sandwich such that each well is divided
into two chambers, separated by a BBB-PAMPA lipidnmbrane. DMSO stock solutions of
tested compounds (10 mM) and reference drugs (10 wevke prepared and diluted with Prisma
buffer solution (pH = 7.4) to provide test solusoof 50uM concentration which was placed in
the wells of the donor plate. The acceptor platgaaing Brain Sink Buffer was placed to form
a sandwich and allowed to incubate for 4hours &C28&he acceptor plate was removed and the
concentration of compounds in the acceptor, theodamnd the reference wells were measured
by UV (230-498 nm). The effective permeability, Bf each compound was calculated using
Pion PAMPA Explorer software (version 3.8) applyir@plculation basis double sink
(acceptor+donor+membrane).The followingrBnges were established: no penetration of BBB
(P < 0.4x10%, penetration of BBB (£>0.4x10°, low CNS bioavailability (P<10x10°), and

high CNS bioavailability (£>10x10°%).

4.2.8. Molecular docking



The three-dimensional structure of human CypD imglex with CsA (pdb code2Z6W) was
retrieved from protein databank. Using protein pregion tool in Discovery Studio 4.0
(Accelrys, San Diego, CA, USA), the receptor wasppred for docking. Ligands were sketched
in ChemBioDraw program and then prepared generatiegminimized 3D structures using
Ligand Preparation tool in Discovery Studio 4.0.ckiog minimization was done using
CDocker algorithm implemented in Discovery Studi@.4The calculated docked poses were
subjected tdn situ ligand minimization within the binding pocket witgsstimation of binding
energy and complex energy. The results were viseland analyzed using tools implemented

in Discovery Studio 4.0.

4.2.9. hERG K" channel assay

[*H] Astemizole and human ERG'Khannel expressed in HEK-293 cells were purchésed
PerkinElmer.Assays were performed in 2@ of 50 mM Hepes (pH 7.4), 60 mM KCI, 0.1%
BSA, 4 nM PH] Astemizole with 2.5:g of membranes. Assay mixtures were incubatedHaat1
room temperature (RT) and filtered through a Fiftat-A pre-soaked in 0.3% PEI. The signal
was detected with a MicroBetgPerkinElmer). Non-specific binding was determiriadthe
presence of 0.1M astemizole. Competition binding studies were iedriout with 56 varied
concentrations of the test compound run in dugi¢abes, and isotherms from two assays were

calculated.
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Highlights

* The inhibitory activity of seventeen compounds against Ap-induced mPTP opening was
superior to that of the standard Cyclosporin A (CsA).

« Among al, 1-(3-(benzyloxy)pyridin-2-yl)-3-(2-(piperazin-1-yl)ethyl)urea (5x) effectively
maintained mitochondrial function and cell viabilities on ATP assay, MTT assay, and ROS

assay.

» Using CDocker agorithm, a molecular docking model presented a plausible binding mode
for 5x with cyclophilin D (CypD) receptor as a major component of mPTP.

* hERG assay presented a safe cardiotoxicity profile of 5x.



